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Summary

Increased glucose metabolism and uptake are characteristic of many tumors and used clinically to
diagnose and monitor cancer progression. In addition to cancer cells, the tumor microenvironment
(TME) encompasses a wide range of stromal, innate, and adaptive immune cells. Cooperation and
competition between these cell populations supports tumor proliferation, progression, metastasis,
and immune evasion. Cellular heterogeneity leads to metabolic heterogeneity, as metabolic
programs within the tumor are dependent not only on the TME cellular composition, but also on
cell states, location, and nutrient availability. In addition to driving metabolic plasticity of cancer
cells, altered nutrients and signals in the TME can lead to metabolic immune suppression of
effector cells and promote regulatory immune cells. Here we discuss how metabolic programming
of cells within the TME promotes tumor proliferation, progression, and metastasis. We also
discuss how targeting metabolic heterogeneity may offer therapeutic opportunities to overcome
immune suppression and augment immunotherapies.

eTOC blurb/In Brief summary

Arner and Rathmell discuss how metabolic programs within tumors depend not only on the tumor
microenvironment (TME) cellular composition, but also on cell states, location, and nutrient
availability. Altered nutrient availability and signals in the TME lead to metabolic immune
suppression which drives immune evasion, tumor progression, and metastasis. Understanding
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and targeting metabolic heterogeneity within the TME may offer therapeutic opportunities to
overcome immune suppression and augment immunotherapies.
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1. Introduction

Tumors require an abundance of energy for malignant growth, proliferation, and metastasis.
To sustain these processes, oncogenic signals drive diverse anabolic metabolic pathways
including glycolysis, one-carbon metabolism, the tricarboxylic acid (TCA) cycle, and

fatty acid synthesis that generate essential energetic, biosynthetic precursors, and signaling
molecules. It is now apparent, however, that these same metabolic pathways are important
not only for cancer cell growth but for proliferative cells in general, including both pro-
tumorigenic and anti-tumorigenic immune cells!=3. This shared demand for similar nutrients
results in a potentially competitive tumor microenvironment and immune suppression.

The tumor microenvironment (TME) is composed of many different cells that support or
restrain tumorigenesis. Just as the TME includes a diversity of cells, it is metabolically
and spatially heterogeneous (Figure 1). Cancer cells and resulting tumor progression are
greatly affected by metabolic stress within various regions of the TME, in part through
spatial heterogeneity across tumors as cell populations compete for limiting oxygen and
nutrient supply in poorly vascularized or highly metabolically active areas. The TME is
also often characterized by the accumulation of metabolic waste and an unfavorable pH and
harsh environment, where nutrients are limited*°. Because nutrients are also dependent on
systemic and whole tissue factors, tumor type, location of the tumor within the primary
tissue, and host diet and nutritional state will affect nutrient availability within the TMES.
Additionally metabolic plasticity may occur, as cells within the TME adapt to utilize
different nutrients depending on availability. Metabolic heterogeneity within the TME not
only supports the proliferation of transformed cells, but also aids in metastatic disease, as
multiple metabolic processes influence each step of the metastatic cascade, both within
cancer cells and the local TME as cancer cells traverse and escape tumors.

This complex landscape can be detrimental for treatment, as inhibitors that suppress the
growth or metastasis of cancer cells can also inhibit or change the effectiveness of anti-
tumor immune cells. Conversely, this opens new opportunities to specifically activate the
immune cells in immunotherapy by interfering with their metabolic programs. Indeed,
while current immunotherapies blocking PD-1 or CTLA-4 can activate anti-tumor T

cells in many patients across multiple cancer types, treatments frequently fail, and some
tumors become resistant after initial response. Mechanisms of resistance are not fully
understood, but metabolic pathways are fundamentally involved in cell fate and cell program
determinations’ and immunotherapies have been long appreciated to influence T cell
metabolism8-11. Metabolic adaptations to the TME, however, may impede the effectiveness
of immune checkpoint blockade in a “metabolic immune suppression” that impairs
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metabolic reprogramming necessary for effector function12-14, Improving immunotherapies
and reducing resistance are of high priority, but it is essential to first understand how
immune cells function and interact with cancer and other cells in the TME, in particular
with regard to shared nutrient and resource utilization to overcome metabolic immune
suppression in the TME.

The diverse metabolic programs of cancer and tumor associated immune cells may explain
some failed immunotherapies and provide new avenues to prevent metastasis and limit
immune suppression. Increased glucose uptake of tumors is the basis of 18F-2-deoxyglucose
(18FDG) Positron Emission Tomography (PET) imaging that is widely used to diagnose
and monitor progression of a wide range of tumor types. While these tests demonstrate
high accumulation of glucose in tumors as bulk tissues, they do not resolve the metabolic
activities and differences of the various individual cell types in the TME. Heterogeneity

of cell metabolism across tumors and how nutrients and metabolic pathways influence
immunotherapy remains poorly understood. Nevertheless, metabolic immune suppression
of T cells leads to dysregulated and fragmented mitochondrial?, increased production of
reactive oxygen species (ROS)1°, and reduced glycolysis'#16. Importantly, these metabolic
changes directly impair T cells, as metabolic rescue can improve T cell effector activity
and ability to control tumors!2-17.18, Here we discuss how metabolic diversity in the TME
may support metastasis and re-program the metabolism of immune cells within the TME to
prevent their anti-tumor functions and how these changes open new therapeutic doors for
cancer patients.

