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Abstract

Metabolic reprogramming confers cancer cells plasticity and viability under harsh conditions.
Such active alterations lead to cell metabolic dependency, which can be exploited as an attractive
target in development of effective antitumor therapies. Similar to cancer cells, activated T

cells also execute global metabolic reprogramming for their proliferation and effector functions
when recruited to the tumor microenvironment (TME). However, the high metabolic activity

of rapidly proliferating cancer cells can compete for nutrients with immune cells in the TME,
and consequently, suppressing their anti-tumor functions. Thus, therapeutic strategies could aim
to restore T cell metabolism and anti-tumor responses in TME by targeting the metabolic
dependence of cancer cells. In this review, we highlight current research progress on metabolic
reprogramming and the interplay between cancer cells and immune cells. We also discuss
potential therapeutic intervention strategies for targeting metabolic pathways to improve tumor
immunotherapy efficacy.
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1. Introduction

The tumor microenvironment (TME) is comprised of components such as stromal cells,
immune cells (together with their secretory factors,) vascular endothelial cells and
extracellular matrix (ECM) [1]. Immune cells and related matrix components recruited and
activated by tumor cells, clustering a tumor-suppressing inflammatory microenvironment
during the early stages of tumor colonization or growth, thus hindering tumorigenesis

and development. However, after persistent tumor antigen stimulation and immune
activation, the associated effector cells in the microenvironment are either depleted

or remodeled, resulting in an immunosuppressive microenvironment [2]. Cancer cells
eventually get advanced progression due to the failure of the immune system surveillance
and elimination. Since the major cellular components that maintain the immunosuppressive
microenvironment also play an antitumor role early in tumor progression, it is possible to
stimulate or restore the inherent tumor suppressive ability of the immune system, remodel
the active immune microenvironment, and produce a comprehensive response effect through
immunotherapeutic strategies targeting TME [3].

Cancer cells reprogram their metabolic pathways to fulfill a selective advantage for rapid
proliferation and survival in TEM. This reprogramming of energy metabolism has been
considered a key hallmark of cancer [4]. The high rate of aerobic glycolysis [5] and
glutamine addiction [6] are the two most prominent features in cancer cell metabolic
reprogramming during its initiation and progression. Therefore, this leads to cell metabolic
dependency became an attractive target in designing effective antitumor therapy. Immune
cells share similarities with cancer cells of engaging metabolic regulation to sustain
proliferation and survival. The reprogramming of metabolic pathways plays an important
role in immune cell activation [7]. When activated, T cells shift glucose metabolism from
oxidative phosphorylation (OXPHOS) to aerobic glycolysis, which promotes glycolytic
flux and lactate production [8]. Accordingly, blocking T cells from engaging glycolysis
compromises their ability to produce IFN-y [9]. Therefore, remodeling T cell metabolism
and nutrient availability to enhance T cell activation and function could be a promising
therapeutic strategy for cancer [8].

Cancer cells modulate the metabolite profiles in the TME (Figure 1). The “metabolic
competition” within TME might allow cancer cells to effectively suppress antitumor
immunity and drive cancer progression [10, 11]. Cancer cells consume most of the glucose
within the TME to produce lactate. Lactate-induced acidification diminishes T and NK

cell activation and lead to immune evasion [12]. The compromised effector function of
immune cells may contribute to the restricted response to immune checkpoint blockade
therapy [10, 11, 13]. Thus, re-balancing the utilization of nutrients within TME by targeting
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metabolic pathways in cancer cells could restore T cell function, thereby enhancing cancer
immunotherapy efficacy [14].

Here, we briefly review the interplay between cancer cells and immune cells from
the metabolic perspectives and discuss the potential feasibility for enhancing cancer
immunotherapy efficacy via metabolic interventions.

Metabolic reprogramming in cancer cells

Cancer cells reprogram metabolic pathways to fulfill rapid and continuous proliferation
(Figure 1). Even in the presence of sufficient oxygen, cancer cells selectively undergo high
rate of glycolysis instead of oxidative phosphorylation (OXPHOS) to generate adenosine
triphosphate (ATP). This common feature of cancer cell aerobic glycolysis is referred to

as the “Warburg effect” [15]. Although the causal relationship between aerobic glycolysis
and cancer progression still remains controversial, some findings suggested that high rate of
glycolysis not only generate the energy that is required to support rapid cancer cell division
but also provide building blocks to fulfill biosynthesis needs and maintain redox balance
[16].

The metabolic reprogramming in cancer cells is regulated by different signaling pathways
and transcriptional factors [16]. Some studies suggested that the enhanced glycolysis in
cancer cells was linked to defects in mitochondrial respiration. However, current data
indicate that most cancer cells do not have such defects [5, 17]. Beyond the Warburg effect,
the reduced nicotinamide adenine dinucleotide phosphate (NADPH) is rapidly produced
through pentose phosphate pathway (PPP) to allow cancer cells to counteract the detrimental
effects of reactive oxygen species (ROS) during rapid proliferation [18].

Moreover, aerobic glycolysis promotes lactate production in cancer cells. The key enzyme
in lactate production is lactate dehydrogenase A (LDH-A), which is regulated by oncogenes
and overexpressed in many cancers [19]. The conversion of pyruvate to lactate via LDH-

A regenerates NAD*, which is required for conversion of glyceraldehyde-3-phosphate to
1,3-bisphosphoglycerate. Therefore, the NAD*/NADH redox balance maintained by NAD™*
regeneration is necessary for continued flux through glycolysis [5]. In addition, lactate

has been found to serve as a primary TCA substrate in tumors [20, 21] and also play an
important role in suppressing antitumor immunity [12].

The amino acids also experience reprogrammed metabolism in cancer cells [22]. Glutamine
is the major amino acid avidly consumed by cancer cells to support their proliferation and
survival. Glutamine is one of the primary mitochondrial substrates and most cancer cell
lines require constant supply of exogenous glutamine /n vitro to fuel the tricarboxylic acid
(TCA) cycle, maintain mitochondrial membrane potential and integrity, as well as provide
nitrogen for protein and nucleotide synthesis [6]. Once glutamine enters the cells through
solute carrier family 1 member 5 (SLC1AD5, also known as ASCT?2), glutaminase convert it
to glutamate. Glutamate then can be converted either to glutathione (GSH) by glutathione
cysteine ligase (GCI) or to a-ketoglutarate (a-KG) and enters the TCA cycle [16]. Cancer
cells either upregulate glutaminase or increase glutamine flux for amino acid, nucleotide
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or fatty acid biosynthesis. Glutamine-addicted cancer cells are dependent on glutamine

for viability and are sensitive to glutamine withdrawal and glutaminase blockade [23-25].
Glutamine regulates the activation of STAT3, which mediates signaling pathways in invasive
ovarian cancer cells [26] and the proliferative effects on glycolytic and oxidative cancer cells
[27].

In addition to amino acids, cancer cells need to produce massive amounts of fatty acids
via de novo fatty acid synthesis to support the high demand for membrane production and
signaling molecules during rapid proliferation [28]. As a result, the increased fatty acids
levels in the TME may also regulate the function of immune cells [29].

