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Introduction
Cancer immunotherapy has revolutionized the treatment of can-
cer, unlocking the door to durable disease-free states in a subset of 
patients. Accompanying this major advancement is an improved 
understanding of the interaction of the immune system and cancer 
as well as major barriers preventing successful antitumor immuni-
ty. One such barrier is the harsh metabolic landscape of the tumor 
microenvironment (TME). It is well appreciated that tumor cells 
are metabolically deranged (1), resulting in a hypoxic, acidic, 
glucose- and amino acid–deprived environment. Many tumors 
undergo “Warburg metabolism,” or aerobic glycolysis — the pro-
cess of performing glycolysis despite the presence of adequate 
oxygen — to meet their biosynthetic and energetic needs (2–4). 
In addition, rapid proliferation and aberrant cell signaling result 
in inadequate vasculature and thus poor oxygenation of the TME 
(more on how tumor cells deplete metabolites can be found in refs. 
5, 6). Many have investigated and discussed how the lack of these 
metabolites inhibits infiltrating effector immune cells, such as NK 
cells, macrophages, and CD8+ and CD4+ T cells. While these per-
spectives are incredibly important, the tumor is not a metabolic 
vacuum that only consumes and never produces. Therefore, while 

tumor cells deplete glucose, oxygen, and amino acids, the metab-
olites they produce are equally, if not more, important in shap-
ing immune cell function and response to immunotherapy. The 
rules of the game are changing as technology and methods allow 
us to probe deeper into the true interactions between immune 
cell metabolism and the TME in vivo. We can no longer rely on 
the simple model of tumors starving immune cells but must also 
consider the impact of the “toxic” catabolites produced in shap-
ing immune cell function. Moreover, the metabolic landscape of 
the TME, while distinct, is not unique, as catabolites such as lactic 
acid, kynurenine, adenosine, and reactive oxygen species (ROS) 
are regularly encountered in various tissues and immunologic 
contexts. It is these non-tumor contexts that have evolutionarily 
shaped the immune cell–catabolite interactions that play out in the 
TME. Therefore, it is important to view the TME as one of many 
metabolic contexts in which immune cells may find themselves 
and to seek metabolic insight about tumor-infiltrating lympho-
cytes from non-tumor contexts. This perspective will be crucial in 
implementing metabolic strategies to improve immunotherapy, as 
it will elucidate how these therapies may impact typical immunity.

Tumor cells both deplete vital nutrients and produce “toxic” 
catabolites. From glucose to lactic acid, tryptophan to kynurenine, 
molecular oxygen to ROS, the tumor produces metabolites that 
shape immune cell function (Figure 1), and this may be therapeu-
tically targeted. Here we review the metabolic landscape of the 
tumor from the perspective of metabolite abundance rather than 
scarcity, discussing how lactic acid, kynurenine, ROS, and adenos-
ine shape immune cell function and how these are being targeted 
to improve immunotherapy.

Lactic acid
A study analyzing metabolomics data from over 900 samples 
spanning seven different cancer types identified lactic acid as a 
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(8), breast (10), head and neck (9, 11), high-grade gliomas (12), 
and non–small cell lung cancer (13). Therefore, it comes as no 
surprise that lactic acid, especially at tumor-equivalent concentra-
tions, has profound effects on infiltrating immune cells (Figure 1). 
Emerging is lactate’s role as a major carbon source for many cell 
types in a homeostatic state (14). This is a prime example of how 
a toxic metabolite within the tumor is encountered in non-tumor 
contexts. Using infusions of 13C-labeled glucose and lactate into 
live mice, Hui et al. demonstrated that lactate, more than glucose, 

consistently upregulated metabolite (7). Within the TME, lactic 
acid is derived from fermentation, by highly glycolytic tumor cells, 
of glucose to pyruvate and then, via lactate dehydrogenase (LDH), 
to lactate. Lactate and protons are then co-exported, producing 
extracellular lactic acid. In normal serum, lactate concentrations 
range from 1.5 to 3 mM (8), while tumor concentrations can range 
from 10 to 30 mM, reaching extremely high levels (50 mM) with-
in necrotic tumor cores (9). Indeed, elevated levels of lactic acid 
indicate poor prognosis in several cancer types, including cervical 

Figure 1. Depletion of key nutrients and production of toxic by-products impair effector cells but support regulatory cells. Beneficial cells, such as CD8+ 
and CD4+ effector T (Teff) cells, are depicted at left, and deleterious cells, including Tregs and TAMs, at right. Highly glycolytic tumor cells import glucose 
via GLUT1 and ferment it to lactate, which is coexported with protons into the TME via MCT1/MCT4. Glucose deprivation impairs the glycolytic capacity 
of Teff cells, which is key for their proliferation and translation of IFN-γ. Lactic acid impairs Teff cell proliferation by altering the NAD(H) redox balance. 
Utilization of lactic acid via MCT1 supports Treg proliferation and suppressive function. Lactic acid contributes to histone lactylation, which supports 
the expression of M2-like genes such as Arg1 in macrophages. Tryptophan is depleted via IDO expressed by MDSCs, TAMs, and tumor cells. Tryptophan 
depletion triggers the stress response kinase GCN2 and suppresses the mTOR pathway, reducing proliferation, altering memory differentiation, reducing 
activation of Teff cells, and inducing a regulatory phenotype in naive T cells. Kynurenine, imported via SLC7A5/8, engages with the AhR to increase PD-1 
and Foxp3 expression. Kynurenine-induced ROS inhibit IL-2 signaling critical for T cell survival. Depletion of oxygen in the TME inhibits oxidative metabo-
lism and decreases the mitochondrial mass of CD8+ T cells. ROS both intra- and extracellularly drive partnerless nuclear factor of activated T cells (NFAT) 
signaling and expression of PD-1 and Tim-3 in CD8+ T cells while promoting NFAT/Foxp3 signaling in Tregs. Oxygen depletion promotes extracellular accu-
mulation of ATP, which is broken down to adenosine by the cell-surface ectonucleotidases CD39 and CD73. Adenosine acts through A2AR to impair IL-2 and 
IFN-γ production and increase PD-1 expression in Teff cells, while activating Foxp3 and CTLA4 expression to promote the development of Tregs.
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(34). Pulsing mice bearing MC38 tumors (an immunogenic colon 
tumor model) with 18F-fluorodeoxyglucose (FDG), then measur-
ing uptake directly ex vivo, revealed that tumor-infiltrating CD3+ 
T cells had FDG avidity similar to that of the MC38 cancer cells. 
While CD3+ T cells were not the highest FDG consumers, these 
data suggest that T cells have adequate access to and can compete 
for glucose within the TME. In addition, glycolysis was still occur-
ring within the tumor and myeloid cell compartment, suggesting 
that T cells were exposed to lactic acid.