2. Tumor Metabolic heterogeneity

Proliferating cells require abundant and diverse nutrients to support bioenergetic demands,
growth, and replication while maintaining necessary cell functions or migratory properties.
The fuel for these processes comes from increased glycolysis, glutaminolysis, and lipolysis.
Increased glycolysis that occurs in tumors despite the presence of oxygen is referred to as
the “Warburg effect”, where glucose is converted to lactate via aerobic glycolysis!®. Indeed,
glucose uptake and lactate production are often high in tumor tissues, which can leave
extracellular levels of glucose reduced and lactate elevated®20, Many factors contribute

to the rewiring of tumors to undergo aerobic glycolysis, including oncogenic signaling or
loss of tumor suppressors such as VHL or p53, mitochondrial alterations, up-regulation of
glycolytic enzymes, or hypoxia signaling?L. These factors are coupled, as oncogenic drivers
including PI13Ka or MY C directly drive cell-intrinsic growth factor signals that promote
aerobic glycolysis. In addition, when hypoxia occurs during tumorigenesis or loss of VHL,
the transcription factor HIF1la is stabilized, activating the transcription of several glycolytic
transporters and enzymes, including, GLUT1, HK1, HK2, PKM2, PDK1, and LDHA?22:23,
HIFla also reduces mitochondrial activity and ROS, which is typically generated from
oxidative phosphorylation24,

Beyond aerobic glycolysis, anabolic metabolism requires a wide range of metabolic
changes. The pentose phosphate pathway (PPP) is essential for generation of NADPH
and ribose sugars within cancer cells, which are needed for nucleotide synthesis, ATP
production, lipogenesis, and eliminating oxidative stress. Lipid and cholesterol are also
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utilized by cancer cells to support tumorigenesis, which can either be taken up in the cells
from free fatty acids, or produced de novo by fatty acid synthesis and the mevalonate
pathway2®. Additionally, cancer cells often increase both the uptake and synthesis of
glutamine and glutamate as alternative carbon sources for amino acid and nucleotide
biosynthesis, and to feed the TCA cycle to produce ATP through anaplerosis®. The
metabolism of other amino acids, such as arginine, tryptophan, glycine, and serine also

play a key role in tumor metabolism and growth within the TME27-29, highlighting the range
of metabolic pathways that play essential cancer cell intrinsic roles in tumorigenesis.

Pathways such as one-carbon metabolism, glycolysis, and the TCA cycle are important not
only for cancer cell growth, but also for the function of both pro- and anti-tumorigenic
immune cells=3. The TME is made up of many different types of cells, including immune
cells, such as B cells, T cells, neutrophils, natural killer (NK) cells, and macrophages,

and stromal cells, such as fibroblasts, adipocytes, endothelial cells, and pericytes0,
Simplistically, endothelial and stromal cells have been thought to aid tumor growth, whereas
immune cells are largely considered to be inflammatory and anti-tumorigenic. Although
generally true for cytotoxic T cells, different immune cell populations can have both anti-
tumorigenic and pro-tumorigenic effects, which can change depending on temporal and
context-dependent metabolic programs.

Cancer cells can shape the microenvironment to help support tumorigenesis and evade the
immune system via suppression. One way in which this can occur is through shuttling of
metabolic intermediates and nutrients between cancer cells and other cell types within the
TME, often leading to metabolic heterogeneity, which can lead to immunosuppression as
nutrients are not uniformly available31:32, There is also substantial crosstalk between other
types of immune cells. For example, myeloid-derived suppressive cells (MDSCs) can inhibit
cytotoxic T cells and NK cells while inducing regulatory T cells (Tregs) and regulatory B
cells to drive an immunosuppressive TME33-35_ |n addition to immunosuppressive effects,
tumor-associated macrophages (TAMs) may promote cancer proliferation, tumor expansion,
invasion, and immune escape to drive tumorigenesis3¢:37. This crosstalk and heterogeneity
provides a technical barrier for determining which metabolites are from the cancer cells

or other cells within the TME and has limited our understanding of tumor metabolic
heterogeneity. A key challenge in tumor metabolism and immunotherapy, therefore, is how
to deal with the diversity of cell types and metabolic programs in the TME. types and
metabolic programs in the TME.

