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Abstract 

Cellular metabolism constitutes a fundamental process in biology. During tumor initiation and progression, each 
cellular component in the cancerous niche undergoes dramatic metabolic reprogramming, adapting to a challeng-
ing microenvironment of hypoxia, nutrient deprivation, and other stresses. While the metabolic hallmarks of cancer 
have been extensively studied, the metabolic states of the immune cells are less well elucidated. Here we review the 
metabolic disturbance and fitness of the immune system in the tumor microenvironment (TME), focusing on the 
impact of oncometabolites to the function of immune cells and the clinical significance of targeting metabolism in 
anti-tumor immunotherapy. Metabolic alterations in the immune system of TME offer novel therapeutic insight into 
cancer treatment.
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The basics of metabolic rewiring of immune cells 
in cancer biology
Cells uptake a variety of nutrients and undergo differ-
ent biochemical processes to sustain growth and divi-
sion. There are three major fundamental building blocks 
for cellular metabolism: glucose, fatty acid, and amino 
acid. In the neoplastic tissue, both cancer cells and stro-
mal cells display metabolic characteristics of proliferat-
ing cells, implicating the metabolic similarities between 
them. For tumor cells, even in the presence of oxygen, 
glucose is catalyzed by a series of enzymes to generate 
lactate instead of being thoroughly oxidized into carbon 

dioxide. This phenomenon is called aerobic glycolysis, 
also known as Warburg effect. Apart from the glyco-
lytic phenotype, alterations in lipid metabolism, includ-
ing fatty acid synthesis, β-oxidation, and cellular lipid 
composition dramatically change in cancer cells as well. 
Amino acid metabolism is also frequently altered in can-
cer cells under the context of both tumorigenesis and 
cancer progression. These cell-intrinsic metabolic distur-
bances altogether contribute to a highly acidic, nutrient-
deficient and hypoxic TME, which further aggravates the 
processes of metabolic reprogramming in both tumor 
cells and immunocytes of the tumor niche. For example, 
in the TME, glucose deprivation inhibits glycolysis in T 
cells, inducing anergy under which T cells fail to aug-
ment cytokines secretion and proliferation in response 
to stimulation [1]. Glucose deprivation also increases the 
ratio of AMP: ATP through activating AMP-activated 
protein kinase (AMPK) but inhibiting mammalian tar-
get of rapamycin (mTOR) and hypoxia-inducible factor 
1α (HIF-1α), which supports differentiation of CD4+ T 
cells into immunosuppressive regulatory T cells (Tregs) 
rather than CD4+ effector T cells (Teffs) and promotes 
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phenotype generation of anti-inflammatory M2 mac-
rophages in excess of M1 macrophages [2–6]. In addition, 
accumulation of lactate in the TME inhibits proliferation 
and cytokine secretion of CD8+ T cells through imped-
ing mitogen-activated protein kinase (MAPK) signaling 
and induces anergy of CD8+ T cells due to lactic acido-
sis [7–9]. Lactate is taken up by macrophages to induce 
differentiation into the immunosuppressive M2 mac-
rophages through inducing arginase 1 (ARG1) expression 
[10]. For immunocytes, signaling programs can affect 
their immunological function through metabolism. For 
example, metabolic reprogramming in activated T cells is 
closely associated with two indispensable signals, antigen 
recognition through T-cell receptor (TCR) and co-stimu-
lation [11]. When both are present, glucose transporters 
and enzymes associated with glycolysis become up-reg-
ulated and T cells are activated with proliferation and 
cytokines generation such as interleukin-2 (IL-2) [12, 13]. 
Glycolysis also regulates transcription and translation in 
T cells. For example, when restricting glucose consump-
tion through inhibiting lactate dehydrogenase (LDH) in 
CD4+ T cells, reduced production of acetyl-coenzyme A 
(acetyl-CoA) results in deficient acetylation of histones at 
the locus of interferon-γ (IFN-γ) genes, and thus the pro-
duction of IFN-γ is reduced [14]. In the hypoxia-driven 
hexosamine biosynthetic pathway (HBP), glycolysis 
intermediate fructose-6-phosphate (Fru6P) can be used 
to generate uridine diphosphate N-acetylglucosamine 
(UDP-GlcNAc) through a series of enzymes. UDP-Glc-
NAc is used for post-translational modifications such as 
O-GlcNAcylation of proteins important for differentia-
tion and proliferation of immune cells [12]. In addition 
to glycolysis, lipid metabolism plays an important role in 
immune cells. Lipids are essential to cellular membrane 
biosynthesis, which is essential for proliferation. Acetyl-
CoA carboxylase 1 (ACC1) is the rate-limiting enzyme of 
fatty acid biosynthesis. Deficiency of ACC1 inhibits the 
proliferation and survival of T cells in the antigen-spe-
cific response [12, 15]. Apart from above-mentioned fatty 
acid biosynthesis, fatty acid oxidation (FAO) can also 
affect immune cells. The rate-limiting enzyme of FAO, 
carnitine palmitoyltransferase 1A (CPT1A), is increased 
in memory CD8+ T cells, maintaining their long-term 
survival after eliminating antigens and generating rapid 
immune responses when rechallenged by antigen [16–
18]. Cholesterol metabolism plays a positive role in T 
cell activation through maintaining fluid cell membrane 
which promotes TCR clustering [19]. Acyl-coenzyme 
A (Acyl-CoA) and free cholesterols are catalyzed by 
acyl-CoA:cholesterol transferase 1 (ACAT1) to gener-
ate cholesterol ester for storing free cholesterols. Inhib-
iting ACAT1 pharmacologically or genetically increases 
intracellular cholesterol level in tumor-infiltrating T 

lymphocytes (TILs) in melanoma, inducing superior 
immune responses [19]. Amino acids provide fuels for 
biosynthesis of proteins and nucleotides to promote 
rapid cellular growth. Given the metabolic significance of 
amino acids, several types of cells can take use of them 
to play an immunosuppressive role. Tumor-associated 
macrophages (TAMs), myeloid-derived suppressor cells 
(MDSCs), and immunotolerant dendritic cells (DCs) 
inhibit TILs through inducing the expression of catabolic 
enzymes to produce essential amino acids, such as ARG1 
and indoleamine 2, 3-dioxygenase (IDO) [20–23]. For 
example, MDSCs inhibit anti-tumor immune responses 
through depleting cysteine, which is critical to T cells 
[24]. In conclusion, metabolism regulates the activities of 
both tumor cells and immunocytes, and therefore target-
ing metabolism may bring in therapeutic benefits to can-
cer patients.

Metabolic disturbance of immune cells in the TME
The adaptive immune cells
Accumulating evidences have demonstrated that T cells 
in the TME, especially Tregs, exhibit a unique metabolic 
phenotype [25]. Pacella and colleagues demonstrated that 
in murine tumor models, tumor-infiltrating Tregs accu-
mulate intracellular lipids due to an elevated fatty acid 
synthesis rate [26]. As comparative advantage in glucose 
uptake may trigger fatty acid synthesis in intratumoral 
Tregs, they showed that both glycolytic and oxidative 
metabolism lead to expansion of Tregs. Glucose metab-
olism is also related with TLR8-mediated CD4+ Tregs 
immunosuppressive function inhibition in the ovarian 
cancer [27]. When TLR8 becomes activated, eight genes 
and five proteins associated with glucose metabolism 
in CD4+ Tregs are down-regulated, moreover, glucose 
uptake and glycolysis are also decreased. Apart from that, 
Weinberg et  al. showed that mitochondrial respiratory 
chain complex III is indispensable to the immunosup-
pressive function of Tregs [28]. Treg-specific deletion 
of mitochondrial complex III causes progression of fatal 
inflammatory disease early in life in murine models, 
without influencing the cellular number of Tregs. Moreo-
ver, mice lacking mitochondrial complex III specifically 
in Tregs exhibit loss of T cell-suppression capacity due 
to increased DNA methylation as well as elevated levels 
of pertinent metabolites including 2-hydroxyglutarate 
(2-HG) and succinate, which inhibit the ten-eleven trans-
locations (TET) family of DNA demethylases. In addi-
tion, fatty acid binding protein 5 (FABP5) affects Treg 
function through regulating mitochondrial integrity [29]. 
When inhibiting FABP5 in Tregs, oxidative phosphoryla-
tion (OXPHOS) and lipid metabolism are impaired, and 
the generation of cardiolipin, which is essential to mito-
chondrial integrity, is reduced. Subsequently, damaged 
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mitochondria release mitochondrial DNA into the cyto-
plasm and trigger cyclic GMP-AMP synthase-stimulator 
of interferon genes (cGAS-STING)-dependent type I 
IFN signaling, enhancing the production of regulatory 
cytokine IL-10 and promoting Treg immunosuppressive 
activity. Tregs are not only affected by glycolysis, fatty 
acid metabolism and mitochondria but also acid metabo-
lism. Serine promotes glutathione (GSH) synthesis and 
feeds into the one-carbon metabolic network (1CMet), 
which is a crucial process to Teff responses. To investi-
gate the influence of serine metabolism in Tregs, Kur-
niawan et al. specifically deleted the catalytic subunit of 
glutamate cysteine ligase (Gclc) in Tregs in mice, induc-
ing Treg-specific GSH loss [30]. They found that GSH-
deficient Tregs show elevated serine metabolism and 
decreased FoxP3 expression. Furthermore, Treg-specific 
Gclc-deficient mice demonstrate enhanced anti-tumor 
responses. When serine supply is inhibited through feed-
ing the mice with serine-deficient food, Gclc-deficient 
Tregs regain FOXP3 expression and immunosuppressive 
ability.

CD8+ T cells engage in the anti-tumor responses 
and inhibit tumor progression. In the TME, metabolic 

alteration modulates CD8+ T cell function. From the 
aspect of glycolysis, tumor cells exhibit a preferential 
uptake of glucose and therefore restrict glucose supply 
to anti-tumor T cells [31]. For example, ovarian can-
cer overexpresses microRNAs miR-101 and miR-26a 
which limit the expression of the methyltransferase 
enhancer of zeste homolog 2 (EZH2), reducing glu-
cose supply to T cells [32]. Aerobic glycolysis is criti-
cal to the formation of anti-tumor immune responses. 
NF-κB inducing kinase (NIK) can regulate the stabili-
zation of hexokinase 2 (HK2) which is a key glycolytic 
enzyme [33]. NIK deletion induces low level of HK2 
and impairs glycolysis, inhibiting the effector functions 
of CD8+ T cells in the TME (Fig. 1) [33]. In human and 
murine melanomas, Gemta et al. found that enolase 1, 
a critical glycolytic enzyme, down-regulates its activity 
in CD8+ TILs and induces defects in glycolytic metabo-
lism of CD8+ TILs (Fig. 1). In addition, the downstream 
product of enolase 1, pyruvate, can promote glycolysis 
and improve the effector function of CD8+ TILs [34]. 
Besides glycolytic enzymes, the glycolytic metabolites 
can also affect T cell function in the TME. For example, 
phosphoenolpyruvate (PEP) inhibits sarco/endoplasmic 

