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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.
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1. Introduction

Immunometabolism  is defined as the interplay between intracellular metabolic reprogramming and immunity. Cancer

immunotherapy  is an advanced therapeutic modality; however, only some patients respond to expensive

immunotherapeutic regimens. Tumor metabolism  has been widely studied and is a hallmark of cancer . Cancer cells

require sufficient nutrients  to appropriately adapt to the tumor immune microenvironment (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  on immunotherapeutic responses, a more

thorough understanding of the mechanistical implication of cell type-specific metabolic reprogramming in therapeutic

responses is necessary 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 .

Metabolically reprogrammed tumor cells in the TIME suppress immunity and render 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 , investigating the metabolic alterations or vulnerabilities of each 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 reprogramming 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  at the single-cell level can also aid the development of potential therapeutic strategies

to improve the effectiveness of anticancer immune responses by modulating immune cell functions.

2. Immune Cell Type-Specific Metabolic Reprogramming

2.1. 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 . An increased rate of glycolysis and abundance of proteins, lipids, and nucleotides are typical metabolic features

of T cells . Compared with naïve and memory T cells, cytotoxic T cells require more energy . Accordingly, metabolic

reprogramming plays a critical role in T cell fate and distinct function . In particular, undifferentiated, naïve T cells

mainly exploit FA oxidation (FAO) and oxidative phosphorylation (OXPHOS) for energy production , and glutamine

metabolism  is needed to support cell growth and effector T (T eff) cell differentiation and function . T eff cells utilize

glycolysis , as well as leucine, serine, and tryptophan metabolism, among other mechanisms, for proper function and

clonal proliferation ; memory T cells use FAO and OXPHOS, which are required for their sustained functional state

. Tregs mainly rely on OXPHOS , and their function and metabolic stability are maintained via the mTORC/c-MYC
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signaling pathway . Despite the distinct metabolic differences between T eff cells and Tregs, no significant differences

in metabolic reprogramming have been revealed within T eff subpopulations .

For T cells to grow and differentiate in the TIME, progenitor cells need to function properly 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 , thus creating a

potentially tolerogenic immune context. After T cell differentiation, metabolic reprogramming leads to their activation

through a specific mechanism . For example, amino acid and glucose transporters are upregulated via TCR-mediated

signaling on the T cell surface . Further, during the reliance of T cell differentiation on OXPHOS, metabolic

reprogramming is essential for obtaining oxidizable energy substrates . Glutamine metabolism is important for the

proliferation and differentiation of Th1, Th17, and T eff CD8  T cells , whereas serine metabolism promotes the

proliferation and survival of T cells through one-carbon metabolism .

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 . Different glycolytic and lipid metabolic mechanisms are needed for T

eff cells and CD4  T cells . Thus, glycolysis inhibition during Th17 cell differentiation favors the formation of Tregs over

Th17 cells , 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 . Acetyl-CoA

carboxylase 1 (ACC1) also promotes activation-induced metabolic reprogramming in T cells and Th1 and Th17 cell

differentiation . Inhibition of the PD-1/programmed death ligand-1 (PD-L1) pathway promotes transitory T eff cell

recovery, unless the metabolic 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 . 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 .

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 . In this case,

modulation of hypoxia levels in the TIME may be an important metabolic target for T cell function , 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 . 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 . 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 . In terms of targeting T cell amino acid metabolism, when PD-1 expression is decreased

in CD8  T cells under glutamine-limited conditions, KI67 and prosurvival protein expression is increased, suggesting a

promising approach for adaptive immunotherapy .

Thus, changing the metabolic profiles can enhance the antitumor effector functions of T cells . 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.

2.2. B Cells

B cells play roles in adaptive immunity, such as antigen presentation and cytokine secretion, but are most commonly

known as producers of tumor-reactive antibodies (Abs) . 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, regulatory

B cells  directly or indirectly inhibit Th1 cell and CD8  cytolytic T cell responses, thereby contributing to tumor

development. B cells mainly utilize glucose and are metabolically 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 . Under hypoxic conditions, B cells use glutamine through the glucose-independent TCA

cycle to proliferate and survive . 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 . B cell-specific loss of GLUT1

decreases B cell numbers and impairs Ab production, and activated B cells demand GLUT1-dependent metabolic
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reprogramming for their proliferation and Ab production . B cells also affect immunotherapy responses by releasing Abs

and activating T cells .

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 activity, and blocking either molecule increases the production and

proliferation of memory B cells .

