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Abstract: Immunometabolism is an emerging discipline in cancer immunotherapy. Tumor tissues are
heterogeneous and influenced by metabolic reprogramming of the tumor immune microenvironment
(TIME). In the TIME, multiple cell types interact, and the tumor and immune cells compete for
limited nutrients, resulting in altered anticancer immunity. Therefore, metabolic reprogramming of
individual cell types may influence the outcomes of immunotherapy. Understanding the metabolic
competition for access to limited nutrients between tumor cells and immune cells could reveal the
breadth and complexity of the TIME and aid in developing novel therapeutic approaches for cancer.
In this review, we highlight that, when cells compete for nutrients, the prevailing cell type gains
certain advantages over other cell types; for instance, if tumor cells prevail against immune cells for
nutrients, the former gains immune resistance. Thus, a strategy is needed to selectively suppress
such resistant tumor cells. Although challenging, the concept of cell type-specific metabolic pathway
inhibition is a potent new strategy in anticancer immunotherapy.

Keywords: immunometabolism; tumor microenvironment; metabolic reprogramming; immune
checkpoint inhibitor

1. Introduction

Immunometabolism [1] is defined as the interplay between intracellular metabolic
reprogramming and immunity. Cancer immunotherapy [2] is an advanced therapeutic
modality; however, only some patients respond to expensive immunotherapeutic regimens.
Tumor metabolism [3] has been widely studied and is a hallmark of cancer [4]. Cancer
cells require sufficient nutrients [5] to appropriately adapt to the tumor immune microen-
vironment (TIME) and create a favorable metabolic environment for themselves. Most
tumor tissues are heterogeneous and composed of various immune and stromal cells that
communicate with each other, contributing to the reprogrammed metabolic environment.
Although several studies have reported the influence of metabolic reprogramming [6]
on immunotherapeutic responses, a more thorough understanding of the mechanistical
implication of cell type-specific metabolic reprogramming in therapeutic responses is nec-
essary to improve immune-directed cancer therapy. Immune cells that undergo metabolic
reprogramming have extensive requirements for nutrients, such as glucose, glutamine,
and fatty acids (FAs), which are metabolized to produce adenosine triphosphate (ATP) for
energy expenditure [7].

Metabolically reprogrammed tumor cells in the TIME suppress immunity and ren-
der immune cells incapable of acquiring sufficient nutrients for optimal functioning. As
metabolic reprogramming of different types of cells in the TIME can impact responses
to immunotherapy [8], investigating the metabolic alterations or vulnerabilities of each
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cell type can have broad implications for next-level immune-directed anticancer therapy.
Further, nutrients are not equally available to all immune cells, and metabolic reprogram-
ming can alter the proportions of nutrients that are available to and consumed by cells.
Therefore, by altering or inhibiting cellular metabolism in patients who do not respond to
immunotherapy, the current anticancer immunotherapy approaches can be transformed
to wide-ranging applications. Understanding the metabolic reprogramming of immune
cells [8] at the single-cell level can also aid the development of potential therapeutic strate-
gies to improve the effectiveness of anticancer immune responses by modulating immune
cell functions.

This review discusses how immune cell functions are determined [9] by immune
cell type-specific metabolism, which is related to the competition between different cell
types for nutrients in the TIME [10]. Further, we suggest potential therapeutic strategies
targeting metabolic reprogramming of cancer and immune cells in the TIME to overcome
the resistance to anticancer immune therapy. Exploration of this important area will
advance our understanding of precision oncoimmune medicine.

2. Competition for Nutrients among Cells in the TIME

Tumors comprise various cell types [11], including immune and stromal cells, which
alter the TIME [12] to render it suitable for their growth and proliferation. Tumor cells
survive and proliferate by causing ionic perturbations [13], which involve mutual signal
transduction with other cells, as well as the alteration of ambient oxygen levels, acidity [14],
and nutrient availability. Signs of metabolic reprogramming indicate that the metabolic
environment has been altered to meet the increased bioenergetic demands necessitated
by the rapid proliferation and immortal growth of neoplastic cells [15]. Additionally, the
TIME imposes many challenges on cancer cells, such as physical restriction, oxidative stress,
competition for nutrients, and immune surveillance [12].

As each cell type prefers different nutrients, cell type-specific metabolic reprogram-
ming [16] is one of the hallmarks of cancer. However, common and shared nutrients are
also required for proper functioning and proliferation of different cell types, including
immune cells. Therefore, competition for nutrients between immune and cancer cells in the
TIME (Figure 1) may impair effective antitumor immune responses.