Fig. 1  The affection of metabolic alterations on anti-tumor functions of CD8+ TILs. Metabolic alterations of CD8+ TILs mainly reflect in glycolysis 
and fatty acid metabolism. Reduced activity of enolase 1 and HK2 inhibits functions of CD8+ TILs through impairing glycolysis, whereas increased 
production of PEP promotes it. Compared with positive influence of fatty acid catabolism, fatty acid accumulation suppresses functions of CD8+ 
TILs. Components in Fig. 1 are drawn using tools in Biore​nder.​com
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reticulum Ca2+-ATPase (SERCA) activity to preserve 
the effector function of TILs. In the TME, CD8+ T 
cells up-regulate phosphoenolpyruvate carboxykin-
ase 1 (PCK1) to promote the production of PEP, which 
reprograms metabolism and improves effector function 
(Fig. 1). The survival of melanoma-bearing mice is pro-
longed through overexpressing PCK1 in anti-tumor T 
cells [35]. Apart from glycolysis, fatty acid metabolism 
also has an important influence on T cells. In the hypo-
glycemic and anoxic TME areas of mouse melanoma 
models, CD8+ TILs strengthen peroxisome prolifera-
tor-activated receptor (PPAR)-α signaling and fatty acid 
catabolism, maintaining the effector function of CD8+ 
TILs. Stimulating fatty acid catabolism of CD8+ TILs 
can improve immunotherapeutic effect of melanoma 
(Fig.  1) [36]. In the lipid-abundant TME areas of pan-
creatic ductal adenocarcinoma, CD8+ T cells down-
regulate the expression of very-long-chain acyl-CoA 
dehydrogenase (VLCAD) and promote the accumula-
tion of long-chain fatty acids (LCFAs), finally impairing 
mitochondrial function and inducing cellular dysfunc-
tion (Fig. 1) [37]. From the perspective of amino acids, 
glutamine is becoming a targetable metabolite in tumor 
therapy [38]. In the murine triple-negative breast can-
cer (TNBC) model, Teffs and tumor cells compete for 
glutamine from the microenvironment. Tumor cells-
specific deletion of glutaminase, a critical enzyme for 
glutamine metabolism, promotes T cell activation and 
enhances antineoplastic immune responses [39]. In 
addition, V-9302, the inhibitor against glutamine trans-
porter, can specifically inhibit the update of glutamine 
in TNBC cells and but does not affect anti-tumor T 
cells, providing a promising therapeutic strategy for 
TNBC [39]. Therefore, glutamine antagonism brings 
in a differential therapeutic effect on tumor cells and 
T cells. In tumor-bearing mice, glutamine antagonism 
inhibits glycolytic and oxidative metabolism in cancer 
cells, up-regulates oxidative metabolism and induce 
a long-lived and highly activated phenotype in anti-
tumor T cells. The differential metabolic response to 
glutamine antagonism between T cells and tumor cells 
is used as a metabolic checkpoint for tumor immuno-
therapy [40]. Mitochondrial morphology and metab-
olism are also critical to T cells. The anoxic TME 
promotes mitochondrial fragmentation and decreases 
ATP production through MYC-regulated pathways to 
induce T cell exhaustion [41]. Elevated mitochondrial 
mass represents superior respiratory capacity which 
is critical for generating long-lived CD8+ memory T 
cells [18, 42]. In line with this phenomena, the capacity 
of Teffs to generate memory T cells is impaired when 
deleting the mitochondrial membrane fusion protein 
optic atrophy 1 (OPA1) in mice [16]. In conclusion, 

enhancing mitochondrial fusion can prolong the persis-
tence of CD8+ T cells and augment their effector func-
tion through an adoptive cell therapy [16].

In tumor tissues, the balance between antibody-pro-
ducing B cells and regulatory B cells (Bregs) contribute to 
the patient prognosis [43]. Bregs have immunosuppres-
sive functions, which assist tumor cells to escape immune 
surveillance [44]. Therefore, it is of great significance to 
study the influence of metabolism on the phenotypic 
transformation of B cells. Several studies have shown that 
increased glycolytic activity can induce the activation of 
Bregs. For example, Meng et al. found that hypoxia and 
hypoxia-inducible factor 1α (HIF-1α) maintain the func-
tion of Bregs by promoting glycolysis [45]. This suggests 
that hypoxia in the TME may induce the activation of 
Bregs. Ishigami et al. found that the infiltration of Bregs 
closely correlated to the poor prognosis in breast cancer 
[46]. In conclusion, the TME may induce B cells to dif-
ferentiate into phenotypes favorable for tumor progres-
sion through metabolic reprogramming. However, the 
research for metabolism from antibody-producing B 
cells in the TME is still insufficient and needs further 
improvement.

Innate immune cells
DCs can process and present foreign antigens to anti-
gens-specific T cells to elicit T cells-mediated immune 
response. Therefore, exploring the metabolism of DCs 
has therapeutic implications for cancer treatment. Fatty 
acid synthesis has three main functional roles in DCs. 
First, fatty acids synthesis-induced lipid accumula-
tion directly regulates the function of DCs. For exam-
ple, lipid accumulation reduces the capacity of DCs to 
present antigens and activate T cells in tumor-bearing 
mice. T cells primed by DCs with high level of intracel-
lular lipids show reduced capacity of proliferation [47]. 
Accordingly, Cubillos-Ruiz et al. found that the endoplas-
mic reticulum (ER) stress response factor X-box-binding 
protein 1 (XBP1) induces triglyceride biosynthesis and 
abnormal lipid accumulation in DCs and inhibit DCs to 
activate anti-tumor T cells. When XBP1 is deleted, DCs 
regain their function to stimulate T cells and induce type 
1 anti-tumor immune responses [48]. Second, fatty acid 
synthesis can modulate the consumption of acetyl-CoA. 
At the steady-state, tuberous sclerosis complex subunit 1 
(TSC1)- mTOR inhibit fatty acid synthesis and promote 
the production of acetyl-CoA in DCs to increase acety-
lation through down-regulating ACC1 expression [49]. 
Histone acetylation induced by acetyl-CoA is associated 
with major histocompatibility complex (MHC)-I and 
IL-7 genes expression. When inhibiting TSC1 in DCs, 
fatty acid synthesis is elevated and the level of acetyl-CoA 
for histone acetylation is decreased, impairing CD8+ T 
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cells activation that is essential to resisting B16 melano-
mas. This mechanism suggests that metabolism is tightly 
linked to epigenetic modification [49]. Third, fatty acids 
synthesis expands ER and Golgi networks to promote the 
secretion of effector cytokines in activated DCs [50]. In 
addition, the mitochondrial metabolism is also directly 
linked to DCs. For example, deficiency of the Hippo 
pathway kinases Mst1/2 induces disorganized mitochon-
drial cristae, which then inhibit OXPHOS and impair the 
capacity of presenting antigens and priming CD8+ T cells 
in CD8α+ DCs [51].

TAMs promote tumor progression through inhibiting 
immunological surveillance [52]. Immunosuppressive 
functions of TAMs can be regulated through reprogram-
ing metabolism. For example, Wu et al. found that oleate, 
a type of long-chain fatty acid, relies on the mTOR path-
way to induce TAM polarization and promote tumor pro-
gression [52]. Therefore, chemical inhibitors targeting the 
metabolism of long-chain fatty acids in TAMs provides 
a new therapeutic direction in cancer treatment [52]. In 
addition, the mitochondrial morphology of TAMs regu-
lates the anti-tumor immunity. FAM73b, a mitochondrial 
outer membrane protein, is crucial to the morphological 
transformation of mitochondria [53]. When FAM73b is 
deleted, mitochondrial morphology is converted from 
fusion to fission in TAMs, and this conversion promotes 
T cell activation and enhances anti-tumor immunity. This 
feature highlights the therapeutic potential of targeting 
the molecular mechanism associated with the transfor-
mation of mitochondrial morphology [53]. TAM func-
tion is not only affected by intracellular metabolites but 
also extracellular metabolites. At high concentration 
in the TME, lactate inhibits the expression of the mac-
rophage-specific vacuolar ATPase subunit ATP6V0d2. 
Consistently, ATP6V0d2-deleted macrophages show 
increased HIF-2α activity to mediate tumor progression. 
The lactate/ATP6V0d2/HIF-2α axis suggests the connec-
tion between the tumor environment and immune cells 
[54]. TAMs and tumor cells exert reciprocal influence on 
the metabolism of each other to regulate tumor progres-
sion. TAMs regulates tumor metabolism to maintain an 
immunosuppressive microenvironment. For example, the 
extracellular vesicles derived from TAMs deliver HIF-1α-
stabilizing long noncoding RNA (HISLA) to promote the 
aerobic glycolysis and the anti-apoptotic ability in breast 
cancer cells. Lactate derived from aerobic glycolysis of 
tumor cells up-regulates HISLA in TAMs and forms a 
feedback loop between tumor cells and immune cells 
[55]. In addition, polarized M2 macrophages produce 
IL-6 to promote the phosphorylation of the threonine 
243 of phosphoglycerate kinase 1 (PGK1T243) medi-
ated by 3-phosphoinositide-dependent protein kinase 1 
(PDPK1) in tumor cells, promoting glycolysis and tumor 

progression. Inhibiting IL-6 derived from macrophages 
reverses tumor progression [56]. Similarly, tumor cells 
can regulate macrophages metabolism to benefit their 
own growth. For example, peritoneal tumors, such as 
B16 melanoma or ID8 ovarian carcinoma, regulate the 
metabolism of peritoneal tissue-resident macrophages 
(pResMφ), promoting OXPHOS and glycolysis and 
increasing itaconic acid production in pResMφ, which 
lead to accelerated tumor growth. Targeting immune-
responsive gene 1, which mediates production of itaconic 
acid in pResMφ, proves to be a novel therapeutic strategy 
for peritoneal tumors [57].

MDSCs engage in inducing resistance to immune 
checkpoint blockade (ICB) [58]. The granulocyte mac-
rophage-colony stimulating factor (GM-CSF) derived 
from tumor cells can activate STAT3 signaling pathway 
to induce the expression of fatty acid transport protein 
2 (FATP2), which promotes lipids accumulation and 
enhances the immunosuppressive function in MDSCs. 
Inhibiting FATP2 reduces lipids accumulation and 
reactive oxygen species (ROS) production, inhibiting 
immunosuppressive functions of MDSCs and improv-
ing anti-programmed death-ligand 1 (PD-L1) tumor 
immunotherapy effect [58]. In the TME, MDSCs repro-
gram metabolic pattern from glycolysis to fatty acid 
oxidative metabolism and OXPHOS. Fatty acid oxida-
tive metabolism is associated with the maintenance of 
immunosuppressive function of MDSCs and resistance 
to ICB therapy. The increased intake of exogenous fatty 
acid in MDSCs promotes tumor growth [59]. The ser-
ine/threonine kinase PIM1 regulates fatty acid oxida-
tive metabolism through PPAR-γ. Inhibiting PIM1 with 
AZD1208 impairs MDSCs-mediated immunosuppres-
sion and improves CD8+ T cell-mediated antineoplastic 
immune response, enhancing the therapeutic effect in 
ICB-resistant patients [60]. Although fatty acid metabo-
lism is important for MDSCs during tumor progression, 
glycolysis is found important in maintaining the sur-
vival of MDSCs in the TME. After encountering with 
tumor-derived factors, MDSCs up-regulate the expres-
sion of genes associated with glycolysis and increase the 
production of glycolytic metabolite PEP, which prevents 
the overproduction of ROS and promotes the survival of 
MDSCs. Therefore, analogs of glycolytic intermediates 
can be used to target MDSCs and reverse the immuno-
suppressive TME [61].

In cancer tissues, neutrophils can produce ROS, 
thus inhibiting the function of anti-tumor T cells and 
promoting tumor progression [62]. In the past, it was 
generally believed that neutrophils highly depend on 
glycolytic metabolism to exert immunologic function, 
and their functions were almost independent of mito-
chondrial metabolism (Fig. 2) [63]. However, Rice et al. 
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recently found that tumors could induce neutrophils 
to produce oxidative phenotype through the stem cell 
factor (SCF)/c-Kit signaling, and the mitochondrial 
function of neutrophils with oxidative phenotype was 
enhanced (Fig.  2) [64]. Therefore, even in the TME 
lacking glucose, oxidized neutrophils can still maintain 
NADPH production through fatty acid metabolism in 
mitochondria to support ROS levels (Fig.  2). To sum 
up, tumor-induced oxidative neutrophils can overcome 
glucose deficiency and maintain ROS levels required 
by tumor immunosuppression through mitochondrial 
metabolism. In addition, neutrophils can also modulate 
anti-tumor immunity through expressing metabolic 
enzymes [65]. For example, in the TME, tumor-asso-
ciated neutrophils (TANs) can express inducible nitric 
oxide synthase (iNOS) to induce the production of 
nitric oxide, which is further converted into peroxyni-
trite to damage anti-tumor T cells (Fig.  2) [66]. Neu-
trophil metabolism has strong potential to become the 
focus of future research on cancer treatment.