Not all immune cells respond negatively to tumor-derived 
lactic acid. The TME actively recruits and promotes the differ-
entiation of Tregs, a subset of CD4+ T cells that express the tran-
scription factor Foxp3 (35, 36). Tregs are potent suppressors of 
the immune system, tasked with maintaining immune homeo-
stasis and preventing autoimmunity. Unlike effector cells, Tregs 
do not rely on glycolysis to meet their metabolic demands (15, 16, 
37–39), but rely more heavily on oxidative metabolism, including 
lipid synthesis and signaling (40, 41). Their diminished glucose 
metabolism and reliance on alternative metabolites prime Tregs 
to thrive in the glucose-depleted TME and exert their immuno-
suppressive function. In contrast to effector T cells, lactic acid 
was shown to be critical for tumor-infiltrating Treg proliferation 
and function (16). Carbon tracing experiments revealed that lac-
tic acid–supported proliferation was dependent on the generation 
of phosphoenolpyruvate, the starting intermediate for gluconeo-
genesis (16). Tumor-infiltrating Treg proliferation also likely relies 
on NAD(H) redox state, as Angelin et al. observed an increased 
NAD/NADH ratio in the presence of lactate in Foxp3+ induced 
Tregs compared with Foxp3– conventional T cells (15). Addition-
ally, lactate-influenced NAD/NADH ratio may play a role in the 
suppressive function of Tregs, as genetic impairment of complex I 
of the electron transport chain can lower NAD/NADH ratios and 
reduce Treg suppressive function (15). Consistent with these data 
is the observation that Treg-specific loss of the lactate transporter 
MCT1 reduced Treg-suppressive capacity and proliferation within 
the TME (16). Interestingly, Treg suppressive function positively 
correlated with the glycolytic activity of the tumors from which 
they were isolated, suggesting that lactic acid can enhance Treg 
suppressive capacity. Further research is needed to identify how 
NAD(H) redox balance in Tregs influences suppression and pro-
liferation and whether this is the main mechanism by which lactic 
acid bolsters Tregs within the tumor.

Lactic acid also impacts innate immune cells. Lactic acid was 
found to polarize macrophages toward an M2-like/TAM-like state, 
including increased arginase 1 (Arg1) expression (42). Not only 
was lactic acid polarizing, but TAMs were found to have increased 
utilization of lactic acid. M2-like macrophages are known to be 
immunosuppressive (43), supporting the idea that cells that share 
a metabolism share a function. A potential mechanism for lac-
tic acid’s influence on macrophage and Treg function may come 
through its contribution to histone lactylation and thus altered 
epigenetics (44). Zhang et al. identified that histones can undergo 
modification by lactylation, a histone mark with distinct dynamics 
compared with acetylation (44). Increasing histone lactylation late 
in M1 macrophage polarization resulted in increased Arg1 and oth-
er wound healing–associated gene expression, suggesting a shift 
to the immunosuppressive M2 macrophage phenotype. Lactyla-

extensively contributes to the TCA cycle in all tissues examined 
(14). Indeed, even T cells, both effectors and Tregs, can utilize 
lactate to feed the TCA cycle (15, 16). By studying effector T cell 
metabolism through in vitro culture in glucose-rich media, the 
field has likely overestimated the importance of glycolysis for 
effector functions. In vivo carbon tracing has revealed that phys-
iologically activated CD8+ T cells display an increased oxidative 
metabolism, in addition to a high glycolytic rate, compared with 
their in vitro–activated counterparts, opening the possibility that 
smaller carbon substrates like lactate play a larger role in effector 
CD8+ T cell metabolism than previously appreciated (17). These 
studies highlight the importance of lactate in shaping the metab-
olism of immune cells far before they enter the TME. Further 
detail regarding lactate–immune cell interaction in non-tumor 
tissues can be found in refs. 18–20. Understanding how immune 
cells metabolize in vivo under physiologic conditions will be key 
to developing successful metabolism-targeted therapies for the 
improvement of immunotherapy.