3. Metabolic reprogramming in immune cells

Metabolic reprogramming is not limited to cancer cells, it is also observed in highly
proliferating cells and immune cells, such as activated T cells, activated B cells, activated
natural killer (NK) cells, lipopolysaccharide (LPS)-activated macrophages and dendritic
cells [30]. Given the similarities of metabolic requirements between cancer cells and
immune cells, they compete for nutrients within TME, and this competition sets the stage for
tumor progression [31].

In general, naive T cells require low metabolite needs. However, once the T cell receptor
(TCR) recognizes an antigen along with receiving co-stimulatory signals from antigen
presenting cells (APCs), T cells undergo changes in metabolic profiles due to the high
demand for biomolecule generations to expand and exert effector functions [8, 32]. Glucose
consumption is significantly elevated in activated T cells. Activation rapidly switches T
cell metabolism from fatty acid p-oxidation and pyruvate oxidation via the TCA cycle to
aerobic glycolysis, PPP and glutamine oxidation [33]. Glucose typically enters the cell via
solute carrier family 2 (facilitated glucose transporter) [7]. It has been found that the solute
carrier family 2 member 1 (SLC2A1) is rapidly upregulated upon T cells and macrophage
activation [34, 35]. The increased glucose intake facilitates activated T cells to engage high
rate of aerobic glycolysis for proliferation and effector functions [36].

TCR signaling promotes activation of pyruvate dehydrogenase kinase 1 (PDHK1)

and PDHK1-mediated aerobic glycolysis integrates glucose availability and lactate
dehydrogenase (LDH) activity to control cytokine synthesis at the post-transcriptional level
in T cells [37]. The glycolysis enzyme GAPDH can also regulate interferon-y (IFN-y)
production in CD4* T cells via binding to the AU-rich elements within the 3° UTR of
IFN-y mRNA, making glycolysis an essential regulator for T cell effector functions [9]. T
cell activation induces many transcriptional changes and mTOR activation. The activation
of mTOR and glycolysis induces HIF-1a, which in turn, reprograms transcriptional profiles
[22]. Limiting glucose availability or inhibiting glycolysis activates AMPK and represses
mMTOR and HIF-1a activity, favoring immunosuppressive regulatory T cells (Tregs) and
anti-inflammatory M2 microphages, and impairing dendritic cell functions [7].

In addition to glucose, glutamine also serves as an important source for biosynthetic
precursors in active T cells. Deprivation of glutamine compromises activation-induced T

Arch Biochem Biophys. Author manuscript; available in PMC 2022 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 5

cell growth and proliferation [33]. It has been demonstrated that the transcription factor Myc
acts a dominant role in the regulation of metabolic reprogramming in activated T cells by
promoting glycolysis and glutaminolysis and suppressing fatty acid p-oxidation [33]. The
balance between fatty acid oxidation and synthesis influences the development of Tregs,
macrophages and memory T cells. The immunosuppressive Tregs and anti-inflammatory M2
microphages have much higher fatty acid oxidation than effector T cells and inflammatory
M1 macrophages. Inhibiting fatty acid oxidation in Tregs and M2 macrophages impairs their
functions and lineage development [7]. The increased immunosuppressive characteristics of
myeloid-derived suppressor cells (MDSCs) are also associated with elevated expression of
fatty acid oxidation genes [38]. Therefore, metabolic status of immune cells can determine
immune responses.

4. Metabolic interplay between cancer cells and immune cells

4.1 Glucose and glycolysis

Cancer cells exploit elevated aerobic glycolysis and limit extracellular glucose level

within the TME (Figure 1). T cells are outcompeted by tumor cells for glucose uptake;

this metabolic imbalance diminishes T cell effector functions. Most tumor-associated
macrophages (TAMs) are the M2 phenotype, which secrete I1L-6 to induce PDPK1-
dependent PGK1 T243 phosphorylation in cancer cells and promote cancer cell glycolysis
and tumor growth [39]. Glucose consumption by tumors metabolically restricts T cells,
impairing their mTOR activity, glycolytic capacity, IFN-y production, and supporting tumor
progression [10]. It has been reported that tumor infiltrated CD4* and CD8* T cells rewire
their metabolic activities in response to the reduced aerobic glycolysis induced by glucose
deficient TME via increasing the phosphoenolpyruvate (PEP) level. The PEP produced by
phosphoenolpyruvate carboxykinase 1 (PCK1) acts as a metabolic checkpoint to strengthen
T cell receptor-mediated Ca2*-NFAT pathway and improves antitumor responses in glucose-
poor conditions [11]. Moreover, activated CD4* T cells utilize different metabolic profiles
based on their differentiation goals. Inflammatory CD4* T cells were shown to be dependent
on glycolysis, while the regulatory cells depend on mitochondrial electron transport [40]. T
cells and M1 macrophages depend on aerobic glycolysis to be functionally activated [41].
Nevertheless, high glucose utilization by cancer cells and endothelial cells out compete
immune cells, resulting in reduced INF-y production, Ca2* dependent pathways, T-cell
motility and cytotoxicity and macrophage proinflammatory functions [9, 10, 34, 42].

Cancer cells employ different mechanisms to access more glucose. Increased expression
level of glycolysis enzyme hexokinase 2 (HK2) is one approach which allows cancer

cells to exhibit increased rates of glycolysis and diminishes T cell glucose uptake and
INF-y production [10, 11]. Methyltransferase EZH2 is involved in cytokine expression and
survival of T-cells. The negative regulation of EZH2 expression by miRNAs in CD8* T
cells is among other immunosuppressive approaches, being reinforced by cancer cells [43].
Insufficient glucose induces sustained PD-1 expression on T cells that may recruit more
CD4* Tregs by diminishing TCR, mTOR, PI3K signaling, glycolysis, and activating of
fatty acid oxidation [44-46]. T cell glycolysis is prohibited by PD-1 and PD-L1 interaction,
which promotes fatty acid oxidation, repressing T cell antitumor functions. Data obtained
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from blockade of these checkpoints confirm this findings by replenishing glucose in the
TME and increasing T cell glycolysis and activity [31]. Checkpoint blockade antibodies
against CTLA-4, PD-1, and PD-L1 have been shown to restore glucose in the TME,
permitting T cell glycolysis and IFN-y production [10].