3. Nutrient Availability within the TME

Location Dependency

Tumor type, location within the organ, and diet of the host will all affect nutrient availability
for cells within the tumor microenvironment6. In hypoxic tumor regions, cancer cells secrete
lactate that can block monocyte and dendritic cell differentiation and inhibit effector T

cell activation while promoting suppressive Tregs to thus impede immunosurveillance38-41
(Figure 1). Additionally, lactate promotes differentiation and polarization of TAMSs towards
a more pro-tumorigenic, or M2-like, phenotype with increased levels of arginase-1 (ARG1)
and mannose receptor C type 1 (CD206). These M2-like TAMSs secrete immunosuppressive
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IL-10 and metabolites, such as polyamines, which promote cell division of cancer cells*2. In
hypoxic niches, TAMSs acquire pro-angiogenic and pro-invasive phenotypes by altering their
metabolism to adapt to the low oxygen environment*3. The key nutrient and energy sensor,
mMTOR, regulates metabolic pathways such as glycolysis, de novo lipogenesis, protein
synthesis, and transcription. In hypoxic states, MTOR complex 1 (mTORC1) function is
inhibited by REDD144, thus leading to metabolically rewiring cancer cells to use other
pathways, such as glutaminolysis and reductive carboxylation4>-47.

Tumor angiogenesis often leads to blood vessels in solid tumors that branch irregularly

and can be inefficient at delivering nutrients or removing waste. This exacerbates metabolic
heterogeneity within the tumor and leads to regions or microenvironments with limited
vascular exchange of nutrients and waste. While increased autophagy and lysosome activity
via AMPK can partially compensate for the lack of extracellular nutrients#®-51, these regions
can experience extreme stress. Well-vascularized tumor areas in human non-small cell

lung cancer (NSCLC) patients have been shown to use multiple metabolites whereas less
angiogenic regions may be restricted in the diversity of nutrients available for metabolism>2.
Necrotic tumor regions may arise in part because of reduced blood supply and thus severe
or prolonged lack of nutrients. In fact, the centers of tumors often have decreased levels

of amino acids such as glutamine, arginine, asparagine, serine, and aspartate compared to
tumor peripheries?’. Interestingly, a recent study by Fu et al.>3, observed that viable renal
cell carcinoma (RCC) cells in necrotic regions had higher clonal diversity than the periphery
of the tumor, suggesting that a harsh environment creates selective pressure for cancer cell
survival®324, It is possible that deprivation of nutrients within these necrotic regions and
subsequent metabolic stress may provide surviving cancer cells with selective pressure to
render them more fit for metastatic activity.

Different nutrients for different cells

Classically, cancer metabolism studies have used bulk tumor tissues to define basic
pathways and potential vulnerabilities®®. Based on the activity of oncogenic drivers that
dysregulate cell metabolism, cancer cells were considered the dominant consumers of
glucose and producers of lactate in the TME. This approach has been highly valuable

but is complicated by increased recognition that tumors are comprised of many cell types
beyond the cancer cells themselves. With limited vascular exchange in tumors, nutrients may
become limiting and force cells to compete for access. T cells may thus be prevented from
acquiring sufficient glucose if cancer cells capture and consume this nutrient6:56, However,
a direct study of glucose uptake in the TME using 18F-2DG and PET-imaging based
techniques revealed that across a variety of mouse cancer models, it was not cancer cells,

but rather myeloid cells that demonstrated the biggest consumption of glucose, followed by
T cells, then cancer cells. Instead, cancer cells showed the highest uptake of glutamine2°.
Blocking glutamine uptake increased glucose uptake in all cell types, demonstrating that
glucose is not widely limited in the TME and can be accessible when cell demands shift.
These data also suggest that glutamine rather than glucose uptake may be limiting, and cells
adapt to lower glutamine with increased glucose metabolism. As such, targeting glutamine
metabolism increases anti-tumor immunity in mouse models by increasing the mitochondrial
metabolism of cytotoxic T cells®758,
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Because of interplay between available nutrients and metabolic activities, the metabolism
of any given cell type in the TME may affect the metabolic features of other cells in

close proximity. Consistent with this model, studies have shown that selectively targeting
glutaminolysis in cancer cells can enhance T cell metabolism and anti-tumor immunity®°.
Similarly, increased uptake of methionine by cancer cells due to elevated levels of the
methionine transporter SLC43A2 leads to decreased methionine availability for cytotoxic T
cells, which can then result in reduced cytotoxic T cell function and suppression of effector
T cells®0. Tregs play a direct role in promoting immune evasion and tumorigenesis®1:62,

As Tregs are abundant even in the metabolically unfavorable TME, they have been

shown to be dependent on mitochondrial oxidative metabolism of lipids to retain their
immunosuppressive function®3-8. It is unclear how Tregs metabolically differ to utilize
mitochondrial oxidation for proliferation compared to cytotoxic T cells, however Tregs
within the TME indirectly promote immunosuppressive TAMSs by increasing SREBP1-
dependent lipid metabolism and decreasing the CD8* T-produced IFNy67.