Natural killer cells (NK cells) can mediate the killing 
of cancer cells through perforin and granzymes [67]. 
mTORC1 is a key factor in regulating NK cell metabo-
lism. When NK cells are activated, mTORC1 up-regu-
lates glycolysis and OXPHOS to mediate their anti-tumor 
immune functions [68]. Low level of glucose in the TME 
impairs mTORC1-induced glycolysis and inhibits the 
production of IFN-γ and granzymes in NK cells [69]. 
Poznanski et  al. isolated tumor-associated NK (taNK) 
cells from the TME of ovarian cancer and compared 
them with peripheral blood NK (pbNK) cells [70]. Rela-
tive to pbNK cells, the expression of the GLUT1 glucose 
transporter on taNK cells was lower, and basal and maxi-
mal OXPHOS were also significantly reduced [70]. Then, 
they cultivated pbNK cells in the ascites-TME (asc-TME) 
ex vivo and found that pbNK cells showed metabolic dis-
turbance similar to taNK cells. CD98 is essential to gly-
colysis through exchanging glutamine to uptake other 
amino acids [71]. The cell-surface expression of CD98 
in the asc-TME-incubated pbNK cells was significantly 

Fig. 2  The affection of metabolic alterations of neutrophils on anti-tumor immune cells. In the past, glycolysis was considered as the main 
metabolism supporting immunologic function in neutrophils, while mitochondrial metabolism was less relevant to immunologic function. 
Recently, it is found that tumor cells can induce oxidized phenotype of neutrophils through the SCF/c-Kit signaling. Oxidized neutrophils undergo 
metabolic reprogramming and depend on fatty acid metabolism from mitochondria to increase ROS level and promote tumor progression. 
Tumor-associated neutrophils also express iNOS to induce the production of peroxynitrite, which damages anti-tumor T cells. Components in Fig. 2 
are drawn using tools from Biore​nder.​com
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reduced [70]. Furthermore, asc-TME-incubated pbNK 
cells showed increased expression of proteins associated 
with oxidative damage and lipid peroxidation. When 
treating pbNK cells with RTA-408, a compound that acti-
vates antioxidant activity [72], OXPHOS and glycolysis 
were up-regulated and anti-tumor ability was restored 
[70]. Therefore, oxidative damage may be the key mecha-
nism of TME-induced metabolic disorder in NK cells, 
suggesting a new scheme for cancer treatment. High lac-
tate level in the TME can lead to increased lactate uptake 
by NK cells. The decrease of intracellular PH results in 
reduced ATP production, impaired energy potential, and 
dysfunction in NK cells [69, 73]. In addition, mitochon-
drial length of NK cells is positively correlated with gran-
zyme levels [74]. Zheng et al. found that tumor-infiltrated 
NK cells up-regulated many genes related to mitochon-
drial fission, such as MIEF2, INF2, and FIS1 [75]. In line 
with it, compared with large tubular mitochondria in NK 
cells in normal tissues, mitochondria in NK cells in the 
TME are small and fragmented [75]. These results fur-
ther support that NK cell dysfunction is closely related to 
metabolic disturbance.

The impact of oncometabolites on the functions 
of immune cells
Recurrent mutations of isocitrate dehydrogenase (IDH) 
genes have been found in many tumors such as the lower-
grade glioma (LGG), acute myeloid leukemia (AML), 
and cholangiocarcinoma [76]. Tumors with mutant IDH 
genes exhibit suppressed expression of genes related 
with cytotoxic T cells [77]. Mutant form of IDH proteins 
promotes transformation of α-ketoglutarate to the onco-
metabolite R-2-hydroxyglutarate (R-2-HG). R-2-HG is 
taken up by anti-tumor T cells and disturbs the nuclear 
factor transcription and polyamine biosynthesis, lead-
ing to inhibition of T cell activity [78]. Kohanbash and 
colleagues found that the presence of 2-HG reduces the 
production of the IFN-γ-inducible chemokines CXCL9 
and CXCL10 through inhibiting the expression of 
STAT1, causing decreased infiltration of CD8+T cells in 
the TME [79]. In addition to R-2-HG, S-2-HG regulates 
DNA methylation to indirectly affect CD62L expression 
in T cells. Adoptively transferred CD8+ T cells treated 
with S-2HG ex vivo demonstrate an increased ability to 
proliferate and resist tumor cells in  vivo, highlighting 
the therapeutic potential of adoptively transferred cells 
[80]. Several malignant cells such as AML cells with IDH 
mutation, can release D-2-HG, which is taken up by T 
cells to promote Treg frequency and inhibit the polariza-
tion of T helper cell 17 (Th17) through reprogramming 
metabolism towards oxidative phosphorylation [81]. In 
addition, lactate secreted by tumor cells exerts a direct 
influence on immune cells. In melanomas, increased 

expression of LDHA induces lactate accumulation, inhib-
iting tumor immunological surveillance from T cells and 
NK cells and leading to poor prognosis [82]. In summary, 
immune cells and tumor cells regulate their metabolism 
in a reciprocal manner.

The metabolic fitness in anti‑tumor immunity
Metabolic adaptation in the anti‑tumor function of CD8+ T 
lymphocytes
The nutrient- and oxygen-deprived TME provides a 
metabolic disadvantage and induces the exhaustion of 
tumor-infiltrating immune cells. Therefore, immune 
cells such as CD8+ T cells need to establish and maintain 
metabolic fitness in response to adverse metabolic con-
ditions. When phosphatase and tensin homolog (PTEN) 
is accumulated on the plasma membrane through the 
mediation of TCR and CD28, acylglycerol kinase (AGK) 
positively regulates PTEN phosphorylation at the site of 
Ser380, Thr382, and Thr383 and inhibits the phosphatase 
activity of PTEN in CD8+ T cells, promoting activation 
of phosphatidylinositol-3-OH kinase (PI3K)-mTOR and 
mediating glycolysis and anti-tumor function. Func-
tionally, AGK is critical to maintain metabolic fitness of 
CD8+ T cells in the TME. Deletion of AGK impairs TCR-
triggered metabolic reprogramming as well as the pro-
liferation and anti-tumor function of CD8+ T cells [83]. 
Upon TCR activation, murine CD8+ T cells accumulate 
S-2-HG which promotes the expression of TCF1, CD62L, 
and eomesodermin (EOMES) through regulating histone 
and DNA methylation, suggesting the essential connec-
tion between metabolism and epigenetics. S-2-HG treat-
ment improves the prognosis of patients with EL4 T 
lymphomas overexpressing ovalbumin [80, 84]. In addi-
tion to kinases and metabolites, the mitochondrial bio-
genesis and architecture are associated with the effector 
function of CD8+ T cells. CD8+ T cells in human mela-
noma show decreased PPAR-γ co-activator 1α (PGC1α) 
which is critical to mitochondrial biosynthesis, induc-
ing dysfunction of intratumoral T cell. PGC1α expres-
sion and mitochondrial biosynthesis maintain metabolic 
fitness and support nutritional needs in CD8+ T cells 
to establish sustained anti-tumor response [32, 84, 85]. 
Both effector CD8+ T cells and memory CD8+ T cells 
play important roles in cancer treatment. The transfor-
mation from effector CD8+ T cells into memory CD8+ 
T cells is essential to suppress tumor progression given 
the long-term anti-tumor immunity provided by memory 
CD8+ T cells. Inhibiting the activity of the serine/thre-
onine kinase AKT impedes T cell survival during this 
transformation, suggesting that metabolic activity plays 
a critical role in regulating memory formation of CD8+ 
T cells [86]. In addition to AKT, PCK1 is also associated 
with memory CD8+ T cells: Ma et al. found that memory 
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CD8+ T cells up-regulated PCK1 which increased glyco-
gen production through gluconeogenesis [87]. Glycogen 
is subsequently catabolized into glucose-6-phosphate 
to initiate the pentose phosphate pathway (PPP) to pro-
duce NADPH, which is essential to increase GSH /oxi-
dized glutathione (GSSG) ratio and inhibit ROS level in 
memory CD8+ T cells. Therefore, targeting the PCK1-
glycogen-PPP axis increases ROS levels and inhibits the 
formation of memory CD8+ T cells [87]. In addition to 
intracellular regulation, external conditions such as diet 
can also affect metabolic fitness and functions of anti-
tumor T cells. Rubio-Patiño et  al. found that giving a 
low-protein diet to mice inhibits tumor progression com-
pared with a low-carbohydrate diet [88]. A low-protein 
diet activates inositol-requiring enzyme 1 (IRE1α) and 
retinoic acid inducible gene 1 (RIG1) signaling to induce 
the unfolded protein response and cytokine production 
in cancer cells, promoting antineoplastic effector func-
tions of CD8+ T cells [88]. CD8+ T cells with persistent 
metabolic fitness have demonstrated a crucial role in 
the optimal response to anti-cancer treatment. Besides 
reprogramming CD8+ T cells metabolism in  vivo, the 
adoptive transfer of CD8+ T cells which have been cul-
tivated ex vivo to gain metabolic fitness can also improve 
tumor prognosis. The culture medium with high con-
centration of L-arginine reduces glycolysis and elevates 
OXPHOS in murine T cells, inducing the acquisition of 
the central memory CD8+ T cells phenotype. Survival 
advantage and favorable anti-tumor effector function 
can be achieved when such CD8+ T cells are adoptively 
transferred into mice [84, 89].

In addition, adoptive transfer protocols of autologous 
T cells synergize with cholesterol biosynthesis to regu-
late metabolic fitness and anti-tumor functions in CD8+ 
T cells. Increased level of plasma membrane cholesterol 
induces enhanced TCR signaling and promotes forma-
tion of synapses. The deletion of acetyl-CoA acetyl-
transferase-1 (ACAT-1) increases the plasma membrane 
cholesterol level and improves synaptic performance 
in CD8+ T cells through up-regulating cholesterol bio-
synthetic enzymes. Compared with wild-type CD8+ T 
cells, the adoptive transfer of murine CD8+ T cells with 
defective ACAT-1 shows improved prognosis of mela-
noma tumors. Accordingly, avasimibe, an ACAT inhibi-
tor, showed good anti-tumor effect in mouse model of 
melanoma [19, 84]. Hypoxia is another factor that mod-
ulates T cell function. Cytotoxic T lymphocytes (CTLs) 
which are adoptively transferred to treat cancer are typi-
cally cultured in 20% oxygen. Gropper et  al. found that 
compared with 20% oxygen, CTLs which are cultured in 
1% oxygen show increased release of granzyme-B and 
enhanced cytolysis in response to B16 melanoma cells 
[90].

Metabolic rewiring of NK cells in anti‑tumor immunity
NK cells play a key role in the immunosurveillance 
against tumor cells. Establishing and maintaining meta-
bolic fitness of NK cells have therapeutic implications. 
Oxygen deprivation in the TME induces persistent acti-
vation of mTOR-GTPase dynamin-related protein 1 
(Drp1) in NK cells, leading to mitochondrial fission to 
suppress cytotoxicity and survival of NK cells. Inhibit-
ing mitochondrial fission promotes metabolic fitness and 
improves antineoplastic ability of NK cells [75]. In order 
to cope with hypoxia and improve metabolic adaptation, 
inhibited mitochondrial respiration induces C-to-U RNA 
editing in NK cells mediated by the cytidine deaminase 
APOBEC3G (Fig.  3) [91]. Glycolysis is associated with 
functional disturbance of NK cells, for example, abnor-
mal expression of fructose-1, 6-bisphosphatase (FBP1) 
inhibits glycolysis and induces malfunction of NK cells. 
Therefore, targeting FBP1 points to a new therapeutic 
approach [92]. The transcription factors MYC and sterol 
regulatory element-binding protein (SREBP) are critical 
to metabolic activities of NK cells. MYC promotes glyco-
lysis and OXPHOS through promoting expression of glu-
cose transporters and glycolytic enzymes and providing 
increased mitochondrial mass (Fig. 3). In cytokines-stim-
ulated NK cells, MYC is primarily regulated by mTORC1. 
Subsequently, amino acids are essential to the regula-
tion of MYC through maintaining MYC translation and 
compensating MYC degradation. Instead of glutamine, 
the fuels for OXPHOS are provided by the citrate-malate 
shuttle (CMS) in NK cells. But glutamine remains criti-
cal for MYC through controlling amino acid transporter 
SLC7A5. Inhibiting glutaminase not only reduces glu-
tamine consumption within tumor cells but also supports 
MYC without inhibiting the effector function in NK cells 
[71]. In addition, MYC is the downstream target of the ER 
stress sensor IRE1α-XBP1. The IRE1α-XBP1-MYC axis is 
associated with activation of NK cells [93]. In murine NK 
cells, SREBP promotes glycolysis and OXPHOS through 
regulating the expression of the citrate-malate anti-por-
ter SLC25A1 and ACLY which are important to the CMS. 
When inhibiting SREBP genetically or pharmacologically, 
not only are glycolysis and OXPHOS inhibited, but also 
generation of IFN-γ and expression of granzyme-B are 
impaired with reduced anti-tumor cytotoxicity (Fig.  3). 
In human NK cells, SREBP is also associated with the 
generation of IFN-γ and granzyme-B. Therefore, SREBP 
plays an central role in metabolic reprogramming and 
antineoplastic effector functions of NK cells [94]. Fur-
thermore, the short isoform of the chromatin-modifying 
transcriptional regulator, AT-rich interaction domain 5B 
(ARID5B), mediates the metabolic regulation of NK cells 
through facilitating mitochondrial membrane poten-
tial, genes expression associated with electron transport 
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chain components, oxidative metabolism, and IFN-γ pro-
duction [95].