4.2 Lactate and extracellular acidity

The cancer cell monocarboxylate transporters (MCT1 & 4) co-transport lactate and protons
to the extracellular matrix within TME and create a high lactate concentration and acidic
environment (Figure 1). The physiological concentration range of lactate in human blood

is 1.5-3.0 mM but can reach up to 30 mM in a given tumor tissue [47]. Lactate produced
from cancer cells has been demonstrated to play a key role in inhibiting T cells and NK cells
from attacking cancer cells [12]. High level of lactate in the TME blocks T cells lactic acid
export, thereby disturbing their metabolism and functions. The lactate produced by cancer
cells lowers the extracellular pH [47, 48]. It is reported that acidity limits T cell glycolysis
and blocks T cell activation /n vitro, and neutralizing acidity within TEM has been shown
to improve antitumor responses to immunotherapy [49]. The proliferation and cytokine
production of human cytotoxic T lymphocytes (CTLs) can be suppressed up to 95% and
lead to a 50% decrease in cytotoxic activity by lactate [50]. Also, lactate produced by tumor
cells has been shown to promote M2-like polarization of tumor-associated macrophages

via mono-carboxylate transporters (MCT1, MCT2, MCT3 and MCT4)-mediated lactic acid
uptake and induction of vascular endothelial growth factor (vegf) [51]. Another study
reported that lactate-induced acidity leads to mitochondria malfunctioning and subsequent
apoptosis of NK cells infiltrated to TME [52]. Lactate prevents NKT cells function through
mMTOR inhibition, which in turn, prohibits INF-y and IL-4 production [53]. The elevated
levels of lactate within the TME has also been revealed to regulate PD-L1 expression

and LDH-A silencing in melanoma boosts anti PD-1 immune responses. It has been
demonstrated that LDH-A inhibition strengthened CD8* T cells and NK cells tumor
infiltration in addition to IFN-y and granzyme B production [54]. In patients, the lactate
level is associated with the metastatic spread of tumor [47]. LDH-A expression is negatively
correlated with the levels of T cell activation markers in human melanoma patients [12].
The impacts of tumor-derived lactate on tumor infiltrating lymphocytes in the TEM are
summarized and listed in Table 1. Therefore, lactate and its regulating molecules could be
promising targets in combination with tumor immunotherapy.

4.3 Glutamine and glutaminolysis

Glutamine is an essential amino acid in functional activity, differentiation and expansion
of tumor-infiltrating lymphocytes (TILs). Depletion of glutamine in the culture medium
blocks T cell proliferation and cytokine production, and supplying biosynthetic precursors
of glutamine cannot rescue such effects [55]. The essential demand of a high rate of
glutaminolysis coerces TILs and tumor cells to compete for glutamine in the TME

[41]. It is likely that the upregulation of glutaminolysis in cancer cells might decrease
extracellular glutamine level and limit T cell antitumor functions [56]. Glutamine fuels
TCA intermediates, mediates reduced glutathione formation, and sustains mitochondrial
membrane integrity in the proliferating cells [57]. Nitrogen is an essential constituent for
the synthesis of nitrogen-containing biomolecules in the cell. Glutamine and glutamate are
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among the major resources of nitrogen in the cell. Activated T cells require more nitrogen
and carbon to generate the biomolecules needed for proliferation and effector functions,

so they up-regulate glutaminolysis to fulfill their demands [8]. Glutaminolysis deaminases
glutamine into a-KG an intermediate of TCA [58]. Glutamate is mainly produced from
glutamine by glutaminase and less commonly in some cancers from a-KG [59]. To
overcome the consequences of glutamate deprivation and proliferation, some cancer cells
convert the ammonia, a by-product of metabolism, and a-KG to glutamate [60]. This
conversion is mediated by glutamate dehydrogenase (GDH) to generate glutamate followed
by elevated activity of glutamine synthetase (GS) to form glutamine. Silencing both GDH
and GS diminishes tumor growth [58, 59, 61]. While T cells are getting activated, limited
glutamine availability bolsters CD4* T cells with augmented FOXP3 expression level. This
effect is reversed by silencing GS enzyme [62]. CD4* T cells use a-KG generated from
glutamine to induce a transcription factor supporting their differentiation to T-helperl (Th1)
cell [63]. c-Myc induces glutaminolysis enzymes to synthesize biomolecules required for T
cell expansion [64].

By upregulating glutaminolysis, cancer cells secrete large amounts of glutamate, which
inhibits cystine uptake by the xCT glutamate-cystine antiporter and leads to intracellular
cystine depletion [65]. T cell receptor stimulation lead to upregulation of the xCT and
increased cystine uptake in CD4* and CD8" human T cells [66]. Although XCT is
dispensable for T cell proliferation /n vivo [67]. Cancer cell-derived glutamate in the

TME may compromise T cell antitumor immunity by impairing the import of cystine and
leading to dysregulation of ROS [66]. Moreover, it has been reported that dendritic cells-
derived glutamate stimulates the constitutively expressed metabotropic glutamate receptor 5
(mGIu5R) and impairs T cell activation [68]. These findings indicate that the glutamate in
the TME is a negative regulator of antitumor immunity.

4.4 Amino acids metabolism

Tumor associated myeloid cells (TAMCs) upregulate arginase 1 (argl) expression to
hydrolyze arginine leading to arginine inadequacy for T cells. TAMCs also cripple
expansion and function of cytotoxic T cells by nitrogen oxide generation from arginine
[57]. Arginase 1 expression in M2 macrophages, MDSCs and cancer cells breaks down
extracellular arginine levels [69]. Transporter of L-arginine has been proposed to be
accountable for different immunosuppressive characteristics of MDSCs both in tumor and
spleen [38]. Alanine is another amino acid required for T cell activation and re-stimulation
of memory T cell. However, these cells do not express the required transaminases to
synthesize alanine as needed; they, then, mainly depend on extracellular alanine. Therefore,
competitive uptake of alanine by cancer cells may adversely affect theses T-cells [59].

Increased tryptophan catabolism is observed in cancer cells, macrophages, and dendritic
cells. Lack of tryptophan and the accumulated kynurenine, a tryptophan catabolite, hamper
immune response [70]. Tryptophan is used as a precursor for proteins and various other
biomolecules in the body. Lack of tryptophan contributes to tumorigenesis by suppressing
immunity through favoring Treg formation, decreasing TCR C-chain and stimulating ILT3
and ILT4 inhibitory receptors on dendritic cells [71]. Indoleamine-2,3-dioxygenase (IDO) is
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a rate-limiting enzyme in tryptophan metabolism that contributes to immune regulation [71,
72]. IDO expression level is increased in both cancer cells and APCs [69]. In many tumor
types, IDO1 expression is shown to be associated with unfavorable clinical outcomes. It is
also correlated with higher levels of FOXP3* Tregs, MDSCs, decreased levels of CD57*
NK, CD8*, CD3* T cells and B cells. Downregulated expansion and effector functions