In general, lactate/lactic acid acts as an immunosuppressive 
metabolite. Indeed, activating effector CD8+ and CD4+ T cells in 
vitro in tumor-equivalent concentrations of lactic acid reduces 
their proliferation and capacity to produce cytokines (15, 16, 21). 
The presence of tumor-derived lactic acid acts as a double-edged 
sword, for where there is lactic acid there is glucose deprivation, 
both of which independently impact effector T cell function. As 
mentioned above, effector CD8+ and CD4+ T cells rely on glycol-
ysis for translation of IFN-γ and proliferation (17, 22–25). While 
restricting glucose uptake helps promote CD8+ T cell memory for-
mation, glucose is still critical for short-lived effector CD8+ T cells 
(26). However, tumor-infiltrating T cells experience glucose depri-
vation and lactic acid simultaneously. Several studies demonstrate 
that both lactate and lactic acid impair CD8+ and CD4+ effector 
T cell proliferation and cytokine production even in the presence 
of sufficient glucose (15, 16). Deeper mechanistic studies revealed 
that lactate works to limit T cell proliferation via the NAD(H) 
redox state, reducing NAD+ to NADH in lactate-rich conditions, 
resulting in altered NAD+-dependent enzymatic reactions and 
thus decreased glycolytic intermediates needed for proliferation 
(27). These data reveal a balance, as T cells are in constant con-
tact with serum lactate and thus have a threshold for withstanding 
some lactate impairment. This threshold is likely determined at 
the level of lactate transport via solute carriers, like monocarbox-
ylate transporter 1 (MCT1; encoded by Slc16a1). MCT1 is a bidirec-
tional proton-assisted transporter with highest affinity for lactate 
(28). Directionality of transport is determined by both substrate 
and H+ ion concentration; thus T cells entering the TME likely 
experience an influx of lactic acid followed by changes in redox 
balance and impairment in proliferation and effector function, 
reducing tumor control (29). Notably, succinate, another MCT1 
substrate and short-chain fatty acid (SCFA) (30, 31), can also be 
found at high levels within tumors and can mediate tumor-associ-
ated macrophage (TAM) polarization, metastasis, and angiogene-
sis (32, 33). Lactic acid’s and succinate’s comparable roles suggest 
that SCFAs act similarly within the TME.

Recent findings suggest that glucose may not be as limit-
ed in the TME as previously thought, meaning lactic acid could 
be contributing more to T cell dysfunction than lack of glucose 
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ments use much higher concentrations of kynurenine to impair 
T cells than what is found in vivo (73, 74), putting into question 
its clinical significance. However, the kynurenine pathway pro-
duces several different metabolites, with kynurenine itself able 
to be further metabolized, making it difficult to understand 
kynurenine’s full impact in vivo. Treating mice with a specif-
ic kynurenine-depleting enzyme improved tumor growth and 
enhanced immunotherapy, indicating that in vivo concentrations 
of kynurenine may still be clinically relevant (74). Ultimately, lack 
of tryptophan and production of kynurenine impair activation 
of tumor-infiltrating effector T cells that are critical for clearing 
tumors and promote the presence of immunosuppressive Tregs. 
Tryptophan depletion and kynurenine production are employed 
to create an immunosuppressive environment, which at steady 
state maintains immune tolerance but in tumors is exploited to 
evade immune destruction.

ROS and adenosine
Many tumors, if not all, experience some level of oxygen deple-
tion (hypoxia) (75). Oxygen depletion occurs when the poor vas-
cularization and high metabolic demand of the tumor outpace 
the available oxygen supply. As with glucose and tryptophan 
depletion, oxygen depletion is accompanied by the production of 
toxic by-products such as ROS and adenosine, which have been 
a heavy focus in cancer research (76, 77). ROS are produced as a 
normal part of oxidative metabolism and are important for nor-
mal cell survival, signaling, and homeostasis (78). However, can-
cer takes advantage of ROS, using their overproduction, among 
other things, to drive mitogenic signaling pathways, metastasis, 
and survival (79, 80). In addition to ROS, tumor hypoxia drives 
the accumulation of extracellular ATP, which is broken down to 
the immunosuppressive metabolite adenosine (81, 82). Primarily, 
ATP release and adenosine generation act on purinergic receptors 
to impair immune cell infiltration and activation, thus decreas-
ing antitumor immunity (83, 84). While tumor-derived ROS and 
adenosine have been extensively investigated, there remains a 
deep interest in understanding and manipulating their impact on 
immune cells to improve cancer therapies.

As with lactic acid and kynurenine, ROS play an important 
role in shaping immune cell function in non-tumor contexts. For 
example, upon encounter with microbial invaders, innate immune 
cells utilize NADPH oxidase–derived (NOX-derived) superox-
ide to disrupt iron-sulfur centers and kill microorganisms (85). 
ROS can also act in chemotaxis, signaling neutrophils and oth-
er immune cells to sites of injury or infection, and even activate 
and mature dendritic cells (86–89). In fact, even T cell activation 
requires some level of mitochondrial ROS (mROS) production 
(90). In contrast, ROS can also play an antiinflammatory role, 
as ROS produced by antigen-presenting cells are critical for sup-
pressing autoreactive T cells in a model of arthritis (91, 92). In 
humans, mutations in NOX2 lead to chronic granulomatous dis-
ease, in which recurrent and severe infections are associated with 
an increased and prolonged inflammatory gene profile in neutro-
phils compared with healthy controls (93). These findings high-
light that innate and adaptive immune systems are tuned by ROS 
long before they enter the TME. What make the TME distinct are 
the continuous and high levels of ROS in comparison with normal 

tion may play a similar role in Tregs to induce or fortify the expres-
sion of immunosuppressive genes. Further research into lactate 
utilization by immune cells and its ability to drive a suppressive 
phenotype is warranted.

Kynurenine
Another metabolite consistently upregulated across multiple 
tumor types is kynurenine (7). Like lactic acid, kynurenine is an 
immunosuppressive by-product derived from the depletion of a 
critical metabolite, in this case tryptophan. Tryptophan is one of 
nine essential amino acids required by humans and plays roles 
in protein synthesis, serotonin production, and immune cell 
regulation (45, 46). Depletion of tryptophan and production of 
kynurenine are driven by three rate-limiting enzymes, indoleam-
ine 2,3-dioxygenase 1 (IDO1), IDO2, and tryptophan 2,3-dioxy-
genase (TDO). Many studies have focused on IDO1 as the main 
contributor to tryptophan depletion because TDO tissue expres-
sion is relatively restricted (47–49), and while IDO2 is widely 
expressed, it has a reduced capacity for breaking down tryptophan 
and its role in inflammation is debated (50–53). IDO1 is expressed 
by many cell types, including immune cells, epithelial cells, can-
cer cells, and fibroblasts. IDO1 expression is greatly enhanced by 
IFN-γ generated during tissue inflammation and acts as a nega-
tive-feedback loop to curb excessive inflammation (54–56). This 
explains the paradoxical expression of IDO1 on some proinflam-
matory cells such as M1 macrophages (57).