Tumor cells mainly depend on glycolysis for metabolic support [17] and consume
glucose rapidly [18]. Metabolic reprogramming of cancer cells results in the Warburg effect,
which limits the use of glucose by T cells, thereby suppressing antitumor immunity [19].
Moreover, as some tumors depend on glutamine for energy generation, glutamine levels
in the TIME are low [20]. These glutamine-avid tendencies of tumor cells make the TIME
resistant to immune cell infiltration [21]. Furthermore, when tumor cells use glucose, they
increase lactic acid production and lower the pH of the TIME. Decreased pH suppresses
cytokine production by T cells and causes polarization of macrophages [22]. Mechanisti-
cally, the M2-like polarization effect of lactic acid is mediated by hypoxia-inducible factor
1α (HIF1α) and lactate-induced expression of arginase 1 (ARG1). Further, the acidic envi-
ronment promotes the downregulation of M1-related genes, including the genes encoding
CD86, tumor necrosis factor-α (TNF-α), and IL-27, while increasing the expression of the
M2 surface marker, CD206 [23]. These alterations in glucose and glutamine metabolic pro-
cesses by tumor cells create an immunosuppressive environment that inhibits the activity
of immune cells, while being suitable for tumor cells.

The competition for nutrients between immune and tumor cells is variable [24].
Activated T cells show dependency on tricarboxylic acid (TCA), lipid, and glutamine
metabolism for their differentiation and proliferation [25]. In a recent study, tumor cells
have been shown to use nanotubes to siphon nutrients away from T cells [26].

Tumor cells can also deplete the levels of amino acids, such as tryptophan and arginine,
in the TIME, in association with immunosuppressive cells, such as M2 macrophages. For
example, arginine can be consumed by the enzyme iNOS, which is often expressed in tumor
cells [27]. In addition, M2 macrophages can express arginase that hydrolyzes arginine,
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subsequently leading to arginine depletion in the TIME [28]. Arginine plays a crucial role in
T and natural killer (NK) cells, and the depletion of arginine levels in the TIME suppresses
the functions of effector killer T cells [29].

 

Figure 1. Competition for nutrients between immune and tumor cells in the tumor microenvironment
(TIME) can affect immune cell function. In the TIME, tumor cells with high metabolic activity
compete for nutrients, comprising of glucose, glutamine, arginine, and tryptophan, which are also
required for immune cell function. Subsequently, the limited availability of these nutrients affects
the proper function and clonal proliferation of immune cells. Further, increased glycolysis results
in the production of lactate, which lowers the pH in the TIME and suppresses effector immune
cell functions, while increasing the function of immunosuppressive cells, such as myeloid-derived
suppressor cells (MDSCs), regulatory T cells (Tregs), and M2 macrophages. Tumor cells also release
fatty acids, adenosine, and kynurenine, which activate immune tolerogenic cells and simultaneously
repress immune cell effector functions. Heightened oxygen consumption and the resulting hypoxia,
as well as the release of reactive oxygen species (ROS), in the TIME also inhibit anticancer immunity.
M2, M2 macrophages; IDO, indoleamine 2,3-dioxygenase; ETC, electron transport chain; ARG1,
arginase 1; FAO, fatty acid oxidation; TCA, tricarboxylic acid; ROS, reactive oxygen species.

More recently, the interactions between onco-regulatory proteins, such as HIF-1, AMP-
activated protein kinase (AMPK), c-MYC, and p53, as well as KRAS and the growth
factor initiation protein kinase (phosphatidylinositol 3-kinase (PI3K)) and mTOR signaling
pathways, have been reported to modulate tumor cell metabolism [30]; these factors also
regulate metabolic activities in diverse cell types in the TIME. For example, the mTOR
complex 1 (mTORC1) signaling pathway is responsible for metabolic reprogramming of
immune cells in the TIME [31]. PI3K/mTORC1 activation in tumor cells, and the resultant
Warburg effect, can deprive T cells of glucose and other critical nutrients. Overall, tumor
cell glycolysis has a detrimental impact on immune cell function. As loss in the competition
for glucose causes damage to T cells in the TIME, the availability of other metabolites,
such as amino acids, can also affect immune cell function [32] and, therefore, immune
responses. The competition for nutrients among T cells is related to the mechanism by
which T cell subpopulations are selected [33]. High-affinity T cell receptor (TCR)–antigen
interaction indicates high metabolic activity of cells, caused by the increased expression of
glycolytic genes and glucose transporters, compared to that in cells showing low-affinity
TCR–antigen interaction [34]. High-affinity T cell clones can obtain more nutrients than
low-affinity clones, which affects their immune responses. Overall, the competition for
nutrients among T cells with different TCR–antigen affinities leads to the predominant
expansion of high-affinity clones, which modulates antitumor immunity.
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Overall, if tumor cells dominate and consume all the nutrient substrates required for
T cells, T cells may experience metabolic stress, thus being unable to participate in immune
responses. New insights into the metabolic requirements of tumors may allow for the
manipulation of metabolic reprogramming to enhance anticancer immunity [35]. Overall,
future studies should investigate the energy sources [36] used by each cell type in the TIME
at the single-cell level.