Metabolic fitness of DCs in anti‑tumor immunity
DCs play an important role in tumor immune surveil-
lance, so maintaining their metabolic fitness in the TME 
contributes to enhancing anti-tumor immunity. Wang 
et  al. found that liver kinase B1 (LKB1) was an impor-
tant metabolic regulator of DCs, maintaining stability of 
DC immune function and protecting anti-tumor immu-
nity through inhibiting proliferation of Tregs [96]. After 
deleting LKB1 gene of DCs in the mouse model, mTOR 
in DCs was activated, and then DCs underwent meta-
bolic disorder, finally leading to abnormal DC maturation 
and uncontrolled generation of immunoregulatory fac-
tors [96]. Therefore, LKB1 signaling in DCs may become 
a promising target of cancer therapy through regulating 
Treg proliferation. Hu et  al. found that, in the mouse 
colorectal cancer model, DC-derived ROS induced 

interferon inducible protein 204 (IFI204) deSUMOyla-
tion through promoting accumulation of SUMO-specific 
protease 3 (SENP3), finally enhancing STING activation 
and anti-tumor immunity in DCs [97]. This study illus-
trates the correlation between the metabolic byproduct 
and immunologic function in DCs, and provides a new 
strategy for tumor treatment.

Other factors implicated in immune cell 
metabolism
Diet
Metabolism is closely related with diet. Alterations in 
diet affect metabolic activities and thus have an influ-
ence on function of immune cells and tumor progres-
sion. Under normal metabolic condition, low level of 
autophagy in tumor cells can induce the expression of 
CD39, which then increases extracellular concentration 
of adenosine through promoting processing of extracel-
lular ATP into adenosine. Elevated adenosine can directly 

Fig. 3  Metabolic rewiring on anti-tumor functions of NK cells. Metabolic rewiring is critical to maintaining anti-tumor functions of NK cells. 
Inhibited mitochondrial respiration induces C-to-U RNA editing in NK cells to elevate fitness in the TME with hypoxia. MYC and SREBP engage in 
metabolic fitness of NK cells. MYC supports OXPHOS and glycolysis in NK cells through promoting expression of glycolytic enzymes and glucose 
transporters and increasing mitochondrial mass, finally inhibiting tumor progression. SREBP also promotes OXPHOS and glycolysis in NK cells. 
Based on this, inhibiting SREBP reduces generation of IFN-γ and expression of granzyme-B, finally impairing anti-tumor cytotoxicity of NK cells. 
Components in Fig. 3 are drawn using tools in Biore​nder.​com

http://biorender.com
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and indirectly inhibit CD8+ T cells through promoting 
Tregs [98]. Pietrocola et  al. found that caloric restric-
tion induces increased tumor cell autophagy and inhib-
its expression of CD39, causing the accumulation of ATP 
which stimulates the effector functions of CD8+ T cells 
but inhibits immunosuppressive functions of Tregs. They 
showed that starvation combined with chemotherapy 
drugs such as mitoxantrone or oxaliplatin inhibit tumor 
cell growth in multiple models including fibrosarcoma 
and colorectal cancer [99]. Under normal nutritional 
supply, heme-oxygenase1 (HO-1) acts to inhibit apop-
tosis [98]. Di Biase et  al. showed that caloric restriction 
reduces the expression of HO-1, inducing apoptosis in 
tumor cells and inhibiting Tregs. Apoptotic tumor cells 
stimulate CD8+ T cells which further mediate tumor 
cell apoptosis through a positive feedback loop [100]. 
Fasting-mimicking diet (FMD) synergizes chemotherapy 
drugs doxorubicin or cyclophosphamide to inhibit tumor 
cells growth. FMD can also increase the number of CD8+ 
T cells and prevent them from chemotherapy-induced 
cell death [100]. Vernieri et al. studied the metabolic and 
immunological alterations in 101 cancer patients after an 
FMD regimen was administered to these patients [101]. 
They found that FMD could reshape metabolism and 
thus alter anti-tumor immunity. The following mecha-
nisms were proposed to explain this phenomenon. Car-
bohydrate restriction induced low levels of GM-CSF, 
CCL2, and G-CSF, impairing migration of immunosup-
pressive monocytes [101, 102]. In addition, carbohydrate 
restriction also induced high levels of ketone body in 
blood and thus reduced expression of PD-L1 in mono-
cytes, inhibiting immunosuppressive function of mono-
cytes [101, 103]. Protein restriction reduced insulin-like 
growth factor 1 (IGF-1) in blood and thus inhibited the 
IGF-1/IGFR1/PI3K/AKT/mTORC1 axis in tumor cells, 
TAMs, and Tregs, activating anti-tumor T cells [101, 
104, 105]. In summary, caloric restriction promotes anti-
neoplastic immune responses and suppresses tumor cell 
proliferation. Many cancer therapeutics produce adverse 
effects on immune cells due to similar metabolic pattern 
between immune cells and tumor cells [106, 107]. How-
ever, caloric restriction has been shown to increase cyto-
toxicity and cellular count of CD8+ T cells, producing a 
win-win outcome. Therefore, caloric restriction as an 
adjuvant therapy with immunotherapy and chemother-
apy may generate promising therapeutic efficacy.

Creatine supplementation through diet can inhibit 
tumor progression in B16 melanoma model and M38 
colon cancer model in mice. Maintenance of the anti-
tumor effector function of CD8+ T cells is dependent 
on energy production. Glycolysis or the TCA cycle can 
transform nutrients into energy in the form of ATP. Cre-
atine can store redundant ATP in case of excessive need. 

The metabolic stress of competing for limited nutrients 
with tumor cells causes shortage of nutrients in CD8+ T 
cells [108]. In response to this, creatine releases stored 
ATP to support anti-tumor response, relieving the energy 
stress elicited by nutrient shortage. Creatine is therefore 
deemed as a “molecular battery”, storing energy which 
can be used by T cells to resist the metabolic stress from 
tumor cells [108]. In line with it, TILs up-regulate the 
expression of creatine transporter such as SLC6A8 and 
creatine transporter (CRT) [109].

Obesity
Obesity-induced lipotoxic environment promotes the 
up-regulation of PPARαδ genes which drive lipid accu-
mulation in NK cells, which are critical to anti-tumor 
immune response. Subsequently, up-regulated PPARαδ 
inhibits mTOR-mediated glycolysis, impedes the gen-
eration of IFN-γ and cytotoxic granules, and prevents 
the recruitment of cytotoxic granules into the synapses 
between NK cells and tumor cells [110]. Consistently, 
inhibiting PPARαδ or impeding lipid transportation into 
the mitochondria can restore the cytotoxicity of NK cells 
[110]. Obesity-induced cancer progression is associated 
with dysregulated inflammation which is mediated by 
STAT3 [111, 112]. For example, adipocytes from obese 
patients with breast cancer produce high levels of fatty 
acids and adipokines (such as leptin) to promote tumor 
progression [113–115]. Leptin activates the JAK2-STAT3 
signaling pathway in activated T cells [116]. FAO is asso-
ciated with long-term persistence of cells maintaining 
CD8+ T memory cells phenotypes [18, 117]. Glycolysis 
is associated with short-term persistence and high pro-
liferation of cells maintaining CD8+ Teffs phenotypes. 
STAT3 reprogram metabolisms through promoting FAO 
and inhibiting glycolysis in CD8+ Teffs, leading to sup-
pression of anti-tumor response [118]. STAT3-induced 
inhibition of glycolysis is associated with reduced secre-
tion of IFN-γ and other T helper cell 1 (Th1) cytokines 
[118]. Therefore, the leptin-STAT3-FAO axis is the medi-
ator between obesity and impaired anti-tumor immune 
response. In order to study the effect of obesity on anti-
tumor immune responses, Ringel et  al. compared the 
effect of high-fat diet (HFD) on the metabolism of tumor 
cells and T cells [119]. They found that, compared to 
control diet (CD), cancer cells took up more fatty acids 
but CD8+ T cells did not increase the utilization of fatty 
acids. This indicated that, when feeding HFD in mice, 
tumor cells demonstrated higher metabolic adaptability 
than CD8+ T cells and probably induced low fatty acid 
uptake of CD8+ T cells, inhibiting anti-tumor immune 
responses of CD8+ T cells. When overexpressing pro-
lyl hydroxylase-3 (PHD3) to inhibit fatty acid uptake of 
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tumor cells in mice, anti-tumor immune responses medi-
ated by CD8+ T cells were enhanced [119].

In the anaerobic intestinal microenvironment, gut 
microbiota can convert polysaccharides that cannot 
be absorbed by the gastrointestinal tract into short-
chain fatty acids (SCFAs), such as acetate, butyrate and 
propionate [120]. He et  al. found that the gut micro-
bial metabolite butyrate stimulates the IL-12 signaling 
pathway to promote CD8+ T cell-mediated anti-tumor 
response, leading to improved efficacy of the oxaliplatin 
therapy. Accordingly, the oxaliplatin-sensitive patients 
show higher level of serum butyrate as compared with 
that of patients with oxaliplatin-resistant tumor [121]. 
The intestinal flora of obese patients is often dysbiotic, 
and the abundance of gut microbiota producing SCFAs, 
especially butyrate producing-bacteria, is lower than 
people with normal body mass index [122]. In summary, 
the study on the relationship among obesity, microbial 
metabolism, and immune cells may become a promising 
field for future cancer treatment.

The therapeutic clues offered by immunometabolic 
alterations for cancer patients
Inhibiting tumor progression through metabolic manipu-
lation has been widely studied. For example, glutamine-
synthetase (GS) catalyzes the conversion of glutamate 
to glutamine. When GS is specifically inhibited in mac-
rophages, intracellular succinate is increased and intra-
cellular glutamine is reduced, accompanied with elevated 
glycolysis and a phenotypic switch from M2 to M1 
[123]. Compared with immunosuppressive M2 pheno-
type, M1-like macrophages induced by pharmacologic 
inhibition of GS recruit T cells to resist tumor cells. 
Macrophage-specific GS inhibition in tumor-bearing 
mice shows increased accumulation of cytotoxic T cells 
with the inhibition of metastasis. Targeting GS through 
genetic deletion or pharmacological inhibition provides 
optimism for preventing cancer metastasis [123].

Metabolism-induced dysfunction of NK cells in the 
TME has brought significant obstacles to cancer treat-
ment, so the therapeutics targeting NK cell metabolism 
may greatly improve the efficacy of cancer treatment. 
STAT3 signaling plays a key role in mediating Warburg 
effect, which is beneficial to the survival of tumor cells in 
the TME with nutritional deficiency [124]. Based on this, 
Poznanski et al. studied a special type of NK cells, whose 
expansion were driven by STAT3/IL-2 signaling [70]. 
They found that expanded NK (exNK) cells up-regulated 
glycolysis and down-regulated OXPHOS, showing meta-
bolic changes similar to Warburg effect of tumor cells. 
In the previous chapter, we have mentioned that pbNK 
cells in the asc-TME show oxidative damage, which 
induces disordered metabolism and impaired anti-tumor 

immune function. Poznanski et al. compared exNK cells 
with pbNK cells from the perspective of metabolism and 
function [70]. They found that exNK cells could down-
regulate the expression of proteins related to oxidative 
damage and upregulate the expression of proteins related 
to DNA repair, thus resisting oxidative stress. In addition, 
exNK cells showed flexible utilization of metabolic sub-
strates through expressing enzymes associated with one-
carbon metabolism, folate metabolism, serine synthesis 
pathways. Compared with pbNK cells, exNK cells in the 
asc-TME showed a stronger ability to kill cancer cells. 
exNK cells with metabolic flexibility and adaptability 
can better adapt to the TME and exhibit enhanced anti-
tumor ability, so they may have a broader impact in the 
field of cancer treatment.