of T cell and NK cells are linked to IDO1 expression [71, 72]. Cytokines secreted from
tumor-reactive immune cells and dysregulated molecular mechanisms in cancer cells can
stimulate IDO1 expression [73]. An IDO1 inhibitor is under study in clinical trials to
explore if it can boost the efficiency of antitumor vaccines [72]. IDO2 also impinges on
CD4* and CD8™ T cell proliferation [71]. The general control nonderepressible 2 (GCN2),
a stress sensing kinase, is an important downstream player of IDO-1. IDO1 expression in
macrophages results in elevated 1L-10 and TGF-B levels and dampens IL-12 production in
a GCN2 dependent manner [74]. In another scenario, tryptophan insufficiency is translated
to T cell activation prohibition, mMTOR1 pathway inhibition and FOXP3 Treg formation
[75]. GCN2, regulating a stress response, is a principal player to suppress T cell functions
in response to lack of tryptophan [76]. Tryptophan insufficiency mediated by IDO enzyme
impedes T cell proliferation by inducing G1 arrest [77]. In lung cancer, cisplatin resistant
cells relying on glutamine and tryptophan show elevated expression levels of IDO1 to tackle
the ROS. IDOL1 inhibition in cisplatin resistant lung cancer cells raises ROS level and
diminishes cell growth while cisplatin sensitive cells do not respond to IDO1 inhibition [78].
Immunosuppressive effects of tryptophan metabolism are related to tryptophan insufficiency
and the production of its metabolite, kynurenine; however, the latter is the main mechanism
of its immunosuppressive effects [72]. Kynurenine concentration in tumor and blood
samples of breast and colon cancer patients are associated with augmented levels of PD-1
on CD8* T cells [71]. Immunosuppressive features of accumulated tryptophan catabolites
such as kynurenine mediated by aryl hydrocarbon receptor (AHR) are as important as lack
of tryptophan to induce T cell anergy and apoptosis [76]. Cancer associated fibroblasts
contribute to tumor immune escape by producing kynurenine and generating tryptophan-
deficient environments for immune cells [79]. Increased tryptophan catabolism leading to
tryptophan depletion and elevated kynurenine is mediated by both IDO and tryptophan-2,3-
dioxygenase (TDO) enzymes [76]. Another metabolite generated from tryptophan is 3-
hydroxyanthranilate (3-HAA) that represses T cell activation and proliferation and induces
Treg differentiation [63].

Serine is an important amino acid that contributes to T cell induced immune response.
During the activation process, T cells rely on the extracellular serine as a major source

to produce glycine and one-carbon units to generate de-novo nucleic acids for rapid
proliferation and growth [80]. In addition, many cancer cells are highly dependent on serine
for growth and survival [81]. Therefore, extracellular serine is an important resource for the
competition between tumor cells and immune cells.

mTOR pathway is a principal pathway in regulating immune cells fate and is affected by
environmental alterations. Branched chain amino acids (BCAAS) such as leucine are shown
to be involved in mTOR regulation [57, 82]. Leucine antagonists block mTOR augmentation
in T cells, resulting in T cell tolerance [83]. However, an evident relationship between the
BCAAs metabolism in TME and mTOR pathway is yet to be clarified [57].
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4.5 Lipid metabolism

The competition between the tumor cells and the immune cells for nutrients and metabolites
affects various signaling pathways, gene expression patterns and metabolic activity of the
cells [41]. In this setting, lipidomic remodeling is a well-known characteristic of cancer
[84]. 1t was shown that cancer cells acquire their needed fatty acids by elevating the
lipolysis of surrounding adipocytes [41]. It was also reported that T-helper 17 (Th17)

cells rely on acetyl-CoA carboxylase 1 (ACC1) to synthesize fatty acids whereas Tregs
utilize the extracellular fatty acid to provide the required cell membrane phospholipids, and
ACC1 blockade attenuates Th17 cells while it strengthens Foxp3* Tregs formation [85].
The increased fatty acid levels in the TME induced by de novo fatty acid synthesis in

cancer cells are proposed to weaken T cell effector functions and give rise to Tregs and
M2-like macrophage polarization [31, 69]. MDSCs and dendritic cells containing high lipids
negatively regulate immunity by more potent immunosuppressive functions and less antigen
presentation, respectively [69]. Cancer cells release eicosanoids, significant bioactive lipid
molecules, to the environment and promote cell proliferation. These molecules act as

a hurdle for CD8+ T cells co-stimulation and full activation by mediating the binding

of cancer cell ICAM-1 and lymphocyte receptor LFA-1. They also inhibit migration of
conventional type 1 dendritic cells, required initiators of antitumor response, to the TEM
[84]. Other antitumor immunity roles have been attributed to lipids. Endoplasmic reticulum
stress response factor XBP1 activation, dependent on lipid peroxidation, promotes ovarian
cancer development. It exerts its effects by prompting triglyceride biosynthesis in tumor
associated dendritic cells (tDCs) and lipid buildup, which in turn diminishes tDCs to activate
T cell. Silencing XBP1 reinstated tDC-induced T cell activation [86]. PD-L1 is found in
macrophages, dendritic cells and cancer cells in the TME. PD-1 and PD-L1 interaction
supports T cell lipolysis and fatty acid oxidation, hampering T cell antitumor functions [31].

5. Targeting metabolism to improve immune checkpoint blockade efficacy

It has long been recognized that immune evasion is a major hallmark of cancer cells

[4]. Generating tumor-specific T effector cells is a major goal of current immunotherapy
development. T cell cytotoxicity could be impaired by the metabolic reprogramming of both
tumor and immune cells. This phenomenon makes cell metabolic dependency an attractive
target in designing effective antitumor therapy. Meanwhile, considering the overlapping

of metabolic changes between cancer cells and immunes cells, interventions on metabolic
dependency could work synergistically with immune checkpoint blockade. Table 2 lists the
tentative therapeutic targets for the integration of metabolism and immunotherapy and will
be further discussed below.

5.1 Targeting glucose metabolism

The glycolytic activity of tumor cells is negatively correlated with their response to immune
checkpoint blockade therapy [87]. Tumor cells prefer to use aerobic glycolysis and lactate
fermentation as main modes for glycose metabolism, which causes the TME to become
acidic and hypoxic. Due to the low efficiency of aerobic glycolysis to generate ATP, tumor
cells increase the uptake of glucose from TME. Therefore, blocking glucose transporter
could be an effective therapeutic strategy to dampen tumor cell metabolic reprogramming
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[88]. Some drugs have been developed to target Glutl on tumor cells. STF-31 is a selective
glucose transporter Glutl inhibitor. It impairs the growth of cells which lack the von Hippel-
Lindau (VHL) tumor suppressor protein and depend on Glutl and aerobic glycolysis for
live [89]. WZB117 is another compound that inhibiting Glutl-mediated glucose transport.
Studies have found that WZB117 can inhibit the generation and expansion of T cells with
high Glutl expression [90]. The effect of combined treatment with GLut1 inhibitors and
immune checkpoint blockade needs further verification.

Several drugs have been reported to target glycolytic enzymes in cancer cells. 2-
Deoxyglucose (2DG), a glucose analog, can be taken up by glucose transporter of cancer
cells and phosphorylated by hexokinase to produce competitive inhibitor of glycolysis [91].
Phosphorylated 2DG also becomes trapped inside the cell and inhibits hexokinase [92].

It was reported that 2DG arrests cancer cell growth and/or induces apoptosis [93] and
stimulates tumor cells into immunogenic ones when combine with chemotherapy [94]. 2DG
has also been shown to enhance the antitumor function and generation of CD8* T memory
cells [95]. Hexokinase also can be inhibited by 3-bromopyruvate (3-BrPA). Cell death
occurs when intracellular ATP levels deplete with 3-BrPA treatment [96]. 3-BrPA also could
overcome chemoresistance, but so far, no report on its effect on T cell activation [97].