3. Immune Cell Type-Specific Metabolic Reprogramming

In this section, we discuss how metabolic reprogramming in tumor tissues affects the
functions of different immune cell types, based on the competition for nutrients [37] and
their relationship with the response to immune checkpoint blockade (ICB) therapy.

3.1. T Cells

T cells are trained in the thymus and divided into the following four main types, based
on their functions: killer (cytotoxic) T, T helper (Th), regulatory T (Tregs), and memory
T cells. T cells use different metabolic pathways, depending on their subtype, and the effect
of metabolic reprogramming increases, according to the differentiation degree and function
of T cells [38]. An increased rate of glycolysis and abundance of proteins, lipids, and
nucleotides are typical metabolic features of T cells [39]. Compared with naïve and memory
T cells, cytotoxic T cells require more energy [40]. Accordingly, metabolic reprogramming
plays a critical role in T cell fate and distinct function [41]. In particular, undifferentiated,
naïve T cells mainly exploit FA oxidation (FAO) and oxidative phosphorylation (OXPHOS)
for energy production [42], and glutamine metabolism [43] is needed to support cell growth
and effector T (T eff) cell differentiation and function [44]. T eff cells utilize glycolysis [45],
as well as leucine, serine, and tryptophan metabolism, among other mechanisms, for proper
function and clonal proliferation [46,47]; memory T cells use FAO and OXPHOS, which
are required for their sustained functional state [48]. Tregs mainly rely on OXPHOS [49],
and their function and metabolic stability are maintained via the mTORC/c-MYC sig-
naling pathway [50]. Despite the distinct metabolic differences between T eff cells and
Tregs, no significant differences in metabolic reprogramming have been revealed within
T eff subpopulations [51].

For T cells to grow and differentiate in the TIME, progenitor cells need to function prop-
erly and must successfully compete against tumor cells for nutrients to acquire more energy
and metabolic substrates. The checkpoint protein programmed death-1 (PD-1) affects T cell
metabolism by inhibiting glycolysis, while promoting lipolysis and FAO [52], thus creating
a potentially tolerogenic immune context. After T cell differentiation, metabolic repro-
gramming leads to their activation through a specific mechanism [53]. For example, amino
acid and glucose transporters are upregulated via TCR-mediated signaling on the T cell
surface [54]. Further, during the reliance of T cell differentiation on OXPHOS, metabolic
reprogramming is essential for obtaining oxidizable energy substrates [42]. Glutamine
metabolism is important for the proliferation and differentiation of Th1, Th17, and T eff
CD8+ T cells [55], whereas serine metabolism promotes the proliferation and survival of
T cells through one-carbon metabolism [56].

At the metabolic level, various T cell subsets, such as T eff, Th1, Th2, and Th17 cells,
as well as Tregs, express and secrete various cytokines; differential cytokine expression
then alters the metabolic activity of specific cell types, eventually reshaping the immune
environment [57]. Different glycolytic and lipid metabolic mechanisms are needed for
T eff cells and CD4+ T cells [58]. Thus, glycolysis inhibition during Th17 cell differentiation
favors the formation of Tregs over Th17 cells [59], indicating a metabolic preference for T cell
subset differentiation. Addition of exogenous FAs to cultures of activated T cells inhibits
the production of Th1, Th2, and Th17 cytokines but does not affect Tregs [58]. Acetyl-
CoA carboxylase 1 (ACC1) also promotes activation-induced metabolic reprogramming in
T cells and Th1 and Th17 cell differentiation [60]. Inhibition of the PD-1/programmed death
ligand-1 (PD-L1) pathway promotes transitory T eff cell recovery, unless the metabolic
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defect in exhausted tumor-specific T cells is fully remedied, in which case, the effects of the
inherent metabolic reprogramming profile in an exhausted T cell subset are reduced [61].
Upon PD-1 ligation, activated T cells cannot utilize glycolysis or amino acid metabolism
but show an increased rate of FAO, which is associated with a longer T cell lifespan [52].