Beyond the tumor, kynurenine plays a role in shaping the 
immune cell function. Kynurenine was found to be key in regu-
lating maternal-fetal tolerance, as pharmacologic inhibition of 
IDO in mice resulted in maternal T cell–mediated rejection of 
allogeneic fetuses (58). In addition, kynurenine plays a role in the 
maintenance of immune-privileged sites, such as the eyes and the 
brain (reviewed in ref. 45). While the TME takes advantage of the 
immunosuppressive nature of IDO1 and kynurenine, tumors did 
not “patent” this mechanism, but rather utilized what evolved to 
maintain immune privilege. This perspective is critical as new in 
vivo techniques shift our understanding of the TME metabolic 
landscape and we identify new or underappreciated metabolites 
with a large physiologic role in shaping immune function (17, 34).

Like glucose and lactic acid, tryptophan depletion and 
kynurenine production have independent immunosuppressive 
effects (Figure 1). Depletion of tryptophan triggers the stress 
response kinase general control nondepressible 2 (GCN2) and 
suppresses the mTOR pathway, resulting in reduced proliferation 
and activation of effector T cells as well as inducing a regulatory 
phenotype in naive T cells (59, 60). Independently, kynurenine 
can suppress through several mechanisms, including (a) promo-
tion of tolerogenic antigen-presenting cell differentiation (61, 
62), (b) promotion of Treg differentiation via the aryl hydrocarbon 
receptor (AhR) (63, 64), and (c) inhibition of IL-2 signaling (65). It 
is well established that many tumor types express IDO1, with high 
expression associated with poor prognosis and increased pres-
ence of tumor-infiltrating Tregs (66–70). Kynurenine can also 
have a direct impact on effector T cells, as T cell receptor (TCR) 
stimulation can increase kynurenine uptake via Slc7a5/Slc7a8, 
leading to increased programmed cell death 1 (PD-1) expression 
induced by AhR ligation (71, 72). Notably, many in vitro experi-
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cyclic AMP (cAMP), which is associated with profound immuno-
suppression (107–109). Signaling through A2AR and A2BR can 
decrease IFN-γ and IL-2 production and increase the inhibitory 
molecule PD-1 in effector cells, and can activate Foxp3, CTLA4, 
and Lag3, promoting the development of Tregs (77).

It is important to note that coexpression of CD39 and CD73 on 
the same cell is not required to produce adenosine. While cells such 
as Tregs, regulatory dendritic cells, and tumor cells can certainly 
express both CD39 and CD73, it may be that one cell expresses 
CD39 while a neighboring cell expresses CD73, inducing local 
adenosine production (77). This may be the case with exhausted 
CD8+ T cells, which express high amounts of CD39 (110). High 
expression of CD39 may confer a suppressive capacity to exhaust-
ed T cells by creating a pool of AMP that can be converted to ade-
nosine by the T cells themselves or by neighboring cells express-
ing CD73. Indeed, production of adenosine is a known suppressive 
tactic of Tregs (111); therefore, research into the immunosuppres-
sive capacity of exhausted T cells is warranted.

Notably, all the toxic by-products discussed here tend to neg-
atively impact effector cells while supporting regulatory immune 
cells. This suggests that regulatory immune cell populations have 
evolved to be metabolically “out of synch” with their effector cell 
counterparts, utilizing the metabolites effector cells and inflamed 
tissues produce to reign in immune responses and prevent tissue 
damage. Selective pressures on the TME have pushed tumors to 
utilize these toxic by-products to maintain immune tolerance. 
While each toxic by-product is not unique to the TME, the combi-
nation and high production of these by-products make it distinct.

Implications for immunotherapy
Recognition of the abundance and immunomodulatory impacts 
of lactic acid, kynurenine, ROS, and adenosine has led to the 
development of therapies targeting their production in the hope of 
improving cancer immunotherapies. The benefit of targeting these 
toxic metabolites is their abundance across multiple tumor types, 
offering a broad-range therapy. However, it will be important to 
understand how inhibition of lactic acid, kynurenine, or ROS will 
interact with a range of immunotherapies. Further understanding 
of how these toxic metabolites can be limited to alter immune cell 
function will help the field utilize the proper immunotherapy to 
achieve maximal efficacy. Here we approach metabolic therapies 
from two perspectives: altering the metabolic landscape of the 
tumor versus altering the metabolism of infiltrating immune cells 
to overcome the TME.

Altering the metabolic landscape of the tumor. Many strategies 
exist for altering the metabolic landscape of the tumor (Figure 2). 
For example, lactic acid production can be targeted by inhibiting lac-
tate dehydrogenase (LDH), the enzyme responsible for converting 
pyruvate to lactate, or inhibiting glycolysis at an earlier point in the 
pathway. LDH levels in the blood and TME are associated with poor 
outcomes for cancer patients and are used in determining tumor 
staging in melanoma (112). For melanoma patients, high LDH lev-
els are predictive of poor response to anti–PD-1 immunotherapy 
(113, 114). To date, glycolytic inhibitors are still in the preclinical 
phase, so their impact on human patients is unknown. Despite this, 
preclinical models provide compelling evidence that blocking lac-
tic acid production enhances immunotherapy. One study demon-

tissue, pushing infiltrating immune cells to respond at the extreme 
end of their previous attunement.