Liu et al. found that Tregs and tumor cells in the TME 
could induce lipid metabolism alteration of T cells 
through promoting the expression of group IVA phos-
pholipase A and eventually induce T cell senescence 
[125]. Senescent T cells showed reduced ability to kill 
tumor cells. After inhibiting group IVA phospholipase 
A in T cells in mouse models with breast cancer and 
melanoma, they found that lipid metabolism of T cells 
was reprogrammed and anti-tumor ability of T cells was 
enhanced [125]. Therefore, targeting lipid metabolism in 
T cells is probably synergistic to enhance the therapeu-
tic effect of cancer therapy. Compared to other tissues, 
Tregs in cancer tissues show high expression of CD36, 
which can promote adaptation of Treg in the TME with 
high lactate levels through peroxisome proliferator-
activated receptor-β signaling [126]. Mouse models 
with genetic knockout of CD36 in Tregs show reduced 
tumor-infiltrated Tregs and increased anti-tumor T cells 
[126]. Therefore, targeting CD36 in Tregs probably inhib-
its metabolic fitness of Tregs in the TME and improves 
tumor prognosis. In addition to Tregs, CD36 also affects 
the metabolism and function of CD8+ T cells. CD36 
expressed on the CD8+ T cell surface promotes oxidized 
low-density lipoproteins (OxLDL) uptake by CD8+ T 
cells, inducing lipid peroxidation and activating down-
stream P38 kinase [127]. Xu et al. found that dysfunction 
of CD8+ TILs was recovered when reducing lipid peroxi-
dation through overexpressing glutathione peroxidase 4 
[127]. This suggests that therapy targeting the CD36/ 
lipid peroxidation axis has the potential to enhance anti-
tumor immunity. Bian et al. found that tumor consumes 
methionine far more than T cells through higher expres-
sion of the methionine transporter SLC43A2 [128]. The 
low level of methionine in T cells led to loss of dimeth-
ylation at lysine 79 of histone H3 (H3K79me2) and low 
expression of STAT5, thus inhibiting the immune func-
tion of T cells. After supplementing methionine in 
tumor-bearing mice or inhibiting SLC43A2 expression 
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in tumor cells, H3K79me2 and STAT5 expression were 
elevated and anti-tumor immune response of T cells was 
elevated [128].

Adjuvant therapy informed by metabolic 
reprogramming for other cancer therapies
Targeting metabolism gradually becomes an effective 
option of adjuvant therapy to numerous promising anti-
cancer therapies including (I) adoptive transfer proto-
cols of autologous T cells; (II) oncolytic viruses; and (III) 
immune checkpoint blockade. Metabolic manipulation 
can combine with these approaches to augment the anti-
tumor immune response.

In adoptive transfer protocols of autologous T cells, the 
effect of metabolic manipulation during in  vitro cultur-
ing has been reported [12]. For example, glycolysis of T 
cells cultured in  vitro can be inhibited through block-
ing hexokinase with the glucose analogue 2-deoxyglu-
cose (2-DG). This treatment promotes the generation of 
T cells possessing memory phenotype associated with 
improved survival and superior anti-tumor effector func-
tion (Table  1) [129]. Memory-associated metabolism 
(such as FAO and OXPHOS) of T cells cultured in vitro 
can be augmented through the use of small-molecule 
inhibitors that promote mitochondrial fusion and inhibit 
mitochondrial fission. Such treatment generates CD8+ T 
cells with superior anti-tumor function [16].

Oncolytic viruses induce tumor cell lysis and initiate 
immune responses. However, oncolytic viruses-initiated 
immune response may not be sufficient due to the TME 
with limited nutrients. Engineering oncolytic viruses to 
express leptin can augment anti-tumor response. Leptin 
can reprogram metabolism through increasing FAO and 
OXPHOS, and it also promotes mitochondrial biogen-
esis, inducing differentiation of T cells into memory-like 
phenotypes which is critical to generate efficient anti-
tumor effects (Table  1) [130]. Consistently, abundant T 
memory cell populations are observed with concordant 
anti-tumor response in the TME after leptin-expressing 
oncolytic virus therapy. Therefore, enabling oncolytic 
viruses to import metabolic regulators into the TME may 
further improve their anti-tumor response [130].

Immunotherapy with PD-1 blockade has been widely 
used, but there are still significant portion of patients 
with less optimal response to the treatment. Mito-
chondrial activators include ROS, uncouplers, AMPK 
activators, mTOR activators, and PGC1α activators. 
Mitochondrial uncouplers have been shown to synergize 
with PD-1 blockade. When the AMPK and the mTOR 
pathway associated with mitochondrial metabolism are 
activated, their downstream PGC1α and T-box expressed 
in T cells (T-bet) are induced to up-regulate, which acti-
vates FAO and OXPHOS and promotes mitochondrial 
expansion in tumor-reactive CTLs, finally enhancing 
activation and proliferation of CTLs (Table  1). In con-
clusion, the therapeutic efficacy of PD-1 blockade can be 
enhanced when synergizing with mitochondrial activa-
tors which recover mitochondrial metabolism. Recently, 
PGC1α activators bezafibrate and oltipraz have moved 
into clinical study [131].

The therapeutic significance of metabolism has been 
evaluated in several clinical trials targeting immunome-
tabolism to improve anti-tumor response. For example, 
Mussai et al. found that arginase II activity in AML blasts 
could induce a low arginine microenvironment which 
was associated with T cell exhaustion. Targeting argin-
ase II ex vivo enhanced chimeric antigen receptor T cell 
(CAR-T cell) proliferation and cytotoxicity to resist AML 
blasts. Therefore, measuring arginine concentration in 
the plasma and inhibiting arginase have a good prospect 
to enhance the effect of immunotherapy to treat AML 
blasts [132]. In addition, a large number of patients with 
metastatic melanoma show no or minimal responses 
to ICB therapy. Mussai et  al. reported that defective 
expression of ornithine transcarbamylase (OTC) and 
argininosuccinate synthetase (ASS) induces arginine-
auxotrophic tumor cells and causes these tumor cells to 
depend on extracellular arginine [133]. In a phase I study 
(NCT02285101), De Santo et  al. first reported that an 
arginine-auxotrophic melanoma patient with resistance 
to ICB therapy was treated with pegylated recombinant 
arginase BCT-100 to induce systemic arginine deple-
tion and exhibited tumor remission with the duration 
of 30 months [134]. This case shows that ICB therapy 

Table 1  The synergy between targeting metabolism and existing anti-cancer therapies

Existing Anti-cancer Therapies Metabolic Manipulation Purpose Of Manipulation Synergistic Mechanism Reference

Adoptive transfer protocols of 
autologous T cells

Glucose analog 2-DG Inhibiting glycolysis Generation of T cells with memory 
phenotype

Sukumar et al .[129]

Oncolytic viruses Engineering oncolytic 
viruses to express leptin

Increasing FAO and 
OXPHOS and promoting 
mitochondrial biogenesis

Differentiation of T cells into 
memory-like phenotype

Rivadeneira et al .[130]

Immune checkpoint blockade Mitochondrial activators Activating FAO and 
OXPHOS and promoting 
mitochondrial expansion

Enhanced activation and prolifera-
tion of CTLs

Chamoto et al .[131]
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may be combined with BCT-100 metabolic therapy to 
improve the curative effect for arginine-auxotrophic mel-
anoma in the future.

Targeting metabolism in cancer cells can not only affect 
the malignant population but also immune cells. Two 
major pathways have been implicated to prevent this 
phenomenon. The first pathway is to augment immune 
cells with not promoting survival and growth of tumor 
cells. The second pathway is to inhibit metabolisms 
which cancer cells are addicted to but immune cells show 
little dependence on [12]. The mechanism of the second 
pathway is associated with the relative metabolic inflex-
ibility of tumor cells, as compared to immune cells. For 
example, tumor cells show strict dependence on glyco-
lysis, but T cells can sustain glucose deprivation through 
differentiating into longer-lasting anti-tumor memory T 
cells, which exhibit minimal dependence on glycolysis 
[129, 135].

Conclusion and future perspective
Metabolism plays a central role in cellular survival. 
Immune cells display distinct metabolic characteristics 
as compared to malignant cells. Therefore, insights into 
the unique metabolic pattern of immune cells allow us 
to enhance the immune system on the surveillance and 
inhibition of tumor progression. In addition, develop-
ment of novel technologies enables new therapeutic 
opportunities to target metabolism. Application of such 
metabolism-targeting therapies may bring in therapeutic 
benefits to cancer patients, adding potential synergy with 
immune therapies.
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stabilizing long noncoding RNA; HIF-1α: Hypoxia-inducible factor 1α; HK2: 
Hexokinase 2; HO-1: Heme-oxygenase1; H3K97me2: Dimethylation at lysine 
79 of histone H3; ICB: Immune checkpoint blockade; IDH: Isocitrate dehydro-
genase; IDO: Indoleamine 2,3-dioxygenase; IGF-1: Insulin-like growth factor 
1; IFI204: Interferon inducible protein 204; IFN-γ: Interferon-γ; IL: Interleukin; 
iNOS: Inducible nitric oxide synthase; IRE1α: Inositol-requiring enzyme 1; 
LCFAs: Long-chain fatty acids; LDH: Lactate dehydrogenase; LGG: Lower-grade 
glioma; LKB1: Liver kinase B1 (LKB1); MAPK: Mitogen-activated protein kinase; 
MDSCs: Myeloid-derived suppressor cells; MHC: Major histocompatibility 

complex; mTOR: Mammalian target of rapamycin; NIK: NF-κB-inducing kinase; 
NK: Natural killer; OPA1: Optic atrophy 1; OTC: Ornithine transcarbamylase; 
OxLDL: Oxidized low-density lipoproteins; OXPHOS: Oxidative phosphoryla-
tion; pbNK: Peripheral blood NK; PCK1: Phosphoenolpyruvate carboxykinase 
1; PD-L1: Programmed death-ligand 1; PDPK1: 3-phosphoinositide-dependent 
protein kinase 1; PEP: Phosphoenolpyruvate; PGC1α: PPAR-γ co-activator 1α; 
PHD3: Prolyl hydroxylase-3; PI3K: Phosphatidylinositol-3-OH kinase; PPAR: 
Peroxisome proliferator-activated receptor; PPP: Pentose phosphate pathway; 
pResMφ: Peritoneal tissue-resident macrophages; PTEN: Phosphatase and 
tensin homolog; RIG1: Retinoic acid inducible gene 1; ROS: Reactive oxygen 
species; R-2-HG: R-2-hydroxyglutarate; SCF: Stem cell factor; SCFAs: Short-chain 
fatty acids; SENP3: SUMO-specific protease 3; SERCA​: Sarco/endoplasmic 
reticulum Ca2+-ATPase; SREBP: Sterol regulatory element-binding protein; 
TAMs: Tumor-associated macrophages; TANs: Tumor-associated neutrophils; 
taNK: Tumor-associated NK; T-bet: T-box expressed in T cells; TCA​: Tricarboxylic 
acid; TCR​: T-cell receptor; Teff: Effector T cell; TET: Ten-eleven translocations; 
Tregs: Regulatory T cells; TSC1: Tuberous sclerosis complex subunit 1; Th17: T 
helper cell 17; Th1: T helper cell 1; TILs: Tumor-infiltrating T lymphocytes; TME: 
Tumor microenvironment; TNBC: Triple-negative breast cancer; UDP-GlcNAc: 
Uridine diphosphate N-acetylglucosamine; VLCAD: Very-long-chain acyl-CoA 
dehydrogenase; XBP1: X-box-binding protein 1; 1CMet: One-carbon metabolic 
network; 2-HG: 2-hydroxyglutarate; 2-DG: 2-deoxyglucose.

Acknowledgements
We thank the members of Shengtao Zhou’s Lab for helpful discussion.

Authors’ contributions
X.L., K. Y, R.L., and M.L. wrote the manuscript. X.L., J.Z., and B.Z. designed the 
Figs. W.W., P.W., and S.Z. designed the study and edited the manuscript. The 
author(s) read and approved the final manuscript.