T cells that have received the PD-1 signal show high levels of cysteine–glutathione
(GSH) disulfide, ophthalmate, and GSH-like products, which are synthesized by the same
enzymes, glutamylcysteine synthetase (GCS), and glutathione synthetase (GS). To further
increase the rate of GSH synthesis, a more reductive environment is created in T cells
in response to PD-1 signaling, along with a more pronounced decrease in the levels of
reduced GSH [52]. In this case, modulation of hypoxia levels in the TIME may be an
important metabolic target for T cell function [62], by directly affecting the redox balance
in relation to GSH regeneration. Metformin is known to reduce hypoxia levels in the
TIME by decreasing oxygen consumption of tumor cells. Metformin also improves the
response to PD-1 blockade in tumor models that are resistant to checkpoint blockade [63].
In addition to PD-1, the lymphocyte activation gene 3 (LAG3) is an inhibitory molecule
expressed on T cells. Targeting LAG3 may be a novel approach in antitumor therapy by the
regulation of T cell metabolism by preventing excessive proliferation of naïve T cells and
inhibiting IL-7-mediated STAT5 activation, while increasing mitochondria takes advantage
of the increased oxidation and glycolytic metabolism [64]. In terms of targeting T cell
lipid metabolism, fenofibrate activates PPARα to increase FAO by T cells, thus reversing
the inhibitory the effect of T cells in the microenvironment [65]. In terms of targeting
T cell amino acid metabolism, when PD-1 expression is decreased in CD8+ T cells un-
der glutamine-limited conditions, KI67 and prosurvival protein expression is increased,
suggesting a promising approach for adaptive immunotherapy [66].

Thus, changing the metabolic profiles can enhance the antitumor effector functions of
T cells [67]. Future studies are required to elucidate how PD-1 induces metabolic alterations
and immunosuppressive responses via mutual signaling crosstalk between T cells, cancer
cells, and other cell types.

3.2. B Cells

B cells play roles in adaptive immunity, such as antigen presentation and cytokine se-
cretion, but are most commonly known as producers of tumor-reactive antibodies (Abs) [68].
B cells are abundant in tumors and have two opposite effects from an immunity viewpoint.
First, B cells promote tumor cell inhibition via NK cells and macrophages; second, regula-
tory B cells [69] directly or indirectly inhibit Th1 cell and CD8+ cytolytic T cell responses,
thereby contributing to tumor development. B cells mainly utilize glucose and are metabol-
ically activated to obtain energy for activating their antigen receptors. Adipogenesis is
required during the differentiation of plasma cells and responsible for the production of
large amounts of high-affinity Abs [70]. Under hypoxic conditions, B cells use glutamine
through the glucose-independent TCA cycle to proliferate and survive [71]. IL-4 signaling
triggers BCL6 expression and germinal center B cell differentiation and alters the TCA cycle
to produce α-ketoglutarate, a cofactor for H3K27 demethylase [72]. B cell-specific loss of
GLUT1 decreases B cell numbers and impairs Ab production, and activated B cells demand
GLUT1-dependent metabolic reprogramming for their proliferation and Ab production [73].
B cells also affect immunotherapy responses by releasing Abs and activating T cells [74].

Because PD-1, PD-L1, CTLA-4, and B7 are expressed on the B cell surface, therapeutic
ICB can target activated B cells. In addition, both CTLA-4 and PD-1 inhibit B cell activ-
ity, and blocking either molecule increases the production and proliferation of memory
B cells [75,76].

3.3. Macrophages

Macrophages are immune cells that feed on enemies, such as pathogens, that invade
the human body or secrete toxins to destroy and eliminate pathogens. The mechanism
by which M1 macrophages are transformed to M2 macrophages is called macrophage
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polarization [77]. M1 polarization has been linked with antineoplastic activity [78]. Distinct
metabolic features of the TIME promote tumor growth [79], and the metabolic differ-
ences between M1 and M2 macrophages in the TIME have different effects on anticancer
immunity [80]. While M1 macrophages mainly use glycolysis and the pentose phos-
phate pathway (PPP) [81], but not the TCA cycle [82], M2 macrophages use OXPHOS
and FAO [83]. M2 macrophages are sustained by the TCA cycle and fuel OXPHOS with
glutamine and FAs [84].

Metabolic reprogramming in macrophages is rather complex [85]. Although the gly-
colytic signature does not appear in fully activated M2 macrophages, it plays an important
role in M2 activation. Lactic acid is a key player in inducing M2-like polarization of tumor-
associated macrophages (TAMs) [22], which activate tumor growth via reprogrammed
immunomodulation. Correctly functioning M2 macrophages increase immunosuppres-
sion and tumor development through immunosuppressive cytokines, thereby leading to
immunotherapy resistance [86].