In macrophages, not only can oxygen availability influence metabolism, but activation

by different cytokines in the TME can drive differing metabolic programs. For example,

in vitro, pro-inflammatory macrophages (M1) switch their metabolism towards aerobic
glycolysis, pentose phosphate pathway activation, and protein and fatty acid synthesis®8.
However, when macrophages are activated by cytokines that induce a pro-tumorigenic or
M2-like phenotype, such as IL-4, IL-10, or IL-13, macrophages adapt to use oxidative
phosphorylation to meet their metabolic demands®®. Either phenotype may provide benefits
in distinct regions of a given tumor. Comprehensively understanding these inter-relationships
presents a new and unique opportunity to manipulate cellular metabolism, influencing
numerous cell types simultaneously.

“Waste” Products

Cancer cells also suppress T cells through secreted “waste” products. Metabolic end
products are secreted to allow continued flux, but rather than simple waste, they can
signal or be used by neighboring cells. For example, the glycolytic end-product lactate
can serve as a fuel for the TCA cycle in some cancers, such as NSCLC’0. Additionally,
while a certain level of lactate may enhance CD8" T cell “stemness” and memory’%, high
lactate can directly inhibit effector T cells®?. Production of IFNy may be particularly
sensitive to reduced glucose and increased lactate’®73. Increased lactate also promotes
Tregs that utilize and promote mitochondrial oxidative pathways®”:"475 and suppress anti-
tumor immunity4041.76_ Additionally, lactate promotes differentiation and polarization of
TAMs towards an M2-like phenotype, which can secrete immunosuppressive or pro-tumor
cytokines?2.

It is important to point out that lactate may not be solely pro-tumorigenic, as lactate is
associated with reduced pH within the TME which leads to oxidative stress’” and therefore
may be anti-tumorigenic in some cancers. Interestingly, in contrast to cancer where lactate is
reported to be immune suppressive in multiple cancer types, during acute exercise lactate is
associated with an increase in CD8" T cells’8. This phenomenon suggests that the influence
of lactate on T cell function may be contextually plastic. Perhaps in the hypoxic state of
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the TME, where constant stimulation leads to mitochondrial stress and T cell exhaustion®,
lactate functions in an immunosuppressive manner. However, in a normoxic state with
plentiful oxygen and normal T cell function, lactate can fuel the TCA cycle and support
effector function. More studies are needed to fully understand this dynamic effect of lactate
on immunometabolism.

Another example of waste products within the TME that affect the metabolism of other

cells is nucleoside adenosine. Adenosine is generated by both cancer cells and Tregs through
CD39 and CD73, which convert ATP to adenosine, which binds to adenosine 2A receptors
(A2AR) on cytotoxic T cells and NK cells and inhibits antitumor immunity through

the suppression of NFxB signaling”®:80, As such, A2AR blockade is being tested as an
immunotherapy for treatment resistant RCC8L. Succinate is also secreted by cancer cells and
can act as an epigenetic modifier in immune cells®2. Succinate can be taken up or activate
the succinate receptor, GPR91. Once activated, GPR91 can signal through the PI3K-HIFla
axis to polarize TAMs to M2-like leading to pro-tumorigenic functions such as immune
suppression and increased metastasis®3. The oncometabolite (R)-2-hydroxyglutaraate (R-2-
HG), which is produced by isocitrate dehydrogenase mutations in some tumors such

as glioblastoma, has been shown to be taken up by T cells where it reduces T cell
transcriptional activity and polyamine biosynthesis, thus suppressing cytotoxic T cell
function84. Lastly, cholesterol can accumulate in tumors to cause endoplasmic reticulum
(ER) stress in T cells, ultimately preventing T cells from secreting anti-tumor effector
cytokines. This ER stress response in T cells also upregulates XBP-1, which promotes the
expression of the immunosuppressive molecules PD-1, TIM-3, and LAG-3 to promote T cell
exhaustion®,

Deficient Nutrients within the TME

Within the TME, amino acids such as arginine, tryptophan, serine, cysteine, and alanine
can be limited and may lead to competition between cancer cells and cytotoxic T cells,
which both rely on these nutrients for proliferation®. Some cancer cells are dependent on
extracellular arginine2® due to the lack of sufficient urea cycle enzyme Arginosuccinate
Synthetase 1 that prevents cancer cells from synthesizing endogenous arginine86:87. This
causes increased consumption of extracellular arginine by the cancer cells that ultimately
leads to a reduction of available arginine for T cells?%79. Deficient arginine availability
reduces T cell nTORC1 activity88 and results in an increase of memory-like T cells while
T cell effector functions and immunosurveillance are reduced®®. Pro-tumorigenic TAMs
also consume L-arginine via Arginase-1, which further reduces available arginine for T cell
consumption®,