Like other toxic by-products discussed here, high levels of 
ROS impair effector T cells within the TME (Figure 1). The meta-
bolic fitness and antitumor efficacy of CD8+ T cells rely heavily on 
oxidative metabolism. CD8+ T cells that infiltrate the TME under-
go a loss of mitochondrial mass and decrease of cytokine produc-
tion, which can be rescued by overexpression of the regulator of 
mitochondrial biogenesis PPARγ coactivator 1α (PGC1α) (94). 
Further, more oxidative (thus more hypoxic) TMEs are associated 
with increased CD8+ T cell exhaustion and decreased response to 
anti–PD-1 immunotherapy (95, 96). Recent mechanistic insight 
revealed that continuous TCR stimulation and hypoxia drive 
increased mROS production by CD8+ T cells, which is sufficient 
to induce an exhaustion-like phenotype (97). Overexpression of 
Gpx1, a glutathione peroxidase capable of acting on a variety of 
ROS, reduced ROS accumulation and increased IFN-γ production 
by tumor-infiltrating CD8+ T cells. These data are consistent with 
T cell response to macrophage-derived ROS, as this also impairs 
IFN-γ production (91). In addition, myeloid-derived suppressor 
cells (MDSCs), an abundant suppressive cell population with-
in tumors, can impair antigen recognition by CD8+ T cells in a 
ROS-dependent manner (98).

In addition to impairing effector cells, high levels of ROS can 
support regulatory populations (Figure 1). Some evidence sug-
gests that macrophage-derived ROS may induce the formation of 
peripheral Tregs (99). Consistent with this is the finding that ROS, 
including tumor-derived ROS, can trigger the accumulation of 
SUMO-specific protease 3 (SENP3), a protein crucial for deSUMO-
ylation of BACH2, in Tregs, which results in the repression of 
genes associated with effector CD4+ T cells (100). In addition to 
Tregs, MDSCs represent a major immunosuppressive population 
within the TME. Like Treg formation, MDSC formation appears to 
be supported by oxidative stress–prone tissues (101). MDSCs dis-
play a high level of oxidative metabolism, which is key to their sup-
pressive capacity (102). Nuclear factor (erythroid-derived 2)–like 
2 (Nrf2), a key antioxidant protein, was identified as a key player 
in promoting and maintaining MDSC identity by balancing redox 
levels within the cell (102). MDSCs also utilize ROS to suppress 
effector T cell responses. In particular, expression of NOX2, a gen-
erator of extracellular ROS, was found to be required on MDSCs 
for the suppression of T cells and maintenance of MDSC identity 
(103). Taken together, these findings suggest that ROS are vital for 
normal immune functioning at low levels but, at high levels in the 
TME, promote the dysfunction of effector cells and the presence 
of regulatory populations.

Adenosine is a potent immunosuppressive metabolite that 
both impairs effector cells and supports regulatory cells (Figure 
1). Within the TME, adenosine is derived via the cell surface ecto-
nucleotidases CD39 and CD73 expressed by both tumor cells and 
infiltrating immune cells. Hypoxia drives HIF1A activity, which in 
turn upregulates CD39, CD73, and the adenosine receptor A2BR 
(104–106). Extracellular ATP is converted to ADP and/or AMP by 
CD39, while AMP is converted to adenosine by CD73 (77). Ade-
nosine then binds to one of four receptors, A1R, A2AR, A2BR, or 
A3R, to exert its regulatory functions. While A1R, A2AR, and A3R 
have high affinity for adenosine, A2AR and A2BR signal through 
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strated that knocking down LDHA in 4T1 and B16 tumors increased 
response to anti-CTLA4 treatment, in part by shifting Tregs away 
from lactate metabolism and increasing Treg glucose uptake (16, 
115). Using a pharmaceutical approach, another study showed that 
inhibition of patient-derived and B16 melanoma LDHA with the 
inhibitor GSK2837808A enhanced T cell killing both in vitro and in 
vivo and enhanced adoptive cell therapy (116). While specific LDH 
and glycolytic inhibitors have not fully made it into the clinic, we 
could potentially repurpose old drugs that have glycolysis-inhibit-
ing effects. For example, diclofenac, a common NSAID, has been 
shown to modulate glycolysis independent of COX inhibition and 
could be used to improve anti–PD-1 immunotherapy (117, 118). 
While we have focused our discussion on immune cells, we appreci-
ate that inhibiting tumor cell glycolysis directly impacts the fitness 
of tumor cells. Therapeutically, this is ideal, as inhibiting tumor cell 
glycolysis can both kill tumors and promote immune cells. A more 
detailed discussion on how inhibiting glycolysis impacts the fitness 
of tumor cells can be found in ref. 119.

Lactic acid can also be decreased within the TME by target-
ing of its export. Lactic acid is transported via MCTs (28). MCT1, 
almost ubiquitously expressed, has the highest affinity for lactate 
and can both import and export lactate based on the concentra-
tion gradient of substrate and protons. MCT4 is more heavily 
expressed by highly glycolytic tissues, including tumor cells, and 

while it is also a bidirectional transporter, it mainly participates 
in the export of lactate (28). While many small-molecule inhib-
itors of MCT1 and MCT4 have been developed for preclinical 
use, only AstraZeneca’s AZD3965 compound is currently being 
tested for use in humans (ClinicalTrials.gov NCT01791595). 
Preclinical work has shown that AZD3965 can lower lactic acid 
secretion into the TME and increase tumor immune cell infiltra-
tion (120). However, these findings should be taken cautiously, as 
data were generated from Raji xenograft–bearing SCID mice and 
pertained only to NK and myeloid cells. In fact, use of immuno-
deficient models is a limitation of many preclinical studies using 
MCT inhibitors, and further work on how MCT inhibitors impact 
adaptive immune cells, especially within the TME, is warranted 
(121–123). In light of this, deletion of MCT1 specifically on Tregs 
was shown to slow tumor growth and synergize with anti–PD-1 
therapy, suggesting that pharmacologic inhibition of MCT1 may 
play a dual role, both to inhibit lactate secretion by tumor cells 
and to impair immunosuppressive Tregs (16).