M1 macrophages exhibit proinflammatory properties and support metabolic flux
through increased levels of glycolysis, the PPP, and FA synthesis, along with decreased
rates of OXPHOS and the TCA cycle; however, M2 macrophages exhibit increased OX-
PHOS rates and activated FAO [87,88]. Changes in the metabolic landscape promote
tumor development, and M2 macrophages have been shown to enhance IL-1β secretion,
as well as increase metastasis, proliferation, and invasion of hepatocellular carcinoma
cells, via the FAO pathway [89]. Moreover, increased levels of glycolysis in macrophages
are associated with PD-L1 expression through the upregulation of the TAM glycolytic
enzyme, PFKFB3 [90].

Under hypoxic conditions, the transcription factor HIF plays a critical role as a me-
diator of metabolic reprogramming in macrophages [91]. Under these conditions, M1
macrophages rely on glycolysis, which depends on HIF1α activity [92]. HIF1α, whose
expression is regulated by transcription factors, such as NF-κB, which, in turn, induces the
production of proinflammatory cytokines and glycolytic enzymes in M1 macrophages; in
contrast, HIF2α expression is independent of NF-κB, and does not trigger these changes [92].
Therefore, highly glycolytic tumor cells and M1 macrophages are speculated to compete
for glucose in the TIME. Thus, in theory, inhibiting tumor cell-specific glycolysis should
enhance the anticancer effect of M1 macrophages.

Alternatively, GB111-NH2, a cysteine cathepsin inhibitor, is related to lipid metabolism
and induces a polarization change from M2 to M1 macrophages [93]. The use of GB111-NH2
as a pharmacological agent could, therefore, be a beneficial immunotherapeutic approach.
Taken together, anticancer immunotherapy that targets macrophage metabolic reprogram-
ming has tremendous potential and urgently needs further research.

3.4. NK Cells

NK cells have become a valuable tool in cancer immunotherapy because they can
potentially kill tumor cells [94]. NK cells preferentially depend on glycolysis and glucose
metabolism by OXPHOS for ATP production, which promotes their effector function and
rapid proliferation [95]. Low arginine concentrations impair NK cell proliferation and
IFNγ production [96]. mTORC1 is necessary for the increased glycolysis induction [97],
and mTOR signaling is reported to be inhibited in a leucine-depleted medium [98]. Taken
together, this information indicates that NK cells are sensitive to the metabolic profile of
the TIME, which influences NK cell-mediated anticancer immunity.

Increased OXPHOS rates are required for the functional responses of NK cells; how-
ever, the mechanisms involved in the induction of mitochondrial metabolism in cytokine-
activated NK cells have not been reported [99]. NK cells upregulate HIF1α expression
in response to hypoxia but cannot increase the expression levels of key activated surface
receptors in response to cytokines [100]. However, the metabolic responses of NK cells
have been linked with cMYC expression [98]. Glutamine-regulated cMYC expression plays
an important but variable metabolic role in regulating NK cell growth and responses [98].
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Although some amino acids serve as metabolic regulators, without being used as fuel,
amino acids may be required for NK cell function; stimulation of NK cells with IL-2, IL-15,
or IL-18 increases the levels of amino acid transporters [101]. In this regard, mTORC1
activation has been shown to control NK cell antitumor responses [102]. Combinations of
immune checkpoint inhibitors such as CTLA-4 and PD-1, which can target T cells, are also
implicated in NK cell-mediated cytotoxicity [103]. On the contrary, NK cells may be re-
silient in their use of the metabolic energy sources related to immune function, as glutamine
starvation does not decrease IFNγ production [104]. Thus, it is necessary to understand the
metabolic flexibility of NK cells and how they resist the metabolically restrictive TIME by
studying their metabolic properties and interactions with other immune cells [94].

A novel immune checkpoint-blocking strategy has been reported with the potential to
reverse NK cell dysfunction in cancer, based on the ability of anti-PD-1 or anti-PD-L1 Abs
to enhance the antitumor efficacy of NK cells [103]. NK cells depend mainly on OXPHOS
for energy in the resting state, whereas glycolysis increases after activation [105]. FAs
and cholesterol/oxysterols that induce PPAR activation and SREBP inhibition, fuel the
OXPHOS in NK cells, and keep them in the resting state. Likewise, glucose and amino
acid deficiencies inhibit the activity of nutrient sensors, including cMYC and mTOCR1,
which are also important in NK cell immune functions. These alterations in the signaling
pathway adversely affect NK cell metabolism, including glycolysis and OXPHOS, thereby
impairing the antitumor responses of NK cells [105]. Therefore, targeting the metabolic
reprogramming processes in NK cells is necessary to strengthen their immunostimulatory
functions for improved immunotherapies.