Tryptophan is an essential amino acid only available from diet but that can also be
depleted in the tumor due to competition within the TME. Cancer cells take up and
catabolize the limited tryptophan within the TME, which produces kynurenine, a ligand
of aryl hydrocarbon receptor, AHR9, The activation of AHR in CD4* T cells results

in differentiation into immunosuppressive Tregs®2-94, Kynurenine can also induce the
expression of PD-1 on CD8* T cells, ultimately leading the suppression of cytotoxic
function® (Figure 2). Inhibition of tryptophan catabolism combined with checkpoint
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blockade is currently being tested in clinical trials%. Like tryptophan and arginine, some
cancer cells consume copious amounts of serine. Serine is a non-essential amino acid that

is converted to glycine and one-carbon units to build nucleotides and maintain mitochondria
redox homeostasis?8. When cancer cells take up the majority of extracellular serine, limited
amounts are left for the T cells which have been shown to depend on extracellular serine

for T cell expansion and effector functions®’. Some tumors have been shown to import
extracellular cysteine, which acts as an antioxidant and reduces ferroptosis, leading to tumor
progression%8. Cancer cell uptake of cysteine leads to limiting amounts of extracellular
cysteine, which is required for T cell activation and function, and as such, cysteinase
treatment in mice has been shown to synergize with cytotoxic T cell anti-tumor function in
mice by enhancing ferroptosis®°.

This body of data begs the question, can amino acids be supplemented in patients to
promote anti-tumor T cells? Results from Geiger et al.89, revealed that the supplementation
of L-arginine both /n vitroand in vivo did indeed drive T cell anti-tumor immunity by
enhancing memory function and mitochondrial respiration in a murine melanoma model®°.
Additional studies are needed to determine if cancer cells would also benefit from amino
acid supplementation and grow faster that could counter-balance any benefit to immune
cells.

4. Immunotherapy and Metabolic Immune Suppression

T cell activation to gain effector function requires signals through the antigen receptor
(signal 1), co-stimulatory receptors (signal 2), and cytokine growth factors (signal 3) that
promote proliferation, survival, and differentiation. Additionally, activation of metabolic
pathways within T cells is also essential as a “signal 4”. Each of these signals can

be modified in the TME and be a target for immune checkpoint or adoptive T cell
immunotherapy. While many T cells in the TME are exhausted and unable to readily
recover function caused by chronic stimulation and TME factors such as hypoxial®100,
these immune therapies seek to reinvigorate or induce new tumor specific T cells. Metabolic
immune suppression contributes to exhaustion and provides an additional barrier to T cell
reactivation12:14.16.101 Most approaches to overcome T cell dysfunction and metabolic
barriers in the TME have focused on modifying antigen receptor signaling or co-stimulation.

The most common immunotherapies in current use are checkpoint blockade of PD-1 or
CTLA-4 signaling, both of which are inhibitory co-stimulatory CD28 family members that
restrain T cell effector functions102, PD-1 can be induced by lactate’® and inhibits PI3K

and mTORC1 signaling to reduce anabolic pathways including glycolysis while enhancing
lipid oxidation that can promote longer T cell survivall03104 | jkewise, CTLA-4 suppresses
effector T cell glycolysis and can promote Treg stability in the TME10:105, Thus, checkpoint
blockade of these two prominent immunotherapies has profound immunometabolic
implications for tumor specific T cells. Given the need of proliferative T cells for glucose
uptake that supports biosynthesis and energy generation, the metabolic actions of immune
checkpoints are likely fundamental to patient therapeutic responses. Consistent with a
connection between metabolism in the TME and immunotherapies, inhibiting glycolysis of
T cells in RCC strongly suppressed proliferation and effector function19 and tumor hypoxia
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can influence or impair tumor immunotherapy!3. An unknown, however, is how PD-1 or
CTLA-4 signals effect the metabolism and function of other cell types in the TME. Indeed,
macrophages can express PD-1, and this checkpoint molecule can inhibit phagocytosis and
inflammation107.108,

Adoptive T cell therapies target T cells to tumor-specific antigens by identifying and
expanding neoantigen-specific T cells or engineering T cells to express chimeric antigen
receptors (CAR) specific to tumor antigens (Figure 3)109110 |n each case, T cells must
induce an anabolic metabolism that may be suppressed in the TME. To allow T cells to
best survive and function in the TME, adoptive T cell therapies have shown that increased
mitochondrial capacity and quality is criticall®. This can be developed by adapting T cells
to use mitochondrial pathways by inhibition of glycolysis or glutamine metabolism /n vitro
prior to adoptive transfer to patients or through genetic engineering458. Indeed, T cells
with low mitochondrial potential, and thus tightly coupled or efficient mitochondria, can
provide superior responses in adoptive T cell therapies!11. Consistent with mitochondria
quality control as a key factor for long-term T cell memory, CD8* T cells with the greatest
mitochondrial turn-over were shown to have the highest levels of memory, while CD8* T
cells with low mitochondrial turn-over had short lifespans12,