Lactic acid creates a low-pH environment, which can be tar-
geted to improve cancer therapy. To counteract acidity, bicar-
bonate has been used, administered by a variety of methods 
(reviewed in ref. 124). Bicarbonate administration has been 
shown to control Yumm1.1 melanoma growth and increase CD8+ 
T cell infiltration and NK and B cell activation, as well as improve 

Figure 2. Metabolic alteration of the TME to improve cancer immunotherapy. Alteration of the metabolic landscape of the tumor can be accomplished 
in many ways. Lactic acid production by tumor cells can be targeted using an inhibitor of LDH (GSK2837808A). Alternatively, lactic acid export by tumor 
cells could be targeted using MCT1 inhibitors (AZD3965 in clinical trials, 7ACC2 and AR-C155858 in preclinical work) or MCT4/MCT1 dual inhibitors (syros-
ingopine). MCT1 inhibitors may also block Treg import and usage of lactic acid, leading to diminished suppressive function and proliferation. Lactic acid 
lowers the pH of the TME, which can be counteracted through bicarbonate treatment. Tryptophan depletion and kynurenine production can be targeted by 
inhibition of IDO found on tumor cells and TAMs (epacadostat, indoximod, GDC-0919). Alternatively, kynurenine alone can be depleted using an enzyme 
engineered for its degradation (PEGylated kynureninase). Oxygen depletion can be targeted using VEGF inhibitors (bevacizumab) or VEGFR inhibitors 
(axitinib) to normalize tumor vasculature and improve tumor oxygenation. Metformin, a common diabetes drug, can be used to decrease tumor hypoxia, 
potentially through its action as a mitochondrial complex I inhibitor. ROS can be targeted through drugs promoting endogenous ROS scavengers (RTA-408 
promoting Nrf2) or by addition of exogenous engineered ROS nanoscavengers. The production of adenosine can be targeted using monoclonal antibodies 
against CD39 (TTX-30) and CD73 (both membrane bound and soluble [sCD73]; oleclumab) or by small-molecule inhibition of the A2AR (ciforadenant).
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anti-CTLA4 and anti–PD-1 therapy and adoptive cell therapy, in 
B16 melanoma–bearing mice (125, 126). In addition, bicarbonate 
can act to alter cancer cell mTORC signaling, which may help to 
limit lactic acid production (127).

Kynurenine metabolism can also be targeted at several points 
(Figure 2). Much of the work targeting kynurenine has been 
through the inhibition of IDO1 (128). Theoretically, in the context 
of the TME, inhibition of IDO1 is the best of both worlds, stop-
ping tryptophan depletion and kynurenine production. Indeed, 
preclinical models targeting IDO1 strongly enhanced B16 and 
4T1 tumor response to both anti-CTLA4 and anti–PD-1 therapy, 
and demonstrated efficacy regardless of tumor IDO1 expression 
(129, 130). As a result, several IDO inhibitors are in clinical trials 
(NCT04049669, NCT03432676, NCT02471846). Unfortunately, 
Incyte’s trial of epacadostat in combination with pembrolizumab 
(anti–PD-1) was stopped after intermediary analysis revealed no 
added benefit of IDO1 inhibition (NCT03432676). While this has 
certainly dampened enthusiasm for targeting IDO1, it highlights 
the complexity of targeting the IDO pathway. It may be that some 
level of tryptophan catabolism is required to create an optimally 
tuned antitumor immune response. Lack of tryptophan catabo-
lism could lead to a buildup of serotonin, which has been shown 
to have protumor effects and modulate immune cell function and 
mitochondrial metabolism (131, 132). While preclinical models 
suggested synergy between IDO inhibition and checkpoint block-
ade, in humans a better synergy may be found among chimeric 
antigen receptor (CAR) T cell therapy, oncolytic viruses, and/
or cytokine treatment. More work is needed to identify whether 
IDO1 inhibitors will truly boost immunotherapies.

Kynurenine can also be targeted directly, leaving IDO and 
tryptophan catabolism intact. Using a pharmacologically opti-
mized enzyme, PEGylated kynureninase, one study demonstrated 
that peritumoral injection slowed B16 and CT26 tumor growth in 
a CD8+ T cell–dependent manner (74). Administration of PEGylat-
ed kynureninase improved the efficacy of anti–PD-1 therapy in 
B16 tumors, anti-CTLA4 in 4T1 tumors, and a cancer vaccine in 
CT26 tumors. These findings suggest that kynurenine plays a larg-
er role than tryptophan depletion in inhibiting antitumor immune 
response, supporting the idea that the toxic by-products, rather 
than the depletion of key nutrients, drive metabolic immunosup-
pression in the TME.