3.5. Dendritic Cells

Dendritic cells (DCs) monitor tissues and can control innate and adaptive immunity
as antigen-presenting cells capable of provoking naïve T cells via danger signals, derived
from microorganisms and tissues [106]. DCs contain glycogen stores and are important
for facilitating an immediate glycolytic response upon lipopolysaccharide (LPS) stimula-
tion [107]. Glycolytic restriction during DC activation can either inhibit or enhance DC
functions. Inhibition of glycolysis during the initial activation step impairs DC function,
whereas 8 h after activation, glycolysis induces the proinflammatory function of DCs and
T cell responses [108,109]. Glycolysis rates rapidly increase, following Toll-like receptor
(TLR) stimulation, to maintain DC activation and lifespan [110]. Lipid metabolism is
also important for DCs. C75 (FA synthase inhibitor) or TOFA (ACC1 inhibitor) can in-
hibit DC activation upon LPS stimulation, leading to the dysfunction and inactivation of
antigen-restricted CD4 T cells or NK cells [111].

Ligation of TLR results in DC activation. When TLR agonists activate DCs, they un-
dergo metabolic reprogramming, including a shift away from mitochondrial lipid oxidation
and OXPHOS, toward enhanced aerobic glycolysis [80]. The increased glycolytic flux
plays an essential role in the de novo fatty acid synthesis for expanding the endoplasmic
reticulum and Golgi apparatus, which are required for the production and secretion of
proteins and cytokines to drive proper immune responses [112]. Therefore, DC activation,
maturation, and immunogenic activities are all aided by glycolysis. Tolerogenic DCs, simi-
lar to M2 macrophages, have a metabolic profile that differs from immunogenic DCs, with
increased mitochondrial metabolism and OXPHOS [113]. Tolerogenic DCs have immature
and inactivated characteristics, which favor Treg induction and immunological suppression,
whereas tumor-derived DCs, with tolerogenic activities, have decreased glycolysis but
increased lipid storage, resulting in impaired APC functions and T cell priming [114]. Thus,
TLR agonist-mediated metabolic reprogramming of DCs in the TIME can be a potential
novel strategy to enhance anti-cancer immunity in cancer immunotherapy.

3.6. Myeloid-Derived Suppressor Cells

With respect to cancer immunity, myeloid-derived suppressor cells (MDSCs) inhibit
the activities of T cells and NK cells [115] to promote tumor growth and play a role in
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premetastatic niche development; MDSCs also have a mechanism that contributes to
their resistance to immunotherapy [116]. MDSCs undergo metabolic reprogramming
in tumors and exhibit immunosuppression by increasing the β-oxidation of FAs [117].
Granulocytic MDSCs primarily depend on glycolysis and very low levels of OXPHOS [118],
whereas inflammatory neutrophilic MDSCs contain glycogen deposits, which can serve
as intracellular fuel stores to sustain glycolysis in the absence of glucose [119]. Depletion
of essential amino acids via amino acid metabolism and generation of oxidative stress
play important roles in the inhibitory activity of MDSCs against T cells [115]. For instance,
MDSCs can deplete L-arginine via metabolism by ARG1 and cause L-cysteine deficiency.
Depletion of this amino acid leads to the downregulation of the TCR z-chain and suppresses
T cell proliferation [120]. Expression of NOS2, ARG1, and NADPH oxidase, by MDSCs,
results in the generation of reactive nitrogen and reactive oxygen species (ROS). These
reactive molecules downregulate the TCR z-chain and IL-2 receptor signaling, which are
required to induce T cell activation and proliferation, whereas granulocytic MDSCs use
ROS for immunosuppression [115].

4. Cancer-Associated Fibroblast (CAF)-Specific Metabolic Reprogramming

CAFs play a critical role in tumor growth, which is associated with their metastatic
capacity and response to treatment [121]. Metabolic reprogramming of CAFs [122] leads to
immunosuppression [123,124]. As modulators of cancer metabolism in the TIME, CAFs
affect the proliferation and growth of tumors [121,125]. Thus, lipid metabolic reprogram-
ming of CAFs in colorectal cancer has been shown to affect cancer cell metastasis [126].
Current studies on the metabolic reprogramming of fibroblasts have focused on glucose
metabolic pathways and highlighted metabolic reprogramming as an important event
that contributes to the transition of fibroblasts from quiescent to active and recalcitrant
cells [125]. Quiescent fibroblasts exhibit high metabolic activity [127]. CAFs produce oxi-
dizable nutrients, such as glutamine and ketone bodies, which are used in tumor growth
as fuel for OXPHOS [128]. Depletion of focal adhesion kinase (FAK) in CAFs enhances
chemokine production through CCR1/CCR2 in cancer cells and activates protein kinase A
to potentiate glycolysis in malignant cells [129].