In CAR T cells, the CAR signaling domain consists of both antigen receptor and co-
stimulatory components. It is now clear that CD28 signaling domains promote high rates

of glycolysis and rapid expansion at the expense of a short lifespan while 4-1BB domains
promote mitochondrial metabolism and CAR T longevity at the expense of lower effector
function!13. The poor responses of CAR T cells in solid tumors, however, demonstrates
that the TME can overcome even this programming. It remains unclear to what extent
metabolic immune suppression contributes to solid tumor resistance to CAR T cells. A
likely contributing factor, however, is the metabolic heterogeneity of solid tumors and the
need for adoptively transferred T cells to function in a variety of nutrient and metabolic
environments. Metabolic plasticity and efficiency, therefore, may be the ultimate goal rather
than forced metabolic programs based on fixed CAR signaling characteristics. Additionally,
recent studies using CRISPR-based screening methods, have identified gain-of-function
targets for CAR T engineering, such as PRODH2114, a proline dehydrogenase that has been
shown to improve mitochondrial function in CD8* T cells and anti-tumor activity in mice.
These methods illustrate that genetically engineering CAR T cells ex vivo for adoptive
transfer may also be a valuable therapy option in the future.

5. Metabolic Plasticity and Metastasis

Despite research efforts, metastasis and relapse remain the primary cause of cancer

related deaths. The metastasis of solid tumors requires cancer cells to pass heterogeneous
immune and metabolic microenvironments as they escape the primary tumor, invade
surrounding stroma, enter the bloodstream or lymphatic vessels (referred to as intravasation),
survive circulation, and extravasate to secondary sites to colonize and expand as
metastases1® (Figure 4). This escape requires that cancer cells survive in multiple metabolic
microenvironments. Metastasis is facilitated by tumor cell epithelial plasticity, resulting in
epithelial cells adopting mesenchymal-like features that enable cell migration and invasion,
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referred to as epithelial-to-mesenchymal transition or EMT. Epithelial plasticity includes
EMT and the reverse, mesenchymal-to-epithelial transition (MET). MET is reported to be
required for successful metastatic colonization as distant metastases in carcinoma patients
often present with epithelial features having a similar pathology as the tissue of origin116,
Only a small percentage of cancer cells successfully complete this process, as cancer cells
must adapt to different nutrient environments and resist anti-tumor immunity to survive
and thrive. Cancer cells undergoing EMT may secrete cytokines that lead to suppressive
immune cell recruitment, such as macrophages, MDSCs, and Tregs!1’ to enhance cancer
cell survival and metastasis. There is also high production of transforming growth factor
(TGF)-B during EMT, which has been shown to exclude cytotoxic T cells and induce Tregs
to support immune suppression!!8. It can be imagined that interactions within tumors and
multiple metabolic processes of immune cells in the TME may dictate this plasticity at each
step of the metastatic cascade, although there are limited studies thus far that evaluate the
metabolic plasticity of EMT and MET or the role of immunometabolism in metastasis.

Metabolism of EMT

The metastatic potential of cancer cells has been linked to mitochondrial function, as

ROS homeostasis is essential for cancer cell survival. While moderate increases in ROS
stimulates cell proliferation, excess ROS can cause oxidative stress and lead to cell death!1°.
The production of mitochondrial ROS within the cancer cells has been suggested to both
promotel20121 or reducel?2.123 EMT and metastatic potential of cancer cells, highlighting
the likelihood that this process is dependent on the type of cancer, genetic context, and

local TME. For example, metastatic fibrosarcoma cells prevent ROS-mediated cell death

by stabilizing BACH1 downstream of nuclear factor-erythroid 2-related factor 2 (NRF2)
activated heme oxygenase 1 (HO-1)123, Ultimately accumulation of BACH1 may promote
glycolysis-dependent metastasis of lung cancer cells124.125,

Some metabolites have also been shown to promote metastasis by acting as pro-EMT
signaling molecules. In a study by Sciacovelli et al.126, fumarate was found to drive EMT
via inhibition of Tet-mediated demethylation of the miRNA cluster mir-200baa429 and
subsequent transcription of EMT Transcription factors in kidney cancer26, Additionally,
the induction of glycolysis via the ECM component hyaluronidase in cancer cells has

been shown to drive EMT and cell migrationl2”. In another study, Gomes et al.128, show
methylmalonic acid 128, a by-product of propionate metabolism, was elevated in the serum
of older people and associated with increased tumor progression. Mechanistic studies
revealed that MMA induced SOX4 and thus increased the transcription of EMT transcription
factors to drive EMT and invasion128. In addition, fatty-acid synthase (FASN), an enzyme
that catalyzes the final step of fatty acid synthesis, has been shown to be strongly associated
with tumorigenesis, EMT, and metastasis in HCC129, ovarian cancer3?, glioblastomal3,
and prostate cancer!32, Genetic inhibition of FASN suppressed invasion and migration in
HCC metastasis2?, while increased expression of FASN may induce EMT and peritoneal
metastasis in ovarian cancer130,
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Metabolic Plasticity in the Metastatic Cascade