PKM2 is an isoenzyme of the pyruvate kinase and plays an important role in cancer

cell metabolic reprogramming and in regulating gene expression [98, 99]. Small molecule
inhibitors of PKM2 have been identified and showed anticancer effects [100]. What is

more, PKM2 has been shown to play an important role in Th1l and Th17 differentiation

and dimeric PKMZ2 is critical to inflammatory macrophage activation [101, 102]. A study
recently reported that a small molecule PKM2 activator, TEPP-46, could induce PKM2
tetramerization and block its nuclear translocation, resulting in reduced T cell activation

and Th1 and Th17 induction [103]. From this perspective, targeting PKM2 with either
inhibitors or activators could be a therapeutic approach in T cell-mediated inflammation and
autoimmunity. Phosphofructokinase 2 (PFK2) is another glycolytic enzyme. Its FB3 isoform
(PFKFB3) is expressed in many cancers and has been reported to be an essential enzyme for
T cell proliferation [104]. Small molecular inhibitors of PFKFB3 showed cytostatic effects
on tumor cells and suppression on T cell activation [104, 105]. Dichloroacetate (DCA) is a
generic drug that targeting pyruvate dehydrogenase kinase (PDHK). This drug promotes the
shift from glycolysis to glucose oxidation in cancer cells and inhibiting tumor growth both
in vivo and in vitro [106, 107]. However, like other drugs targeting glycolytic enzyme, DCA
also induces Treg cells differentiation and could result in decreased immunosurveillance in
case of its use as an anticancer drug [108].

Glycolysis is required for T cells effector functions. Therefore, it is a challenge to find a
way to block the metabolism of tumor cells while improving the nutrient uptake of T cells.
The expression of PD-L1 on cancer cells is associated with enhanced glycolysis in cancer
cells via PI3K/Akt pathway and mTOR [109]. T cells with PD-1 activation have altered
metabolism with inhibited glycolysis and increased lipolysis and fatty acid oxidation [110].
It was also reported that hypoxia-induced PD-L1 expression contributed to suppression

on T cell cytotoxicity [111]. This suggests that using antibodies that block PD-1/PD-L1
checkpoint may remodel glucose level in the TME and promote T cell cytotoxicity by
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regulating T cell metabolism. Some reports have highlighted the potential of using cytokines
to modulate T cell metabolism. For example, interleukin-2 (IL-2) promote glycolysis in

T cells by inducing PI3K/AKT pathway [112]. A recombinant IL-2 immunocytokine was
reported to promote tumor infiltrating cytotoxic T lymphocytes and increase the antitumor
effect [113].

5.2 Target lactate accumulation

As a consequence of increased glycolysis, cancer cells augment a significant amount of
lactate production. Lactate dehydrogenase (LDH) mediates bidirectional conversion between
pyruvate and lactate. It is the rate-limiting enzyme for lactate production. A high rate of
lactate production leads to intracellular lactate accumulation, which is toxic to cells and then
released into the extracellular matrix. The family of monocarboxylate transporters (MCTS)
is responsible for export lactate as well as protons [19]. This subsequently results in the
acidification of the milieu, which provides growth advantage to cancer cells at the expense
of human T cells [50]. The high level of lactate does not only degrade extracellular matrix
to promote tumor migration and metastasis, it also upregulates the expression of pro-tumor
molecules and angiogenesis factors [114]. Therefore, targeting lactate production or lactate
transportation to tamper the acidic TME becomes a strategy for targeting cancer metabolism
to improve immunotherapy.

LDHA is the predominant isoform of LDH and has a higher binding affinity to pyruvate.

It is dispensable for most non-tumor tissues, making LDHA a selective target for drug
discovery [115]. Several LDHA inhibitors were developed and tested their anticancer
activity both in vivo and in vitro, such as gossypol and its derivative FX-11 [115]. Gossypol
is a natural product found in cotton seeds. It blocks LDH non selectively and now being used
in clinical oncology trials as monotherapy or combination with other drugs [115]. FX-11
has selectivity for LDH-A and was shown to inhibit LDH-A in the pancreatic cancer model.
Although the treatment of FX-11 alone did not affect tumor growth, its combination with
the anti-PD-1 antibody showed significant inhibition on tumor growth and metastasis [116].
Target LDHA directly using siRNA is another strategy and has been assessed in a gastric
cancer model [117].

Besides inhibiting the enzyme LDH, the transporter MCTs family also can work as a

target for reducing acidification of TME. MCTs family includes 14 different subtypes; only
MCT1-4 were identified as lactate : proton symporters [118]. Not only did MCT function
to export lactate, but it also necessary for lactate import into cells. The expression patterns
and related functions of MCT vary in different tissues. While MCT2 and MCT3 have
restricted distribution pattern, MCT1 is ubiquitously expressed at low levels as well as
MCT4 is expressed in high glycolytic tissues, particularly [115]. The elevated expression
level of MCT1 and/or MCT4 was observed in several human malignancies, including breast,
colorectal, renal cell carcinoma, and prostate cancer [115]. Meanwhile, the cell surface
glycoprotein CD147 is critical to the activity of MCT1 and MCT4. CD147 facilitates the
cell surface expression and stable localization of MCT1 and MCT4 [119]. Thus, either
targeting transporters directly or interrupting the ligation between transporter and CD147
could work as potential anticancer therapies. MCT1 is predominantly function to uptake
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catabolites. To date, several MCT1 inhibitors have been designed and reported to have

the antitumor effect, such as AR-C155858, SR138009, AZD3965, as well as lenalidomide
and pomalidomide [120-124]. AZD3965 is currently in phase I clinical trials for advanced
tumors and diffuse large B cell lymphoma. A recent study reported that the MCT1 blockade
by AZD3965 inhibits lipid biosynthesis and increases tumor immune cell infiltration,
involving dendritic and natural killer cells [122]. Lenalidomide and pomalidomide are drugs
that impair the MCT1-CD147 ligation. The treatment with lenalidomide can enhance IL-2
and IFN-vy secretion in T cells [123]. MCT4 mainly functions to facilitate lactate efflux
from the high glycolytic cells. AZD0095 is a highly selective and potent inhibitor of MCT4.
Beyond the modulation of lactate transport, a combination of AZD0095 with checkpoint
inhibitors increases the tumor infiltrating lymphocytes and the activity of cytotoxic T cells,
which reversing the lactate driven immunosuppression [125]. Furthermore, a non-steroidal
anti-inflammatory drug, diclofenac, was investigated on its inhibition of MCT1 and MCT4.
Diclofenac blocks the lactate transporters MCT1 and MCT4 and diminishes lactate efflux,
delays tumor growth, and improves immune checkpoint therapy [87]. These findings
collectively highlight that targeting the lactate transporter MCTSs provides an efficient
anticancer strategy that may improve cancer immunotherapy.