Funding
K.Y. is supported by the Computational Genomic Epidemiology of Cancer 
(CoGEC) Program at Case Comprehensive Cancer Center (T32CA094186), 
Young Investigator Award in Glioblastoma from ASCO Conquer Cancer 
Foundation, and RSNA Research Resident Grant. S.Z. is supported by National 
Natural Science Foundation of China (81822034, 81821002, and 81773119), 
National Key Research and Development Program of China (2017YFA0106800 
and 2018YFA0109200), Sichuan Science-Technology International Cooperation 
Project (2019YFH0144), and Direct Scientific Research Grants from West China 
Second Hospital, Sichuan University (KS021 and K1907). P.W. is supported by 
National Key Research and Development Program of China (2021YFC2009100 
and 2021YFC2009102) and Sichuan Science-Technology Key Project 
(2021YFS0015).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
We declare no conflict of interest.

Author details
1 Department of Obstetrics and Gynecology, Key Laboratory of Birth Defects 
and Related Diseases of Women and Children of MOE and State Key Labora-
tory of Biotherapy, West China Second Hospital, Sichuan University and Col-
laborative Innovation Center, Chengdu 610041, Sichuan, China. 2 Department 
of Radiation Oncology, Taussig Cancer Center, Cleveland Clinic, Cleveland, OH 
44195, USA. 3 Department of Obstetrics and Gynecology, Wenzhou People’s 
Hospital, Wenzhou, Zhejiang 325000, China. 4 West China School of Basic 
Medical Sciences & Forensic Medicine, Chengdu 610041, Sichuan, China. 
5 Department of Pathology, West China Second Hospital, Sichuan University, 
Chengdu 610041, Sichuan, China. 



Page 14 of 17Lian et al. Molecular Cancer           (2022) 21:27 

Received: 1 October 2021   Accepted: 20 December 2021

References
	 1.	 Zheng Y, Delgoffe G, Meyer C, Chan W, Powell J. Anergic T cells are 

metabolically anergic. J Immunol. 2009;183:6095–101.
	 2.	 Shi L, Wang R, Huang G, Vogel P, Neale G, Green D, et al. HIF1alpha-

dependent glycolytic pathway orchestrates a metabolic checkpoint for 
the differentiation of TH17 and Treg cells. J Exp Med. 2011;208:1367–76.

	 3.	 Krawczyk C, Holowka T, Sun J, Blagih J, Amiel E, DeBerardinis R, et al. 
Toll-like receptor-induced changes in glycolytic metabolism regulate 
dendritic cell activation. Blood. 2010;115:4742–9.

	 4.	 Blagih J, Coulombe F, Vincent E, Dupuy F, Galicia-Vázquez G, Yurchenko 
E, et al. The energy sensor AMPK regulates T cell metabolic adaptation 
and effector responses in vivo. Immunity. 2015;42:41–54.

	 5.	 Delgoffe G, Kole T, Zheng Y, Zarek P, Matthews K, Xiao B, et al. The mTOR 
kinase differentially regulates effector and regulatory T cell lineage 
commitment. Immunity. 2009;30:832–44.

	 6.	 Sag D, Carling D, Stout R, Suttles J. Adenosine 5′-monophosphate-
activated protein kinase promotes macrophage polarization to an anti-
inflammatory functional phenotype. J Immunol. 2008;181:8633–41.

	 7.	 Fischer K, Hoffmann P, Voelkl S, Meidenbauer N, Ammer J, Edinger M, 
et al. Inhibitory effect of tumor cell-derived lactic acid on human T cells. 
Blood. 2007;109:3812–9.

	 8.	 Mendler A, Hu B, Prinz P, Kreutz M, Gottfried E, Noessner E. Tumor lactic 
acidosis suppresses CTL function by inhibition of p38 and JNK/c-Jun 
activation. Int J Cancer. 2012;131:633–40.

	 9.	 Calcinotto A, Filipazzi P, Grioni M, Iero M, De Milito A, Ricupito A, et al. 
Modulation of microenvironment acidity reverses anergy in human and 
murine tumor-infiltrating T lymphocytes. Cancer Res. 2012;72:2746–56.

	 10.	 Colegio O, Chu N, Szabo A, Chu T, Rhebergen A, Jairam V, et al. Func-
tional polarization of tumour-associated macrophages by tumour-
derived lactic acid. Nature. 2014;513:559–63.

	 11.	 Frauwirth K, Riley J, Harris M, Parry R, Rathmell J, Plas D, et al. The 
CD28 signaling pathway regulates glucose metabolism. Immunity. 
2002;16:769–77.

	 12.	 Patel C, Leone R, Horton M, Powell J. Targeting metabolism to regulate 
immune responses in autoimmunity and cancer. Nat Rev Drug Discov. 
2019;18:669–88.

	 13.	 Zheng Y, Collins S, Lutz M, Allen A, Kole T, Zarek P, et al. A role for mam-
malian target of rapamycin in regulating T cell activation versus anergy. 
J Immunol. 2007;178:2163–70.

	 14.	 Peng M, Yin N, Chhangawala S, Xu K, Leslie C, Li M. Aerobic glycolysis 
promotes T helper 1 cell differentiation through an epigenetic mecha-
nism. Science. 2016;354:481–4.

	 15.	 Lee J, Walsh M, Hoehn K, James D, Wherry E, Choi Y. Regulator of fatty 
acid metabolism, acetyl coenzyme a carboxylase 1, controls T cell 
immunity. J Immunol. 2014;192:3190–9.

	 16.	 Buck M, O’Sullivan D, Klein Geltink R, Curtis J, Chang C, Sanin D, et al. 
Mitochondrial dynamics controls T cell fate through metabolic pro-
gramming. Cell. 2016;166:63–76.

	 17.	 Pearce E, Walsh M, Cejas P, Harms G, Shen H, Wang L, et al. Enhanc-
ing CD8 T-cell memory by modulating fatty acid metabolism. Nature. 
2009;460:103–7.

	 18.	 van der Windt G, Everts B, Chang C, Curtis J, Freitas T, Amiel E, et al. 
Mitochondrial respiratory capacity is a critical regulator of CD8+ T cell 
memory development. Immunity. 2012;36:68–78.

	 19.	 Yang W, Bai Y, Xiong Y, Zhang J, Chen S, Zheng X, et al. Potentiating 
the antitumour response of CD8(+) T cells by modulating cholesterol 
metabolism. Nature. 2016;531:651–5.

	 20.	 Uyttenhove C, Pilotte L, Théate I, Stroobant V, Colau D, Parmentier N, 
et al. Evidence for a tumoral immune resistance mechanism based on 
tryptophan degradation by indoleamine 2,3-dioxygenase. Nat Med. 
2003;9:1269–74.

	 21.	 Munn D, Sharma M, Lee J, Jhaver K, Johnson T, Keskin D, et al. Potential 
regulatory function of human dendritic cells expressing indoleamine 
2,3-dioxygenase. Science. 2002;297:1867–70.

	 22.	 Lee G, Park H, Macleod M, Chandler P, Munn D, Mellor A. Tryptophan 
deprivation sensitizes activated T cells to apoptosis prior to cell division. 
Immunology. 2002;107:452–60.

	 23.	 Rodriguez P, Quiceno D, Zabaleta J, Ortiz B, Zea A, Piazuelo M, et al. 
Arginase I production in the tumor microenvironment by mature 
myeloid cells inhibits T-cell receptor expression and antigen-specific 
T-cell responses. Cancer Res. 2004;64:5839–49.

	 24.	 Srivastava M, Sinha P, Clements V, Rodriguez P, Ostrand-Rosenberg S. 
Myeloid-derived suppressor cells inhibit T-cell activation by depleting 
cystine and cysteine. Cancer Res. 2010;70:68–77.

	 25.	 Munn D, Sharma M, Johnson T. Treg destabilization and repro-
gramming: implications for cancer immunotherapy. Cancer Res. 
2018;78:5191–9.

	 26.	 Pacella I, Procaccini C, Focaccetti C, Miacci S, Timperi E, Faicchia D, et al. 
Fatty acid metabolism complements glycolysis in the selective regula-
tory T cell expansion during tumor growth. Proc Natl Acad Sci U S A. 
2018;115:E6546–55.

	 27.	 Xu R, Wu M, Liu S, Shang W, Li R, Xu J, et al. Glucose metabolism char-
acteristics and TLR8-mediated metabolic control of CD4 Treg cells in 
ovarian cancer cells microenvironment. Cell Death Dis. 2021;12:22.

	 28.	 Weinberg S, Singer B, Steinert E, Martinez C, Mehta M, Martínez-Reyes 
I, et al. Mitochondrial complex III is essential for suppressive function of 
regulatory T cells. Nature. 2019;565:495–9.

	 29.	 Field C, Baixauli F, Kyle R, Puleston D, Cameron A, Sanin D, et al. 
Mitochondrial integrity regulated by lipid metabolism is a cell-intrinsic 
checkpoint for treg suppressive function. Cell Metab. 2020;31:422–437.
e425.

	 30.	 Kurniawan H, Franchina D, Guerra L, Bonetti L, −Baguet L, Grusdat M, 
Schlicker L, Hunewald O, Dostert C, Merz M, et al: Glutathione Restricts 
Serine Metabolism to Preserve Regulatory T Cell Function. Cell Metab. 
2020, 31:920–936.e927.

	 31.	 Sukumar M, Roychoudhuri R, Restifo N. Nutrient competition: a new 
Axis of tumor immunosuppression. Cell. 2015;162:1206–8.

	 32.	 Zhao E, Maj T, Kryczek I, Li W, Wu K, Zhao L, et al. Cancer mediates effec-
tor T cell dysfunction by targeting microRNAs and EZH2 via glycolysis 
restriction. Nat Immunol. 2016;17:95–103.

	 33.	 Gu M, Zhou X, Sohn J, Zhu L, Jie Z, Yang J, et al. NF-κB-inducing kinase 
maintains T cell metabolic fitness in antitumor immunity. Nat Immunol. 
2021;22:193–204.

	 34.	 Gemta L, Siska P, Nelson M, Gao X, Liu X, Locasale J, et al. Impaired eno-
lase 1 glycolytic activity restrains effector functions of tumor-infiltrating 
CD8 T cells. Sci Immunol. 2019;4:eaap9520.

	 35.	 Ho P, Bihuniak J, Macintyre A, Staron M, Liu X, Amezquita R, et al. 
Phosphoenolpyruvate is a metabolic checkpoint of anti-tumor T cell 
responses. Cell. 2015;162:1217–28.

	 36.	 Zhang Y, Kurupati R, Liu L, Zhou X, Zhang G, Hudaihed A, et al. Enhanc-
ing CD8 T cell fatty acid catabolism within a metabolically challenging 
tumor microenvironment increases the efficacy of melanoma immuno-
therapy. Cancer Cell. 2017;32:377–391.e379.

	 37.	 Manzo T, Prentice B, Anderson K, Raman A, Schalck A, Codreanu G, et al. 
Accumulation of long-chain fatty acids in the tumor microenviron-
ment drives dysfunction in intrapancreatic CD8+ T cells. J Exp Med. 
2020;217:e20191920.

	 38.	 Ma G, Li C, Zhang Z, Liang Y, Liang Z, Chen Y, et al. Targeted glucose or 
glutamine metabolic therapy combined with PD-1/PD-L1 checkpoint 
blockade immunotherapy for the treatment of tumors - mechanisms 
and strategies. Front Oncol. 2021;11:697894.

	 39.	 Edwards D, Ngwa V, Raybuck A, Wang S, Hwang Y, Kim L, et al. Selective 
glutamine metabolism inhibition in tumor cells improves antitumor 
T lymphocyte activity in triple-negative breast cancer. J Clin Invest. 
2021;131:e140100.

	 40.	 Leone R, Zhao L, Englert J, Sun I, Oh M, Sun I, et al. Glutamine blockade 
induces divergent metabolic programs to overcome tumor immune 
evasion. Science. 2019;366:1013–21.

	 41.	 Liu Y, Yang J, Huang D, Ni H, Zhang C, Zhang L, et al. Hypoxia induces 
mitochondrial defect that promotes T cell exhaustion in tumor 
microenvironment through myc-regulated pathways. Front Immunol. 
2020;11:1906.