Metastasis requires cancer cells traverse multiple nutrient microenvironments and interact
with a variety of cells. Glycolytic enzymes are attached to the cytoskeleton and during cell
growth these enzymes function to increase glycolysis. During cytoskeleton rearrangement in
the EMT process these enzymes may be released, thus promoting glycolysis in cells actively
undergoing EMT98. Additionally, AMPK is often activated in metastatic cancer cells that
have detached from the extracellular matrix, resulting in decreased NADPH consumption

in fatty acid synthesis and increased NADPH generation via fatty acid oxidation (FAO)133,
Low PHGDH and the hexosamine pathway also can promote metastasis through aberrant
integrin glycosylation134, Although there is limited evidence, one could speculate that the
high energy demands and metabolic plasticity of cells undergoing EMT may limit available
nutrients for cytotoxic T cells, thus leading to immune suppression during the escape of
cancer cells from the primary tumor. Additionally, TAMs within the hypoxic TME have
been shown to promote the formation of blood vessels, thus providing an escape route for
cancer cells®3,

Although little is known about the metabolism of circulating tumor cells (CTCs), cancer
cells are likely to enter a catabolic state once they enter the blood stream to survive due to
the different metabolites that are available!35. While in circulation, cancer cells can undergo
oxidative stress and cell death136, and cancer cells best able to survive oxidative stress

due to enhanced redox capacity may have a metabolic advantage. For example, metastatic
melanoma cells upregulate NADPH production and lactate uptake, which diverts glucose
carbon into the oxidate PPP and increases their antioxidant capacity!37. Consistent with
this model, dietary antioxidants have been shown to reduce oxidative stress and increase
metastasis in mouse models of lung cancer and melanomal38139, CTCs increase PGCla-
dependent mitochondrial biogenesis to maintain redox and energetic homeostasisl4?. It is
possible that cytokines and metabolites within the blood stream may influence both immune
surveillance of circulating cancer cells as well as cancer cell immune evasion, although
studies are needed to determine if this is the case.

Once cells enter the metastatic site, metabolic plasticity is required to both survive and
colonize within the new metastatic niche, as different nutrients will likely be available
compared to both the primary tumor and circulation. For example, the brain is a common
metastatic site in breast cancer patients and has a vastly different tumor microenvironment
than breast cancer. In the brain, both serine and fatty acids are decreased, thus breast

cancer cells that can adapt and colonize in the brain upregulate PHGDH to increase glucose-
dependent serine and glycine productionl41. Additionally, cancer cells must act on the tumor
microenvironment within the metastatic site to suppress immune surveillance, which may
occur through metabolic suppression as discussed previously.

Given the potential for limiting nutrients and metabolic signaling in the TME, it is likely
that metabolic plasticity contributes to EMT and supports the energetic demands of cell
migration. How these changes affect cancer cell interactions with immune cells in the TME
or at metastatic niches remain uncertain. Immunometabolism likely plays a significant role
in this process and may provide a therapeutic vulnerability for the treatment of metastatic
cancer. It Is possible that metabolic vulnerabilities can be utilized to target both the primary
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and metastatic lesions. Future studies will determine how the immune system can best be
activated to target metastases both before they arise and after they form a new metastatic
niche. Perhaps rewiring the metabolism of cancer cells or immune cells within the TME

before the cancer spreads will prevent metastasis or recurrence of high-risk cancers.

6. Conclusion

We present here recent findings of differential nutrient uptake due to cellular and metabolic
heterogeneity within tumors. Tumor type, location of the tumor, and diet of the host will

all affect nutrient availability within the tumor microenvironment8. This is not only critical
for the proliferation of the cancer cells but also tumor infiltrating immune cells and likely
influences metastasis. As the metabolism of immune cells likely plays a significant role

in metastasis, further research is needed to determine if metabolic vulnerabilities within
the primary tumor and metastatic lesions can be utilized to target metastasis before they
arise as well as after they form and colonize a new metastatic niche by utilizing metabolic
dependencies and immunotherapy.

The diversity of cell types and metabolic landscapes in the TME can be detrimental for
treatment and allow tumor recurrence. One challenge is that similar metabolic pathways
are used to support cell growth and inhibitors that suppress the growth of cancer cells can
also inhibit anti-tumor immunity. Conversely, the different metabolic programs and regions
within a given TME challenge approaches that target single pathways. This metabolic
heterogeneity, however, opens new opportunities for selective targeting of specific cell
types or conditions. Immunotherapies that target T cells to reduce resistance are currently
being investigated, such as adoptive T cell therapies, and metabolic immune suppression
should be considered. To further improve anti-tumor immunity, T cells can be expanded

in the presence of metabolic stress to promote metabolic plasticity as immune cells