Owing to the variety of ROS-generating mechanisms, ROS 
production can be targeted in many ways (Figure 2). One promis-
ing method is through the reduction of tumor hypoxia. In preclin-
ical models, metformin, a common type 2 diabetes drug that can 
act as a weak mitochondrial complex I inhibitor, reduced tumor 
hypoxia and promoted B16 tumor clearance when combined with 
anti–PD-1 (96). While not statistically significant, a retrospec-
tive cohort study revealed a trend toward improved outcomes of 
melanoma patients on metformin being treated with checkpoint 
blockade (133). Tumor hypoxia can also be targeted through the 
inhibition of VEGF. In an attempt to oxygenate the TME, tumors 
secrete VEGF and promote angiogenesis, but the blood vessels 
formed are highly disorganized and leaky, providing inadequate 
oxygen (1, 134, 135). Low doses of antiangiogenic antibodies 
(anti-VEGFR2) have been shown to normalize the tumor vas-
culature, which improves M1-like macrophage polarization, T 

cell tumor infiltration, and whole-cancer-cell vaccine therapy 
in murine breast cancer models (136). In addition, many others 
(reviewed in ref. 135) have shown in preclinical models that anti-
angiogenic treatments can improve anti–PD-L1 therapy. Clinical-
ly, antiangiogenic and immunotherapy combinations have shown 
the best efficacy in renal cell carcinoma (RCC) and hepatocellular 
carcinoma (HCC). Patients with previously untreated metastatic 
RCC were given pembrolizumab and axitinib (VEGFR1, VEGFR2, 
and VEGFR3 inhibitor) combination therapy, which statistically 
improved progression-free survival over sunitinib monotherapy, 
leading to FDA approval for treatment-naive RCC patients (137). 
Likewise, combination of atezolizumab (anti–PD-L1) and bevaci-
zumab (anti–VEGF-A) led to improvements in progression-free 
and overall survival compared with standard of care in unresect-
able HCC patients (138).

Another way tumor-derived ROS can be targeted is with the 
use of scavengers. ROS production in the TME is finely tuned by 
ROS generators and ROS scavengers to maintain optimal levels 
for signaling, growth, and survival (80). However, this finely 
tuned balance can be disrupted by addition of exogenous ROS 
scavengers or induced expression of endogenous ones. One 
group developed an extracellular matrix–targeting, pH-sensi-
tive ROS nanoscavenger that can target to the TME, decrease 
ROS, and improve antitumor immunity in several tumor models 
(139). This study provides proof of principle for use of a manu-
factured ROS scavenger in the improvement of immunotherapy. 
Alternatively, endogenous ROS scavengers could be induced, for 
example using the drug RTA-408, also known as omaveloxolone. 
RTA-408 was shown to induce Nrf2, a major protein involved in 
oxidative stress protection, and resulted in suppression of ROS in 
tumor xenograft models (140–142). In 2019, a phase Ib/II clinical 
trial was completed combining anti-CTLA4 and anti–PD-1 with 
RTA-408 in melanoma patients, but results have not been for-
mally posted (NCT02259231).

In addition to the hypoxia-reducing methods above, ade-
nosine production can be targeted directly. These drugs take the 
form of small-molecule inhibitors or blocking antibodies mainly 
targeting CD73, CD39, and A2AR (reviewed in ref. 143). While 
these drugs have shown preclinical efficacy in reducing ade-
nosine production and even preventing the ectonucleotidase of 
soluble forms of CD73 (MEDI9447, also known as oleclumab; 
ref. 144), most are awaiting results from phase I/II clinical trials 
(143). Interestingly, intraperitoneal treatment of tumor-bearing 
mice with antisense oligonucleotides targeting CD39 augment-
ed CD8+ T cell proliferation, reduced CD39 expression by tumor 
and Tregs, and enhanced anti–PD-1 treatment (145). These 
results are encouraging, and hopefully a similar efficacy will be 
achieved in human trials.

While we have discussed targeting of a single toxic metabo-
lite in combination with immunotherapy, we appreciate that many 
tumors undergo multiple metabolic changes and thus produce a 
collection of toxic metabolites. Thus, it may be necessary to target 
several sources of toxic metabolites in combination with immuno-
therapy to yield the best therapeutic efficacy.

Altering the metabolism of infiltrating immune cells. CAR T and 
adoptive T cell therapies provide a way to metabolically bolster 
T cells to function in the harsh TME (Figure 3). These therapies 
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tent with this, glutamine restriction in vitro by either nutrient star-
vation or metabolic inhibitor enhanced the efficacy of adoptively 
transferred T cells in mice (149). Restricting metabolites or adding 
metabolic inhibitors to expansion media is an attractive method of 
improving adoptive cell therapies because of its relative simplicity, 
making it a hot area of investigation.

Conclusions
Tumors not only consume essential metabolites but simulta-
neously produce toxic by-products, which persist in the TME 
because of its poor perfusion. Both the consumption of metabo-
lites such as glucose, amino acids, and oxygen and the produc-
tion of lactic acid, kynurenine, ROS, and adenosine negatively 
regulate effector immune cells and support regulatory immune 
populations. While the TME is not unique in its production of 
these toxic metabolites, it is distinct with its high persistent lev-
els of them. As we further investigate immunometabolism in the 
TME and how best to modulate it to improve immunotherapy, it 
is critically important to remember that depletion and production 
of metabolites both have independent impacts on immune cell 
function. As in the failed IDO1 inhibitor trial, there may be a more 
finely tuned balance between depletion of essential metabolites 
and production of toxic ones than we appreciate. Ultimately, 
understanding the physiologic balance between essential metab-
olites and their toxic by-products and the subsequent impact on 
immune cells will be key to developing approaches to fuel cura-
tive immunotherapy for cancer.
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require taking a patient’s blood, enriching it for T cells, then acti-
vating, expanding, and (in some cases) genetically altering them 
via viral or nonviral methods. In vitro expansion and transduction 
provide a window in which T cell functioning can be enhanced 
to better compete in the TME. One method of bolstering CAR T 
cells is to overexpress or delete genes that regulate metabolism. 
For example, overexpression of PGC1α, a transcriptional coactiva-
tor key for mitochondrial biogenesis, prevented the loss of mito-
chondrial mass and improved antitumor efficacy in an adoptive 
cell therapy model (94). Conversely, deletion of Regnase-1, a gene 
identified as negatively regulating the transcription factor BATF 
and mitochondrial metabolism in CD8+ T cells, improved the effi-
cacy of adoptive cell transfer (146). While these are two targets 
of many, they represent a means of genetically altering T cells to 
improve efficacy against solid tumors.