	 42.	 van der Windt G, O’Sullivan D, Everts B, Huang S, Buck M, Curtis J, et al. 
CD8 memory T cells have a bioenergetic advantage that underlies their 
rapid recall ability. Proc Natl Acad Sci U S A. 2013;110:14336–41.



Page 15 of 17Lian et al. Molecular Cancer           (2022) 21:27 	

	 43.	 Rosser E, Mauri C. The emerging field of regulatory B cell immunome-
tabolism. Cell Metab. 2021;33:1088–97.

	 44.	 Mauri C, Bosma A. Immune regulatory function of B cells. Ann Rev 
Immunol. 2012;30:221–41.

	 45.	 Meng X, Grötsch B, Luo Y, Knaup K, Wiesener M, Chen X, et al. Hypoxia-
inducible factor-1α is a critical transcription factor for IL-10-producing B 
cells in autoimmune disease. Nat Commun. 2018;9:251.

	 46.	 Ishigami E, Sakakibara M, Sakakibara J, Masuda T, Fujimoto H, Hayama S, 
et al. Coexistence of regulatory B cells and regulatory T cells in tumor-
infiltrating lymphocyte aggregates is a prognostic factor in patients 
with breast cancer. Breast Cancer. 2019;26:180–9.

	 47.	 Ramakrishnan R, Tyurin V, Tuyrin V, Veglia F, Condamine T, Amoscato A, 
et al. Oxidized lipids block antigen cross-presentation by dendritic cells 
in cancer. J Immunol. 2014;192:2920–31.

	 48.	 Cubillos-Ruiz J, Silberman P, Rutkowski M, Chopra S, Perales-Puchalt A, 
Song M, et al. ER stress sensor XBP1 controls anti-tumor immunity by 
disrupting dendritic cell homeostasis. Cell. 2015;161:1527–38.

	 49.	 Shi L, Chen X, Zang A, Li T, Hu Y, Ma S, et al. TSC1/mTOR-controlled 
metabolic-epigenetic cross talk underpins DC control of CD8+ T-cell 
homeostasis. Plos Biol. 2019;17:e3000420.

	 50.	 Everts B, Amiel E, Huang S, Smith A, Chang C, Lam W, et al. TLR-driven 
early glycolytic reprogramming via the kinases TBK1-IKKɛ supports 
the anabolic demands of dendritic cell activation. Nat Immunol. 
2014;15:323–32.

	 51.	 Du X, Wen J, Wang Y, Karmaus P, Khatamian A, Tan H, et al. Hippo/Mst 
signalling couples metabolic state and immune function of CD8α 
dendritic cells. Nature. 2018;558:141–5.

	 52.	 Wu H, Han Y, Rodriguez Sillke Y, Deng H, Siddiqui S, Treese C, et al. 
Lipid droplet-dependent fatty acid metabolism controls the immune 
suppressive phenotype of tumor-associated macrophages. EMBO Mol 
Med. 2019;11:e10698.

	 53.	 Gao Z, Li Y, Wang F, Huang T, Fan K, Zhang Y, et al. Mitochondrial dynam-
ics controls anti-tumour innate immunity by regulating CHIP-IRF1 axis 
stability. Nat Commun. 2017;8:1805.

	 54.	 Liu N, Luo J, Kuang D, Xu S, Duan Y, Xia Y, et al. Lactate inhibits 
ATP6V0d2 expression in tumor-associated macrophages to promote 
HIF-2α-mediated tumor progression. J Clin Invest. 2019;129:631–46.

	 55.	 Chen F, Chen J, Yang L, Liu J, Zhang X, Zhang Y, et al. Extracellular 
vesicle-packaged HIF-1α-stabilizing lncRNA from tumour-associated 
macrophages regulates aerobic glycolysis of breast cancer cells. Nat 
Cell Biol. 2019;21:498–510.

	 56.	 Zhang Y, Yu G, Chu H, Wang X, Xiong L, Cai G, et al. Macrophage-
associated PGK1 phosphorylation promotes aerobic glycolysis and 
tumorigenesis. Mol Cell. 2018;71:201–215.e207.

	 57.	 Weiss J, Davies L, Karwan M, Ileva L, Ozaki M, Cheng R, et al. Itaconic 
acid mediates crosstalk between macrophage metabolism and perito-
neal tumors. J Clin Invest. 2018;128:3794–805.

	 58.	 Adeshakin A, Liu W, Adeshakin F, Afolabi L, Zhang M, Zhang G, et al. 
Regulation of ROS in myeloid-derived suppressor cells through target-
ing fatty acid transport protein 2 enhanced anti-PD-L1 tumor immuno-
therapy. Cell Immunol. 2021;362:104286.

	 59.	 Yan D, Adeshakin A, Xu M, Afolabi L, Zhang G, Chen Y, et al. Lipid meta-
bolic pathways confer the immunosuppressive function of myeloid-
derived suppressor cells in tumor. Front Immunol. 2019;10:1399.

	 60.	 Xin G, Chen Y, Topchyan P, Kasmani M, Burns R, Volberding P, et al. Tar-
geting PIM1-mediated metabolism in myeloid suppressor cells to treat 
cancer. Cancer Immunol Res. 2021;9:454–69.

	 61.	 Jian S, Chen W, Su Y, Su Y, Chuang T, Hsu S, et al. Glycolysis regulates 
the expansion of myeloid-derived suppressor cells in tumor-bearing 
hosts through prevention of ROS-mediated apoptosis. Cell Death Dis. 
2017;8:e2779.

	 62.	 Leliefeld P, Koenderman L, Pillay J. How neutrophils shape adaptive 
immune responses. Front Immunol. 2015;6:471.

	 63.	 Maianski N, Geissler J, Srinivasula S, Alnemri E, Roos D, Kuijpers T. Func-
tional characterization of mitochondria in neutrophils: a role restricted 
to apoptosis. Cell Death Differ. 2004;11:143–53.

	 64.	 Rice C, Davies L, Subleski J, Maio N, Gonzalez-Cotto M, Andrews C, et al. 
Tumour-elicited neutrophils engage mitochondrial metabolism to 
circumvent nutrient limitations and maintain immune suppression. Nat 
Commun. 2018;9:5099.

	 65.	 Rogers T, DeBerardinis R. Metabolic plasticity of neutrophils: relevance 
to pathogen responses and cancer. Trends Cancer. 2021;7:700–13.

	 66.	 Michaeli J, Shaul M, Mishalian I, Hovav A, Levy L, Zolotriov L, et al. 
Tumor-associated neutrophils induce apoptosis of non-activated CD8 
T-cells in a TNFα and NO-dependent mechanism, promoting a tumor-
supportive environment. Oncoimmunology. 2017;6:e1356965.

	 67.	 Domagala J, Lachota M, Klopotowska M, Graczyk-Jarzynka A, Domagala 
A, Zhylko A, et al. The tumor microenvironment-a metabolic obstacle to 
NK cells’ activity. Cancers. 2020;12:3542.

	 68.	 Isaacson B, Mandelboim O. Sweet killers: NK cells need glycolysis to kill 
tumors. Cell Metab. 2018;28:183–4.

	 69.	 Xie D, Zhu S, Bai L. Lactic acid in tumor microenvironments causes 
dysfunction of NKT cells by interfering with mTOR signaling. Sci China 
Life Sci. 2016;59:1290–6.

	 70.	 Poznanski S, Singh K, Ritchie T, Aguiar J, Fan I, Portillo A, et al. Metabolic 
flexibility determines human NK cell functional fate in the tumor micro-
environment. Cell Metab. 2021;33:1205–1220.e1205.

	 71.	 Loftus R, Assmann N, Kedia-Mehta N, O’Brien K, Garcia A, Gillespie 
C, et al. Amino acid-dependent cMyc expression is essential for NK 
cell metabolic and functional responses in mice. Nat Commun. 
2018;9:2341.

	 72.	 Probst B, Trevino I, McCauley L, Bumeister R, Dulubova I, Wigley W, et al. 
RTA 408, a novel synthetic triterpenoid with broad anticancer and anti-
inflammatory activity. Plos One. 2015;10:e0122942.

	 73.	 Harmon C, Robinson M, Hand F, Almuaili D, Mentor K, Houlihan D, et al. 
Lactate-mediated acidification of tumor microenvironment induces 
apoptosis of liver-resident NK cells in colorectal liver metastasis. Cancer 
Immunol Res. 2019;7:335–46.

	 74.	 Hu Z, Xu X, Wei H. The adverse impact of tumor microenvironment on 
NK-cell. Front Immunol. 2021;12:633361.

	 75.	 Zheng X, Qian Y, Fu B, Jiao D, Jiang Y, Chen P, et al. Mitochondrial 
fragmentation limits NK cell-based tumor immunosurveillance. Nat 
Immunol. 2019;20:1656–67.

	 76.	 Tommasini-Ghelfi S, Murnan K, Kouri F, Mahajan A, May J, Stegh A. 
Cancer-associated mutation and beyond: The emerging biology of 
isocitrate dehydrogenases in human disease. Sci Adv. 2019;5:eaaw4543.

	 77.	 Kohanbash G, Carrera D, Shrivastav S, Ahn B, Jahan N, Mazor T, et al. 
Isocitrate dehydrogenase mutations suppress STAT1 and CD8+ T cell 
accumulation in gliomas. J Clin Invest. 2017;127:1425–37.

	 78.	 Bunse L, Pusch S, Bunse T, Sahm F, Sanghvi K, Friedrich M, et al. Suppres-
sion of antitumor T cell immunity by the oncometabolite (R)-2-hydroxy-
glutarate. Nat Med. 2018;24:1192–203.

	 79.	 Lucca L, Hafler D. Resisting fatal attraction: a glioma oncometabolite 
prevents CD8+ T cell recruitment. J Clin Invest. 2017;127:1218–20.

	 80.	 Tyrakis P, Palazon A, Macias D, Lee K, Phan A, Veliça P, et al. S-2-hydroxy-
glutarate regulates CD8 T-lymphocyte fate. Nature. 2016;540:236–41.

	 81.	 Böttcher M, Renner K, Berger R, Mentz K, Thomas S, Cardenas-Conejo Z, 
et al. D-2-hydroxyglutarate interferes with HIF-1α stability skewing T-cell 
metabolism towards oxidative phosphorylation and impairing Th17 
polarization. Oncoimmunology. 2018;7:e1445454.

	 82.	 Brand A, Singer K, Koehl G, Kolitzus M, Schoenhammer G, Thiel A, et al. 
LDHA-associated lactic acid production blunts tumor immunosurveil-
lance by T and NK cells. Cell Metab. 2016;24:657–71.

	 83.	 Hu Z, Qu G, Yu X, Jiang H, Teng X, Ding L, et al. Acylglycerol kinase main-
tains metabolic state and immune responses of CD8 T cells. Cell Metab. 
2019;30:290–302.e295.

	 84.	 Zhang L, Romero P. Metabolic control of CD8 T cell fate decisions and 
antitumor immunity. Trends Mol Med. 2018;24:30–48.

	 85.	 Pollizzi K, Sun I, Patel C, Lo Y, Oh M, Waickman A, et al. Asymmetric 
inheritance of mTORC1 kinase activity during division dictates CD8(+) T 
cell differentiation. Nat Immunol. 2016;17:704–11.

	 86.	 Rogel A, Willoughby J, Buchan S, Leonard H, Thirdborough S, Al-
Shamkhani A. Akt signaling is critical for memory CD8 T-cell devel-
opment and tumor immune surveillance. Proc Natl Acad Sci U S A. 
2017;114:E1178–87.

	 87.	 Ma R, Ji T, Zhang H, Dong W, Chen X, Xu P, et al. A Pck1-directed 
glycogen metabolic program regulates formation and maintenance of 
memory CD8 T cells. Nat Cell Biol. 2018;20:21–7.

	 88.	 Rubio-Patiño C, Bossowski J, De Donatis G, Mondragón L, Villa E, Aira 
L, et al. Low-protein diet induces IRE1α-dependent anticancer immuno-
surveillance. Cell Metab. 2018;27:828–842.e827.



Page 16 of 17Lian et al. Molecular Cancer           (2022) 21:27 

	 89.	 Geiger R, Rieckmann J, Wolf T, Basso C, Feng Y, Fuhrer T, et al. L-arginine 
modulates T Cell metabolism and enhances survival and anti-tumor 
activity. Cell. 2016;167:829–842.e813.