2.3. 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 polarization . M1 polarization has been linked with antineoplastic activity . Distinct metabolic

features of the TIME promote tumor growth , and the metabolic differences between M1 and M2 macrophages in the

TIME have different effects on anticancer immunity . While M1 macrophages mainly use glycolysis and the pentose

phosphate pathway (PPP) , but not the TCA cycle , M2 macrophages use OXPHOS and FAO . M2 macrophages

are sustained by the TCA cycle and fuel OXPHOS with glutamine and FAs .

Metabolic reprogramming in macrophages is rather complex . Although the glycolytic 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) , which activate tumor growth via reprogrammed

immunomodulation. Correctly functioning M2 macrophages increase immunosuppression and tumor development through

immunosuppressive cytokines, thereby leading to immunotherapy resistance .

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 OXPHOS rates and activated FAO . 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 . Moreover, increased levels of glycolysis in

macrophages are associated with PD-L1 expression through the upregulation of the TAM glycolytic enzyme, PFKFB3 .

Under hypoxic conditions, the transcription factor HIF plays a critical role as a mediator of metabolic reprogramming in

macrophages . Under these conditions, M1 macrophages rely on glycolysis, which depends on HIF1α activity .

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 . 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 . The use of GB111-NH2 as a pharmacological agent could, therefore, be a beneficial

immunotherapeutic approach. Taken together, anticancer immunotherapy that targets macrophage metabolic

reprogramming has tremendous potential and urgently needs further research.

2.4. NK Cells

NK cells have become a valuable tool in cancer immunotherapy because they can potentially kill tumor cells . NK cells

preferentially depend on glycolysis and glucose metabolism by OXPHOS for ATP production, which promotes their

effector function and rapid proliferation . Low arginine concentrations impair NK cell proliferation and IFNγ production

. mTORC1 is necessary for the increased glycolysis induction , and mTOR signaling is reported to be inhibited in a

leucine-depleted medium . 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; however, the mechanisms involved in the

induction of mitochondrial metabolism in cytokine-activated NK cells have not been reported . NK cells upregulate

HIF1α expression in response to hypoxia but cannot increase the expression levels of key activated surface receptors in

response to cytokines . However, the metabolic responses of NK cells have been linked with cMYC expression .

Glutamine-regulated cMYC expression plays an important but variable metabolic role in regulating NK cell growth and

responses . 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
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transporters . In this regard, mTORC1 activation has been shown to control NK cell antitumor responses .

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 . On the contrary, NK cells may be resilient in their use of the metabolic energy sources

related to immune function, as glutamine starvation does not decrease IFNγ production . 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 .

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 . NK cells

depend mainly on OXPHOS for energy in the resting state, whereas glycolysis increases after activation . 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 .

Therefore, targeting the metabolic reprogramming processes in NK cells is necessary to strengthen their

immunostimulatory functions for improved immunotherapies.

2.5. 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 . DCs contain glycogen stores

and are important for facilitating an immediate glycolytic response upon lipopolysaccharide (LPS) stimulation .

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 . Glycolysis rates rapidly increase, following Toll-like receptor (TLR) stimulation, to

maintain DC activation and lifespan . Lipid metabolism is also important for DCs. C75 (FA synthase inhibitor) or TOFA

(ACC1 inhibitor) can inhibit DC activation upon LPS stimulation, leading to the dysfunction and inactivation of antigen-

restricted CD4 T cells or NK cells .

Ligation of TLR results in DC activation. When TLR agonists activate DCs, they undergo metabolic reprogramming,

including a shift away from mitochondrial lipid oxidation and OXPHOS, toward enhanced aerobic glycolysis . 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 . Therefore, DC activation, maturation, and immunogenic activities are all aided by

glycolysis. Tolerogenic DCs, similar to M2 macrophages, have a metabolic profile that differs from immunogenic DCs, with

increased mitochondrial metabolism and OXPHOS . 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 . 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.

2.6. Myeloid-Derived Suppressor Cells

With respect to cancer immunity, myeloid-derived suppressor cells (MDSCs) inhibit the activities of T cells and NK cells 

to promote tumor growth and play a role in premetastatic niche development; MDSCs also have a mechanism that

contributes to their resistance to immunotherapy . MDSCs undergo metabolic reprogramming in tumors and exhibit

immunosuppression by increasing the β-oxidation of FAs . Granulocytic MDSCs primarily depend on glycolysis and

very low levels of OXPHOS , whereas inflammatory neutrophilic MDSCs contain glycogen deposits, which can serve as

intracellular fuel stores to sustain glycolysis in the absence of glucose . 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

. 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 . 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 .
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