Since the lactate accumulation in the extracellular matrix results in the acidification of TME,
drugs that can alkalinize the medium were tested for their anti-cancer capabilities. Proton
pump inhibitors (PPIs) are commonly prescribed for acid related disorders. PPIs can inhibit
the vacuolar-ATPase on cancer cells, a proton pump involved in the TME acidification. The
inhibition of ATPase by PPIs decreases the proton extrusion from cells and thus reverse

the extracellular acidity [114]. PPIs have been studies in several tumor models. It was
reported that PPIs against melanoma both in vitro and in vivo by modifying the tumor PH
environment [126]. A completed phase 2 clinical trial showed that the administration of
PPIs improved the antitumor effect of docetaxel and cisplatin chemotherapy in metastatic
breast cancer [127]. The impact of PPIs on the immunotherapy is controversial. PPIs

can increase the extracellular pH, which subsequently reverts T cell energy and increase
immunotherapy efficacy [128]. Nevertheless, recent studies found that PPIs may blunt the
effect of immune checkpoint inhibitors in NSCLC patients [129]. Meanwhile, long-term use
of PPIs is associated with an increased risk for gastric cancer, although PPIs can reduce the
chemo-resistance by targeting the STAT3 pathway in gastric cancer [130]. These suggest
more researches need to be done to identify biomarkers for cancer patient who might benefit
from the combination of PPIs with immunotherapy.

5.3 Target glutamine metabolism

Glutamine is an essential nitrogen source for nucleotides and nonessential amino acid
synthesis. One strategy to starve cancer cells of glutamine is to block the glutamine

uptake. Alanine-serine-cysteine transporter 2 (ASCT2, also name as SLC1ADb) is the major
glutamine transporter, and it is upregulated in several solid tumors such as melanoma,
colorectal cancer, and breast cancer [131]. Compounds have been designed to target ASCT2,
which inhibits glutamine uptake and cellular proliferation of cancer cells [132]. However,
ASCT2 is required for naive CD4+ T cell differentiation. It was reported that ASCT2
deficiency could impair the induction of Thl and Th17 cells and attenuate inflammatory T
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cell responses [133]. Glutamine is also used to replenish intermediates that are depleted
during the TCA cycle. Through intracellular glutaminolysis, glutamine is converted to
glutamate by glutaminase and subsequently converted to a-ketoglutarate, representing a
pathway for glutamine carbons to enter the TCA cycle [134]. Glutaminase has two major
isoforms, glutaminase 1 (GLS1) and GLS2. Several agents have been developed to inhibit
GLS and showed promising effects as cancer treatments by single or combined with other
drugs [134]. Several small molecule inhibitors against GLS have been developed and

tested, such as BPTES, CB-839, and compound 968 [135]. CB-839 is one of the most

potent and selective GSL1 inhibitor. It has been shown to suppress growth in various

cancer cell types [25, 136], synergize with carfilzomib in resistant multiple myeloma cells
[137] and overcome the resistance to catalytic mTOR kinase inhibitor MLN128 in lung
squamous cell carcinoma [138]. Instead of targeting GLS itself, a glutamine antagonist
6-diazo-5-oxo-L-norleucine (DON) inhibits a broad range of enzymes that require glutamine
as a substrate, have been shown dismantled the immunosuppressive TME. The glutamine
blockage by DON causes decreased hypoxia, acidosis, and nutrient depletion in the TME,
which conditions effector T cells toward a long-lived, highly activated phenotype [139]. This
finding points to the potential of exploring glutamine antagonists as “metabolic checkpoints”
for tumor immunotherapy.

5.4 Target amino acids metabolism

Cancer cells exhibit increased demand for energy and can redirect nutrients for their
advantage. This creates a nutrient deprived TME for immune cells, especially T cells.
Besides increased glucose consumption, amino acids also essential to support high
metabolic demands for both cancer and immune cells. Several common characteristics have
been revealed for the amino acid metabolism in cancer cells, such as increased uptake of
nonessential amino acids from exogenous sources and altered enzyme levels for amino acid
synthesis and catabolism [140]. Therefore, targeting amino acids in cancer therapy becomes
a promising strategy and potential for benefit antitumor immune response.

Several amino acids have been studied as targets for anticancer drug development, including
asparagine, glutamine, l-arginine, and I-tryptophan. Asparagine is an important regulator

for amino acid homeostasis and anabolic metabolism. Some cancer cells have decreased
expression levels of asparagine synthetase (ASNS), making them rely on asparagine supply
from blood serum [141]. L-asparaginase is an FDA approved drug for several cancers,
especially acute lymphocytic leukemia. It catalyzes the deamidation of asparagine, which
results in amino acid depletion in blood serum [142]. Although I-asparagine administration
is associated with immunosuppression as a major side effect, researchers found that antibody
against PD-1 can be used to treat NK/T cell lymphoma failing I-asparaginase [143]. Similar
approaches have been investigated for targeting arginine metabolism. Many cancers, such as
hepatocellular carcinoma, bladder, and breast cancer, have deficient arginine metabolism and
rely on extracellular arginine supply [144]. Arginine deprivation by deiminase or arginase
can inhibit cancer proliferation both in vitro and in vivo. The combination of arginase
inhibitor and immune checkpoint inhibitor is currently tested in clinical [145].
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L-tryptophan is another essential amino acid that both itself and its metabolites have an
important role in several physiological processes, including immune cell response and
neuronal excitability [146]. Indoleamine-2,3-dioxygenase (IDO) is the rate-limiting enzyme
that catalyzes the tryptophan catabolism in the kynurenine pathway. IDO is encoded by the
two genes, IDO1 as well as IDO2. It is overexpressed in tumor cells and tumor-related
immune cells and endothelial cells [114]. The function of IDO is associated with multiple
levels of tumorigenesis, including immune evasion, tumor invasion, and metastasis [147].
Overexpressed IDO also mediates tumor resistance to both chemotherapy and immune
checkpoint inhibitors in a preclinical tumor model [148]. There are two central mechanisms
by which the overexpressed IDO causes reduced tumor immune surveillance through
tryptophan metabolism: tryptophan deprivation in TME and the release of toxic tryptophan
catabolites into the plasma. Both mechanisms inhibit the proliferation and activity of
cytotoxic T cells. Furthermore, tryptophan deprivation also induces impaired phenotype

on antigen-presentation cells and promotes the generation of some immunosuppressive
cells, including Tregs and MDSCs [114]. Accordingly, IDO is an attractive target for drug
discovery in cancer immunotherapy. Different strategies have been tested to block IDO

or to target its signaling pathway. Epacadostat (INCB024360) is one of the clinical-stage
IDO1 inhibitors. Its combination with immune checkpoint inhibitor pembrolizumab showed
encouraging data in phase 1I/11 study of melanoma patients but failed to meet their endpoint
in the phase 111 trial [149]. Meanwhile, several ongoing clinical trials are testing the
combination of IDO1 inhibitor with antitumor vaccines. All these motivate researchers to
learn more about IDO1 inhibition and tryptophan metabolism in the tumor, to perform a
better patient selection for cancer immunotherapy.