	 90.	 Gropper Y, Feferman T, Shalit T, Salame T, Porat Z, Shakhar G. Culturing 
CTLs under hypoxic conditions enhances their cytolysis and improves 
their anti-tumor function. Cell Rep. 2017;20:2547–55.

	 91.	 Sharma S, Wang J, Alqassim E, Portwood S, Cortes Gomez E, Maguire O, 
et al. Mitochondrial hypoxic stress induces widespread RNA editing by 
APOBEC3G in natural killer cells. Genome Biol. 2019;20:37.

	 92.	 Cong J, Wang X, Zheng X, Wang D, Fu B, Sun R, et al. Dysfunction of 
natural killer cells by FBP1-induced inhibition of glycolysis during lung 
cancer progression. Cell Metab. 2018;28:243–255.e245.

	 93.	 Dong H, Adams N, Xu Y, Cao J, Allan D, Carlyle J, et al. The IRE1 endo-
plasmic reticulum stress sensor activates natural killer cell immunity in 
part by regulating c-Myc. Nat Immunol. 2019;20:865–78.

	 94.	 Assmann N, O’Brien K, Donnelly R, Dyck L, Zaiatz-Bittencourt V, Loftus 
R, et al. Srebp-controlled glucose metabolism is essential for NK cell 
functional responses. Nat Immunol. 2017;18:1197–206.

	 95.	 Cichocki F, Wu C, Zhang B, Felices M, Tesi B, Tuininga K, et al. ARID5B 
regulates metabolic programming in human adaptive NK cells. J Exp 
Med. 2018;215:2379–95.

	 96.	 Wang Y, Du X, Wei J, Long L, Tan H, Guy C, et al. LKB1 orchestrates 
dendritic cell metabolic quiescence and anti-tumor immunity. Cell Res. 
2019;29:391–405.

	 97.	 Hu Z, Teng X, Zhang T, Yu X, Ding R, Yi J, et al. SENP3 senses oxidative 
stress to facilitate STING-dependent dendritic cell antitumor function. 
Mol Cell. 2021;81:940–952.e945.

	 98.	 Englert J, Powell J. Hunger pains: stimulating the appetite of the 
immune system for cancer. Cancer Cell. 2016;30:13–5.

	 99.	 Pietrocola F, Pol J, Vacchelli E, Rao S, Enot D, Baracco E, et al. Caloric 
restriction mimetics enhance anticancer immunosurveillance. Cancer 
Cell. 2016;30:147–60.

	100.	 Di Biase S, Lee C, Brandhorst S, Manes B, Buono R, Cheng C, et al. 
Fasting-mimicking diet reduces HO-1 to promote T cell-mediated 
tumor cytotoxicity. Cancer Cell. 2016;30:136–46.

	101.	 Vernieri C, Fuca G, Ligorio F, Huber V, Vingiani A, Iannelli F, et al. Fasting-
mimicking diet is safe and reshapes metabolism and antitumor immu-
nity in cancer patients. Cancer Discov. 2021. https://​doi.​org/​10.​1158/​
2159-​8290.​CD-​21-​0030.

	102.	 Jordan S, Tung N, Casanova-Acebes M, Chang C, Cantoni C, Zhang D, 
et al. Dietary intake regulates the circulating inflammatory monocyte 
pool. Cell. 2019;178:1102–1114.e1117.

	103.	 Ferrere G, Tidjani Alou M, Liu P, Goubet A, Fidelle M, Kepp O, et al. 
Ketogenic diet and ketone bodies enhance the anticancer effects of 
PD-1 blockade. JCI Insight. 2021;6:e145207.

	104.	 Orillion A, Damayanti N, Shen L, Adelaiye-Ogala R, Affronti H, Elbanna 
M, et al. Dietary protein restriction reprograms tumor-associated 
macrophages and enhances immunotherapy. Clin Cancer Res. 
2018;24:6383–95.

	105.	 De Rosa V, Galgani M, Porcellini A, Colamatteo A, Santopaolo M, 
Zuchegna C, et al. Glycolysis controls the induction of human regula-
tory T cells by modulating the expression of FOXP3 exon 2 splicing 
variants. Nat Immunol. 2015;16:1174–84.

	106.	 Emens L, Middleton G. The interplay of immunotherapy and 
chemotherapy: harnessing potential synergies. Cancer Immunol Res. 
2015;3:436–43.

	107.	 O’Sullivan D, Pearce E. Targeting T cell metabolism for therapy. Trends 
Immunol. 2015;36:71–80.

	108.	 Di Biase S, Ma X, Wang X, Yu J, Wang Y, Smith D, et al. Creatine uptake 
regulates CD8 T cell antitumor immunity. J Exp Med. 2019;216:2869–82.

	109.	 Wyss M, Kaddurah-Daouk R. Creatine and creatinine metabolism. 
Physiol Rev. 2000;80:1107–213.

	110.	 Michelet X, Dyck L, Hogan A, Loftus R, Duquette D, Wei K, et al. Meta-
bolic reprogramming of natural killer cells in obesity limits antitumor 
responses. Nat Immunol. 2018;19:1330–40.

	111.	 Nakagawa H, Umemura A, Taniguchi K, Font-Burgada J, Dhar D, 
Ogata H, et al. ER stress cooperates with hypernutrition to trig-
ger TNF-dependent spontaneous HCC development. Cancer Cell. 
2014;26:331–43.

	112.	 Font-Burgada J, Sun B, Karin M. Obesity and cancer: the oil that feeds 
the flame. Cell Metab. 2016;23:48–62.

	113.	 D’Esposito V, Liguoro D, Ambrosio M, Collina F, Cantile M, Spinelli R, 
et al. Adipose microenvironment promotes triple negative breast 
cancer cell invasiveness and dissemination by producing CCL5. Onco-
target. 2016;7:24495–509.

	114.	 Wang Y, Lehuédé C, Laurent V, Dirat B, Dauvillier S, Bochet L, et al. 
Adipose tissue and breast epithelial cells: a dangerous dynamic duo in 
breast cancer. Cancer Lett. 2012;324:142–51.

	115.	 Wang T, Fahrmann J, Lee H, Li Y, Tripathi S, Yue C, et al. JAK/STAT3-
regulated fatty acid β-oxidation is critical for breast cancer stem cell 
self-renewal and chemoresistance. Cell Metab. 2018;27:136–150.e135.

	116.	 Sanchez-Margalet V, Martin-Romero C. Human leptin signaling in 
human peripheral blood mononuclear cells: activation of the JAK-STAT 
pathway. Cell Immunol. 2001;211:30–6.

	117.	 van der Windt G, Pearce E. Metabolic switching and fuel choice dur-
ing T-cell differentiation and memory development. Immunol Rev. 
2012;249:27–42.

	118.	 Zhang C, Yue C, Herrmann A, Song J, Egelston C, Wang T, et al. STAT3 
activation-induced fatty acid oxidation in CD8 T effector cells is critical 
for obesity-promoted breast tumor growth. Cell Metab. 2020;31:148–
161.e145.

	119.	 Ringel A, Drijvers J, Baker G, Catozzi A, García-Cañaveras J, Gassaway B, 
et al. Obesity shapes metabolism in the tumor microenvironment to 
suppress anti-tumor immunity. Cell. 2020;183:1848–1866.e1826.

	120.	 Riley L, Raphael E, Faerstein E. Obesity in the United States - dysbiosis 
from exposure to low-dose antibiotics? Front Public Health. 2013;1:69.

	121.	 He Y, Fu L, Li Y, Wang W, Gong M, Zhang J, et al. Gut microbial metabo-
lites facilitate anticancer therapy efficacy by modulating cytotoxic CD8 
T cell immunity. Cell Metab. 2021;33:988–1000.e1007.

	122.	 Cani P, Jordan B. Gut microbiota-mediated inflammation in obesity: 
a link with gastrointestinal cancer. Nat Rev Gastroenterol Hepatol. 
2018;15:671–82.

	123.	 Palmieri E, Menga A, Martín-Pérez R, Quinto A, Riera-Domingo C, De Tul-
lio G, et al. Pharmacologic or genetic targeting of glutamine synthetase 
skews macrophages toward an M1-like phenotype and inhibits tumor 
metastasis. Cell Rep. 2017;20:1654–66.

	124.	 Poli V, Camporeale A. STAT3-mediated metabolic reprograming in cel-
lular transformation and implications for drug resistance. Front Oncol. 
2015;5:121.

	125.	 Liu X, Hartman C, Li L, Albert C, Si F, Gao A, et al. Reprogramming lipid 
metabolism prevents effector T cell senescence and enhances tumor 
immunotherapy. Sci Transl Med. 2021;13:eaaz6314.

	126.	 Wang H, Franco F, Tsui Y, Xie X, Trefny M, Zappasodi R, et al. CD36-
mediated metabolic adaptation supports regulatory T cell survival and 
function in tumors. Nat Immunol. 2020;21:298–308.

	127.	 Xu S, Chaudhary O, Rodríguez-Morales P, Sun X, Chen D, Zappasodi 
R, et al. Uptake of oxidized lipids by the scavenger receptor CD36 
promotes lipid peroxidation and dysfunction in CD8 T cells in tumors. 
Immunity. 2021;54:1561–1577.e1567.

	128.	 Bian Y, Li W, Kremer D, Sajjakulnukit P, Li S, Crespo J, et al. Cancer 
SLC43A2 alters T cell methionine metabolism and histone methylation. 
Nature. 2020;585:277–82.

	129.	 Sukumar M, Liu J, Ji Y, Subramanian M, Crompton J, Yu Z, et al. Inhibiting 
glycolytic metabolism enhances CD8+ T cell memory and antitumor 
function. J Clin Invest. 2013;123:4479–88.

	130.	 Rivadeneira D, DePeaux K, Wang Y, Kulkarni A, Tabib T, Menk A, et al. 
Oncolytic viruses engineered to enforce leptin expression reprogram 
tumor-infiltrating T cell metabolism and promote tumor clearance. 
Immunity. 2019;51:548–560.e544.

	131.	 Chamoto K, Chowdhury P, Kumar A, Sonomura K, Matsuda F, Fagarasan 
S, et al. Mitochondrial activation chemicals synergize with surface 
receptor PD-1 blockade for T cell-dependent antitumor activity. Proc 
Natl Acad Sci U S A. 2017;114:E761–70.

	132.	 Mussai F, Wheat R, Sarrou E, Booth S, Stavrou V, Fultang L, et al. Targeting 
the arginine metabolic brake enhances immunotherapy for leukaemia. 
Int J Cancer. 2019;145:2201–8.

	133.	 Mussai F, Egan S, Higginbotham-Jones J, Perry T, Beggs A, Odintsova E, 
et al. U K, Lo a, et al: arginine dependence of acute myeloid leukemia 
blast proliferation: a novel therapeutic target. Blood. 2015;125:2386–96.

	134.	 De Santo C, Cheng P, Beggs A, Egan S, Bessudo A, Mussai F. Metabolic 
therapy with PEG-arginase induces a sustained complete remission in 
immunotherapy-resistant melanoma. J Hematol Oncol. 2018;11:68.

https://doi.org/10.1158/2159-8290.CD-21-0030
https://doi.org/10.1158/2159-8290.CD-21-0030


Page 17 of 17Lian et al. Molecular Cancer           (2022) 21:27 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	135.	 Martinez-Outschoorn U, Peiris-Pagés M, Pestell R, Sotgia F, Lisanti M. 
Cancer metabolism: a therapeutic perspective. Nat Rev Clin Oncol. 
2017;14:11–31.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Immunometabolic rewiring in tumorigenesis and anti-tumor immunotherapy
	Abstract 
	The basics of metabolic rewiring of immune cells in cancer biology
	Metabolic disturbance of immune cells in the TME
	The adaptive immune cells
	Innate immune cells

	The impact of oncometabolites on the functions of immune cells
	The metabolic fitness in anti-tumor immunity
	Metabolic adaptation in the anti-tumor function of CD8+ T lymphocytes
	Metabolic rewiring of NK cells in anti-tumor immunity
	Metabolic fitness of DCs in anti-tumor immunity

	Other factors implicated in immune cell metabolism
	Diet
	Obesity

	The therapeutic clues offered by immunometabolic alterations for cancer patients
	Adjuvant therapy informed by metabolic reprogramming for other cancer therapies
	Conclusion and future perspective
	Acknowledgements
	References