are forced to adapt and utilize multiple nutrients depending on availability, to support
better effector function across a wide range of nutrient microenvironmental conditions.
Perhaps these strategies will increase T cell metabolic fitness to turn tumors that are
typically immune “cold” tumors due to poor nutrient conditions, into immune “hot” tumors,
thereby increasing the effectiveness of immune checkpoint blockade, such as anti-PD-1.
Although anti-cancer therapies targeting metabolic heterogeneity are still in early stages

of development, additional studies that further our understanding of metabolism both
contextually and spatially are sure to lead to new efficacious therapies for cancer patients.
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Figure 1. Metabolic Heterogeneity in the Tumor Microenvironment is Location Dependent.
The tumor microenvironment (TME) is composed of many different cells that support

or restrain tumorigenesis, including cancer cells and pro- and anti-tumor immune cells.
Just as the TME has a diversity of cells, the TME is also metabolically heterogeneous.

In hypoxic regions of the tumor (blue cancer cells), cancer cells often secrete lactate,
which has been shown to inhibit effector T cell activation while promoting suppressive
Tregs to drive immune suppression. Additionally, lactate promotes differentiation and
polarization of TAMs towards a more pro-tumorigenic M2-like phenotype, which secrete
immunosuppressive cytokines. In angiogenic tumors, blood vessels branch irregularly which
leads to regions with increased autophagy to make up for the lack of delivered nutrients.
Less angiogenic regions typically use glucose as their main source of energy. Necrotic
tumor regions arise in part because of severe lack of nutrients and have been shown to
have decreased levels of amino acids such as glutamine, arginine, asparagine, serine, and
aspartate compared to tumor peripheries.
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Figure 2. Dysregulated Cytotoxic T Cell Metabolism.
Cytotoxic T cells act directly to kill cancer cells by secreting inflammatory cytokines as

well as cell lytic molecules such as granzyme. In a highly functioning state, CD8" effector
T cells are dependent on glycolysis, which promotes inflammation. Metabolic immune
suppression occurs when T cells from tumors develop a wide range of metabolic adaptations
or dysfunctions that prevent anti-tumor activity. These include dysregulated and fragmented
mitochondria, increased ROS production, and reduced glycolysis. In the TME, cancer cells
secrete metabolites that effect the function of immune cells within the TME and promote

T cell exhaustion such as lactate, cholesterol, and kynurenine, a by-product of tryptophan
catabolism. Once exhausted, T cells are unable survive and function to secrete cytokines
and express inhibitory receptors such as PD-1 and CTLA-4, which reduce the function of
effector T cells by inhibiting glycolysis and upregulating oxidative phosphorylation of the
cells. Additionally, amino acids such as arginine, tryptophan, and serine may be limited in
the TME, thus inhibiting cytotoxic T cells as they rely on these nutrients for proliferation
and function.
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Figure 3. Metabolic Rewiring to Reduce Metabolic Immune Suppression.
Adoptive T cell therapies target cytotoxic T cells by engineering T cells from patients to

express chimeric antigen receptors (CAR) specific to tumor antigens. To reduce metabolic
immune suppression of T cells in the TME and increase their metabolic capacity, it may
be possible to metabolically rewire T cells either by inducing metabolic stress or through
genetic modification. These strategies may be able to increase T cell metabolic plasticity
and fitness to turn tumors that are typically immune “cold” due to poor nutrient conditions
to immune “hot”, thus increasing anti-tumor immunity and reducing resistance to therapies
such as immune checkpoint.
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Figure 4. Metabolic Plasticity in Metastasis.
To escape the primary tumor and form metastases, cells undergo EMT (left panel).

Glycolytic enzymes are attached to the cell cytoskeleton, as such it is possible that during
cytoskeleton rearrangement in the EMT process, these glycolytic enzymes are released to
promote glycolysis during EMT. The production of mitochondrial ROS within the cancer
cells has been suggested to both promote and reduce EMT and metastatic potential of
cancer cells, highlighting the likelihood that this process is highly dependent on the genetic
context and local TME. Additionally, some metabolites act as pro-EMT signaling molecules,
such as fumarate, methylmalonic acid, and fatty-acid synthase (FASN). Once in circulation
(middle panel), cancer cells undergo oxidative stress and thus cell-death, therefore it is
likely the cancer cells that are able to survive oxidative stress have a metabolic advantage
resulting in their survival. Additionally, CTCs have been shown to upregulate NADPH
production and lactate uptake, which diverts glucose carbon into the oxidate PPP and
increases their antioxidant capacity. It is likely that cytokines and metabolites within the
blood stream may influence both immune surveillance of CTCs as well as cancer cell
immune evasion. Once cancer cells enter the metastatic site (right panel), they must act on
the tumor microenvironment within the metastatic site to suppress immune surveillance,
which can be done metabolically, such as by presenting immune checkpoint ligands.
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Additionally, immunometabolism likely plays a significant role in this process and may
provide a therapeutic vulnerability for the treatment of metastatic cancer.
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