5.5 Target fatty acid metabolism

In contrast to the normal cells, which take up lipids for new membranes, cancer cell
proliferation relies on de novo fatty acid (FA) synthesis to provide building blocks for

new membrane assemble. This indicates altered FA metabolism is crucial to tumorigenesis.
Recent studies have found that not only de novo FA synthesis, but also FA uptake from
extracellular, FA modification and degradation, all play distinctive roles during different
stages of tumor development [150].

The sterol regulatory element-binding protein 1 (SREBP-1) is the major transcription
factor that activates FA biosynthetic genes expression, including ACLY, ACC, and
FASN. Although targeting SREBP-1 represents an efficient way to inhibit the expression
of lipogenic genes, no inhibitor was reported since SREBP-1 is widely considered
undruggable. Another strategy was developed to inhibit the maturation of SREBPs through
block its association with SREBP-cleavage activating protein (SCAP) [151]. Fatostatin is
such an inhibitor and displayed antitumor activities in different cancer models, including
prostate, NSCLC, and endometrial carcinoma [152-154]. Several other compounds have
been reported to target the SCAP/SREBPs pathway and inhibit tumor growth, such as
botulin, xanthohumol, BF175, and nelfinavir [155]. This suggests that targeting SCAP/
SREBPs interaction is a promising strategy and may combine with immunotherapy for
cancer treatment.
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Directly target enzymes involved in FA synthesis might be a therapeutic interest. Fatty

acid synthase (FASN) is a crucial enzyme involved in de novo lipogenesis. FASN

is overexpressed in many cancers, and its expression correlates with poor prognosis.
Accumulating evidence has suggested FASN is a metabolic oncogene for its important role
in tumor growth and metastasis in several human tumor studies, including prostate, breast,
and lung adenocarcinoma [156-158]. Inhibition of FASN has numerous anticancer effects,
including induction of apoptosis, inhibition of DNA replication, and disruption on cellular
membrane functions [159]. There are extensive preclinical studies on FASN inhibitors, but
many limited by their off-target effects and pharmacologic properties. TVB-2640 is the only
FASN inhibitor that has moved to the clinical trials. Meanwhile, it was reported that elevated
FASN expression in ovarian cancer correlates with immunosuppressive status. Researchers
found that constitutive FASN activation leads to abnormal lipid accumulation, which blunts
DCs activity, resulting in the failure to initiate T cell cytotoxicity in antitumor immunity
[160]. This indicates that targeting FASN could lead to improved cancer immunotherapy
with FASN overexpression. Acetyl-CoA carboxylase 1 (ACC1) is another rate-limiting
enzyme in FA synthesis. ACC1 inhibitors, such as ND-654, showed anticancer activities

in preclinical models [161]. However, T cells are highly dependent on ACCL1 to generate
long-chain FAs [162]. ACC1-mediated de novo lipogenesis is essential for CD8+ T cell
expansion, ACCL1 deficient CD8+ T cells show low survival rate during antigen-specific
response [162]. Although this can be rescued by exogenous FA, agents need to be
considered carefully before combining with immunotherapies.

Synthesized FAs are broken down through fatty acid oxidation (FAO) in the mitochondria
to produce ATP and NADPH. FAQ is important for the development of CD8+ T cell
memory cells, CD4+ Treg cells, and the MDSC-mediated T cell suppressive function [163].
Carnitine palmitoyltransferase 1 (CPT1) is the rate-limiting enzyme in FA transportation
into mitochondria. It also plays a critical role in the generation of CD8+ memory T cells
and Treg cells [164]. Etomoxir has been a well-studied CPT1 inhibitor. It showed antitumor
effects in prostate cancer, glioblastoma, and leukemia models [165-167]. However, studies
found that Etomoxir lacks specificity for CPT1 at high concentration and induces oxidative
stress as off-target effects [168]. Another study using CPT1A-deficient T cells reported that
CPT1 mediated FA oxidation may not be necessary for Etomoxir actions on regulatory and
memory T cells [169]. Since targeting FAO may affects several immune cell populations,
the usage of CPT1 inhibitors for anticancer treatments may have unpredictable outcomes.
Alternatively, it was reported that enhancing the FAO of CD8+ T cells improved their
cytotoxicity in cancer treatment. Researchers used a peroxisome proliferator-activated
receptor (PPAR) agonist, Fenofibrate, to modify CD8+ T cells FA metabolism and
subsequent improved CD8+ T cell tumor infiltrating and enhanced the therapeutic effects
of PD-1 blockade in melanoma [170]. This study demonstrated that promoting the FAO in T
cells might be a therapeutic option when there is T cell exhaustion and FA as an alternative
energy source for T cell activity.
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5.6 Target other metabolism-regulating molecules

Considering the effects of TME metabolic profile on tumor immune evasion, several
metabolism-regulating molecules, such as AMPK, mTOR, and HIF-1a, were investigated
as targets for cancer immunotherapy.

The PI3K-AKT-mTOR pathway is a vital transduction cascade that is critical in both

cancer and immune cell metabolism. PI3K-AKT-mTOR pathway coordinates the uptake
and metabolism of several nutrients, including glucose, glutamine, and lipids, to support

the proliferation and survival of cancer cells [171]. Therapies that target this pathway were
developed based on rapamycin, which is a well-known mTOR inhibitor. Treatment with
rapamycin alone or combine with AKT inhibitors showed antitumor activity in various
tumor study models, including breast, renal and pancreatic cancers [172]. The PI3K-AKT-
mTOR pathway is also important for T cell fate decisions. T cells need mTOR signaling

to sense and integrate immune signals, including antigenic, co-stimulatory, and cytokine
signals [173]. The administration of rapamycin can improve the quantity and quality of
CD8+ T cells [174]. However, rapamycin also can affect the differentiation of other immune
cells, including T effector cells, Tregs, and macrophages [163], which makes the outcome of
rapamycin treatment unpredictable. A study in glioblastoma showed that the combination of
rapamycin with immunotherapy enhanced cytotoxic and memory T cell functions [175]. In
sum, mTOR is an attractive metabolite target, but more work needs to be done in grouping
patients base on the benefit from the treatment.

AMP-activated protein kinase (AMPK) is a well-known regulator in maintaining cellular
energy homeostasis. It is activated response to energy shortage, and its activation can
promote ATP production. In the past, AMPK was mainly studied in metabolic syndrome
and type-2 diabetes. Recently, AMPK gained attention in cancer study due to its ability

to oppose the metabolic reprogramming involved in the Warburg effect [176]. AMPK is
the upstream regulator of several critical mediators involved in tumor development, such
as mTOR, COX-2, p53, and ACC [177]. It also participates in mediating DNA damage
repair and the cytotoxicity effect of both radiation and chemotherapy [176]. Preclinical
studies have demonstrated the tumor suppression function of AMPK in lung, prostate,

and colorectal cancer models [177]. Regulation of AMPK activity using drugs such as
metformin has been tested for antitumor activity in clinical trials [178]. Beyond effects

on cancer cells, AMPK also has an important role in the T cell metabolic adaption [179].
Activation of AMPK by metformin leads to increased CD8+ tumor-infiltrating lymphocytes
[180], suggesting metformin treatment might benefit the effect of immune checkpoint
inhibitors. AMPK can also promote the formation of Tregs and reduce the differentiation
of Thl and Th17 cells, which might result in an unwanted immune modulation in the TME
[163]. Thus, the synergistic effect of targeting AMPK with immunotherapy might vary in
different cancers considering the properties of immune cells dominate the TME.