Metabolic dysregulation of CAFs is coupled with altered immune regulation via amino
acid depletion [130]. Further, glutamine addiction is context-dependent in cancer [131].
Cancer-secreted extracellular vesicles have been shown to suppress amino acid-induced
mTORC1 signaling in fibroblasts [132]. Similarly, intercellular aspartate–glutamate com-
munication sustains tumor cell and stromal fibroblast activation. Reports on cancer cells
and CAFs have suggested that, in the presence of a tumor, the extracellular matrix (ECM)
mechanically promotes glycolysis and glutamine metabolism [133]. In this respect, ECM
dysregulation is the strongest predictor of anti-PD-L1 immunotherapy failure [134].

In patients with cancer, CAFs exhibit the Warburg effect, with increased glucose uptake
and lactic acid production and decreased oxygen consumption [122]. Furthermore, CAFs
are found to be sensitive to glutamine deficiency, and their metabolic heterogeneity has
been extensively reported [135]. CXCL12β expression levels in CAF-S1 cells have also
been shown to crucially affect immunosuppressive activity in high-grade serous ovarian
cancers [136]. Collectively, the CAF-mediated immune microenvironment regulates tumor
proliferation, infiltration, metastasis, epithelial-to-mesenchymal transition, angiogenesis,
immune evasion, energy metabolism, and therapeutic resistance [137].

5. Combination Therapy: ICB and Metabolism

To date, the Food and Drug Administration has approved seven immune checkpoint
inhibitors, namely: ipilimumab (human IgG1κ anti-CTLA-4 monoclonal Ab); the PD-1
inhibitors nivolumab, pembrolizumab, and cemiplimab; and the PD-L1 inhibitors ate-
zolizumab, avelumab, and durvalumab [138] (Table 1). A T cell response comprises of
two types of signals, namely costimulatory and coinhibitory. ICB, using PD-1/PD-L1 and
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CTLA-4 inhibitors, represses coinhibitory signaling and has been used as a breakthrough
method for anticancer immunotherapy [139].

Table 1. Clinical trials combining drugs targeting metabolic reprogramming with immune
checkpoint inhibitors.

Metabolic Target Drug Immune Checkpoint
Inhibitor Cancer Type Clinical Trial

IDO1 Epacadostat Durvalumab EBV + Nasopharyngeal cancer NCT04231864
Arginase CB-1158 Pembrolizumab Solid tumors NCT02903914
PPARα TPST-1120 Nivolumab Advanced cancers NCT03829436

Glutaminase
Telaglenastat (CB-839) Pembrolizumab NSCLC NCT04265534

DRP-104 Atezolizumab Solid tumors NCT04471415
IPN60090 Pembrolizumab Solid tumors NCT03894540

AMPK Metformin
Nivolumab NSCLC NCT03048500

Durvalumab HNSCC NCT03618654
Pembrolizumab Melanoma NCT03311308

A2AR Ciforadenant
AZD 4635

Atezolizumab
Durvalumab
/Oleclumab

RCC
Prostate cancer

NCT02655822
NCT04089553

EBV: Epstein–Barr virus, NSCLC: non-small cell lung cancer, HNSCC: head and neck squamous cell carcinoma,
RCC: renal-cell carcinomas.

Immunosuppressive cells secrete various cytokines or metabolites that can interfere
with anticancer immunity by altering function-related metabolic profiles in the TIME [140].
Therefore, the limitations of ICB monotherapy in the immunosuppressive TIME can be
overcome by combining ICB with a metabolic pathway-directed therapy, as a strategy to
modulate the functions of immune and stromal cells.

Glycolysis affects many aspects of metabolic alterations in diverse cell types in the
TIME. In particular, activated T cells increase glycolysis [141], and as a consequence, T eff
cells express costimulatory immune checkpoints. This phenomenon leads to an antitumor
response. In a highly competitive metabolic ecosystem, targeting glucose metabolism can
regulate T cell-mediated anticancer activities [142]. For example, the function of CD8+

T cells is improved by metformin or anti-PD-1, which enhances the ability of T cells to
effectively secrete cytokines [63]. Metformin is a popular drug prescribed for type II
diabetes and an OXPHOS inhibitor [143]. Combination therapy with metformin and
an immune checkpoint inhibitor has been suggested to improve patient prognosis [144].
Further, function-critical immune cell glycolytic reprogramming can be induced using
alternative ways. For example, TLR agonists could stimulate the DC glycolytic flux, thereby
inducing maturation and activation of resting DCs, which rely mainly on OXPHOS, thereby
enhancing the anti-tumor immune response. Indeed, several TLR agonists are being
evaluated in clinical trials for multiple cancer types [145,146].