HIF-1a plays a major role in the cellular response to hypoxia, a common feature of

tumor TME. HIF-1a is overexpressed in most cancer types. It is involved in different
cancer cell phenotypes, including immortalization, EMT, cancer stem cell maintenance, and
angiogenesis [181]. It also affects the performance of immune cells, including modulating
the pro-tumor effect of TAMs and supper effective T cell function by producing metabolites
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such as ROS [114]. Several compounds were designed to inhibit HIF-1a at different
levels. PX-478 is a molecule derived from melphalan, and it can decrease the expression
level of HIF-1a while inhibiting HIF-1a deubiquitination [182]. It was reported that, in

a PDAC study model, a combination of PX-478 with chemotherapy gemcitabine shown
inhibition on tumor growth while favors immune response by inducing DCs maturation
and cytokines secretion from T cells [183]. Many other HIF-1a targeting compounds are
under investigation now, and it is wise to test their effect on immune cells and potential on
immunotherapy.

6. Outlook

In 2011, the Food and Drug Administration (FDA) approved the first anti-CTLA-4
monoclonal antibody drug Ipilimumab for metastatic melanoma [184]. Three years later, the
first anti-PD-1 monoclonal antibody drugs Nivolumab and Pembrolizumab were approved in
Japan and the U.S., respectively, for treating high-level metastatic melanoma in which other
treatments were ineffective. Patients treated with Pembrolizumab had a more prolonged
progression-free survival and fewer toxic side effects than Ipilimumab [185-191]. Following
the FDA approval of the anti-PD-1 treatments, the indications of such monotherapy were
gradually expanding to treat non-small cell lung cancer, kidney cancer, bladder cancer,
gastric cancer, head and neck cancer, and other malignancies [192-196]. More so, the
combination of PD-1 and CTLA-4 blockades rendered as a more effective synergistic
treatment option comparing to monotherapy [197]. However, most patients have not shown
stable remission after PD1 therapy. Thus, further studies are needed to determine the
intrinsic and extrinsic factors that contribute to the variability in patient responses to immune
checkpoint blockade [198].

In this review, we have summarized the metabolic reprogramming and the interplay between
cancer cells and immune cells. Cancer cells can reshape their nutrient profiles and induce
acidification in TME, dampening activated immune cells survival, differentiation, and
effector functions. Immunometabolism, therefore, becomes an intriguing topic in anti-tumor
immunity and immunotherapy. However, recent discoveries have pointed out the complex
regulation of immunometabolism. Specifically, glutamine metabolism was found to be

an essential metabolic pathway for effector T cell survival and functions [33, 55], but

recent report has shown that glutamine antagonism supports the activation, proliferation

and long-lived phenotype of effector T cells [139]. It has been proposed that glutamine-
restricted metabolism promoted the differentiation into memory precursors and increased
the antitumor activity, thereby reducing T-cell exhaustion [199]. Nonetheless, the role of
glutamine metabolism in regulating T cell proliferation and effector functions still need to
be further elucidated. Another newly published paper showed that inosine can be used as

an alternative carbon source by CD8* T cells to achieve effector functions under glucose
restriction, and supplementation with inosine improved effector T cell-mediated antitumor
activities in animal models [200]. This finding provides a new strategy to improve the
efficacy of cancer immunotherapy by modulating T cell metabolism.

Above all, the balance of utilization of nutrients between cancer cells and immune
cells within TME is a crucial regulator and may determine antitumor immunity and
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immunotherapy efficacy. Pharmacological interventions targeting the metabolic properties
of cancer cells or immune cells can have potential synergic effects with current immune and
targeted therapies.
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Figure 1. The impacts of cancer cells on the tumor microenvironment and TILs

Cancer cells modulate the metabolite profiles in the tumor microenvironment. The
“metabolic competition” within tumor microenvironment and tumor-derived lactate might
allow cancer cells to effectively suppress antitumor immunity and drive cancer progression.
Abbreviations: TILs: tumor-infiltrating lymphocytes; GLUT1: Glucose transporter 1;
LDHA: Lactate dehydrogenase A; MCT1/4: Monocarboxylate transporter 1/4; xCT: cystine/

glutamate transporter xCT; ASCT2: alanine-serine-cysteine transporter 2; Teff:
cell; Treg: regulatory T cell; NK: natural killer cell; DC: dendritic cell; MDSC:

derived suppressor cell; TAM: tumor-associated macrophage.
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The impacts of lactate and acidification on immune cells in the TEM

Table 1.

Immune cells Effects
Inhibition of proliferation [48]
CD8 T cells Inhibition of cytokine production/cytotoxicity [12, 48, 201]
Induction of apoptosis [12, 48]
Reduction of the antitumoral Th1 subset [202]
CDA4 T cells

Inhibition of motility [201]

Regulatory T cells

Increase of polarization/proliferation [202]

NK cells

Inhibition of cytokine production/effector functions [12, 203]

Induction of apoptosis [12]

Dendritic cells

Inhibition of antigen presentation [204]

Inhibition of activation [205]

MDSCs

Increase of development/tumor infiltration [203]

Enhancement of immunosuppressive effect [203]

TAMs

Induction of M2 polarization [51, 206]
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Tentative metabolism targeting approaches for tumor immunotherapy

Drugs Targets Consequences Effects
2-Deoxyglucose Hexokinase Inhibits glycolysis Increase CD8* T cell memory and cytotoxic activity [95]
PD-1 blocking L . - .
Antibodies PD-1 Inhibits glycolysis Reinvigorating Exhausted T Cells [207]
Rapamycin mTOR Inhibits glycolysis Promote memory CD8* T cell differentiation [174]
Metformin AMPK Promote ATP production I[Eg[)e]ase tumor CD8* T cell infiltration and differentiation
. Delay tumor growth, reverse tumor acidification, preserve T
Diclofenac MCT1 & MCT4 Reduce lactate efflux cell function and improve immune checkpoint therapy [14]
AZD3965 MCT1 .Rrﬁfljéce lactate export into Increase tumor immune cell infiltration [122]
: : MCT1-CD147 Reduce lactate export into L
Lenalidomide ligation T™ME Increase IL-2 and IFN-y production in T cells [123]
6-diazo-5-ox0-L- Glutamine- : - -
norleucine (DON) requiring enzymes Decrease glutamine supply Increase longevity and activity of effector T cells [139]
e - Promote T and NK cells proliferation and IFN-y
INCB024360 IDO1 Inhibit tryptophan catabolism production, reduce conversion to Tregs [208]
GDC-0919 IDO1 Inhibit tryptophan catabolism Restore CD8" T cell activity [209]
Fenofibrate PPAR Promote T cell FAO Increase tumor CD8* T cell infiltration [170]
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