Arginine [147] plays a critical role in regulating T cell activity and immune responses [148].
Arginine can be found in the TIME, and its levels are depleted in tumors [149]. Absence
of arginine has been shown to interfere with glycolysis in T cells, leading to the inhibition
of cytokine production and T cell proliferation [150]. CB-1158, whose basic mechanism
involves the restoration of bioavailable arginine levels in the TIME [151], is currently in a
clinical trial in combination with pembrolizumab for solid tumors. This combination may
improve the anticancer immune response of T cells by blocking the binding between PD-1
and PD-L1.

Regulation of FA synthesis in immune cells [152] is also essential for anticancer im-
munity. FA synthesis is regulated by lipid and lipoprotein metabolism using PPAR activa-
tors [153]. Along with nivolumab, the PPARα antagonist TPST-1120 is being investigated
in a clinical trial (NCT03829436) for the treatment of advanced cancers. TPST-1120 is
suggested to target both tumor cells and suppressive immune cells in the TIME. Mechanis-
tically, TPST-1120 inhibits PPARα activity, blocks the transcription of PPARα target genes,
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and, consequently, reduces the levels of FAs in the TIME by shifting metabolism from FAO
to glycolysis. FAs are essential for tumor cell growth, and their deficiency can directly kill
FA-dependent tumor cells [154]. FA deficiency also inhibits the growth of MDSCs and
Tregs, which utilize FAO [155]. In contrast, increased FAO, by the PGC1-α/PPARγ agonist
bezafibrate, was found to result in an anticancer effect, in combination with anti-PD-1
blockade. FAO is suggested to favor the longevity of memory T cells; therefore, increasing
FAO levels could be a favorable strategy to induce durable antitumor immunity [156].
Tryptophan 2,3-dioxygenase (TDO) is an enzyme that induces immunosuppression by
breaking down tryptophan into kynurenine. As in the case of indoleamine 2,3-dioxygenase
(IDO1), inhibition of TDO has been shown to enhance the efficacy of cancer immunotherapy
against TDO-expressing tumors [157]. Activated CD69+ T cells increase immune benefits
by regulating IDO expression in TAMs [158]. In ICB combination therapy, administration
of an IDO inhibitor can considerably increase the production of IL-2, TNF-α, and IFNγ in
CD8+ T cells, thereby improving the function of T cells [159]. Lastly, adenosine is a purine
nucleoside that plays an important role in the synthesis of DNA and neurotransmitters,
such as ATP and cAMP, through phosphate bonds. Adenosine is a key metabolic and
immune checkpoint regulator involved in tumor escape from the host immune monitoring
system [160]. Tumor cells, Tregs, MDSCs, macrophages, and DCs all express the cell surface
ectoenzymes CD38, CD39, and CD73 to produce adenosine [148,149]. Increased extracel-
lular levels of adenosine may suppress antitumor immune responses [150]. In particular,
adenosine can potently suppress T eff- and NK cell functions, while recruiting TAMs
and Tregs [151] via the adenosine receptors expressed on these cells. Consequently, the
adenosine pathway modulates immune responses and increases immunosuppression in
the TIME [161]. Hypoxia, a high cell turnover, and the expression of CD39 and CD73 are
important factors for adenosine production [162].

A clinical trial (NCT02655822) using an adenosine receptor (A2AR) antagonist,
ciforadenant, in combination with atezolizumab, is underway. Ciforadenant with anti-PD-1
therapy improves tumor regression, compared to anti-PD-1 alone, which is associated
with decreased PD-1 activation. Reduced PD-1 expression in CD8+ T cells may lower the
threshold and increase sensitivity to anti-PD-1 therapy in A2AR antagonist-treated CD8+

T cells [152]. Further, AZD4635, a selective oral A2AR antagonist, is being evaluated in
clinical trials, as a single agent or in combination with anti-PD-L1 Ab (NCT04089553). The
proposed mechanism of action is that that CD103+ cross-presenting DCs are functionally
impaired in a high-adenosine tumor environment; thus, antagonizing A2AR using AZD4635
can reverse adenosine-mediated immunosuppression, leading to improved T cell function
and enhanced anti-tumor immunity [163].

6. Conclusions

The functions and activities of immune cells play important roles in cancer im-
munotherapy. In the TIME, tumor cells and the surrounding stromal cells affect the function
and activity of immune cells through metabolic competition. Based on the metabolic het-
erogeneity accompanying cell type-specific metabolic reprogramming, a combinatorial
strategy to target the metabolism of different cell types in the TIME can modify clinical
responses to immunotherapy. Thus, a deeper understanding of immunometabolism in the
TIME can provide new insights into immunotherapeutic strategies.
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