Adoptive T cell therapies can also be metabolically bolstered 
through their expansion media. Commonly used media such as 
RPMI, DMEM, and AIM V contain high amounts of glucose and 
reduced metabolite levels compared with serum, poorly preparing 
them for the harsh metabolic landscape of the tumor (147). As T 
cells are highly sensitive to their metabolic environment (17, 148), 
expansion of T cells in media containing or lacking certain metab-
olites may improve their persistence and efficacy in vivo. Consis-

Figure 3. Metabolic bolstering of T cells to better withstand the TME. 
Instead of altering the TME, T cells used for cellular therapies (CAR T cells 
or adoptive cell therapy) can be metabolically bolstered before patient 
reinfusion. During the in vitro expansion phase of cellular therapies, 
limiting metabolites such as glucose, glutamine, or oxygen in the media 
or using a medium with physiologic metabolite concentrations may better 
prepare T cells for survival and efficacy in the metabolically harsh TME. 
Alternatively, T cells can be engineered to either overexpress key metabolic 
genes, such as PGC1a, to improve mitochondrial fitness, or delete metabol-
ic regulators such as regnase-1, which negatively regulates mitochondrial 
fitness, to give T cells a metabolic edge within the TME.

https://www.jci.org
https://doi.org/10.1172/JCI148549
mailto://gdelgoffe@pitt.edu


The Journal of Clinical Investigation   R E V I E W  S E R I E S :  I M M U N O M E T A B O L I S M

9J Clin Invest. 2022;132(2):e148549  https://doi.org/10.1172/JCI148549

 1. Hanahan D, Weinberg RA. Hallmarks of cancer: 
the next generation. Cell. 2011;144(5):646–674.

 2. Kim J, Dang CV. Cancer’s molecular sweet 
tooth and the Warburg effect. Cancer Res. 
2006;66(18):8927–8930.

 3. Warburg O. On the origin of cancer cells. Science. 
1956;123(3191):309–314.

 4. Lunt SY, Vander Heiden MG. Aerobic glycolysis: 
meeting the metabolic requirements of cell prolif-
eration. Annu Rev Cell Dev Biol. 2011;27:441–464.

 5. Romero-Garcia S, et al. Tumor cell metab-
olism: an integral view. Cancer Biol Ther. 
2011;12(11):939–948.

 6. Kim J, DeBerardinis RJ. Mechanisms and impli-
cations of metabolic heterogeneity in cancer. Cell 
Metab. 2019;30(3):434–446.

 7. Reznik E, et al. A landscape of metabolic variation 
across tumor types. Cell Syst. 2018;6(3):301–313.

 8. Walenta S, et al. High lactate levels predict like-
lihood of metastases, tumor recurrence, and 
restricted patient survival in human cervical can-
cers. Cancer Res. 2000;60(4):916–921.

 9. Brizel DM, et al. Elevated tumor lactate concen-
trations predict for an increased risk of metasta-
ses in head-and-neck cancer. Int J Radiat Oncol 
Biol Phys. 2001;51(2):349–353.

 10. Cheung SM, et al. Lactate concentration in breast 
cancer using advanced magnetic resonance spec-
troscopy. Br J Cancer. 2020;123(2):261–267.

 11. Blatt S, et al. Lactate as a predictive marker for 
tumor recurrence in patients with head and neck 
squamous cell carcinoma (HNSCC) post radia-
tion: a prospective study over 15 years. Clin Oral 
Investig. 2016;20(8):2097–2104.

 12. Fulham MJ, et al. Mapping of brain tumor metabo-
lites with proton MR spectroscopic imaging: clini-
cal relevance. Radiology. 1992;185(3):675–686.

 13. Yokota H, et al. Lactate, choline, and creatine levels 
measured by vitro 1H-MRS as prognostic parame-
ters in patients with non-small-cell lung cancer.  
J Magn Reson Imaging. 2007;25(5):992–999.

 14. Hui S, et al. Glucose feeds the TCA cycle via cir-
culating lactate. Nature. 2017;551(7678):115–118.

 15. Angelin A, et al. Foxp3 reprograms T cell metab-
olism to function in low-glucose, high-lactate 
environments. Cell Metab. 2017;25(6):1282–1293.

 16. Watson MJ, et al. Metabolic support of tumour- 
infiltrating regulatory T cells by lactic acid. 
Nature. 2021;591(7851):645–651.

 17. Ma EH, et al. Metabolic profiling using stable iso-
tope tracing reveals distinct patterns of glucose 
utilization by physiologically activated CD8+ T 
cells. Immunity. 2019;51(5):856–870.

 18. Sun S, et al. Lactic acid: no longer an inert and 
end-product of glycolysis. Physiology (Bethesda). 
2017;32(6):453–463.

 19. Morita N, et al. GPR31-dependent dendrite pro-
trusion of intestinal CX3CR1+ cells by bacterial 
metabolites. Nature. 2019;566(7742):110–114.

 20. Garrote GL, et al. Is lactate an undervalued func-
tional component of fermented food products? 
Front Microbiol. 2015;6:629.

 21. Fischer K, et al. Inhibitory effect of tumor 
cell-derived lactic acid on human T cells. Blood. 
2007;109(9):3812–3819.

 22. Menk AV, et al. Early TCR signaling induces 
rapid aerobic glycolysis enabling distinct 
acute T cell effector functions. Cell Rep. 

2018;22(6):1509–1521.
 23. Chang C-H, et al. Posttranscriptional control of T 

cell effector function by aerobic glycolysis. Cell. 
2013;153(6):1239–1251.

 24. Cham CM, et al. Glucose deprivation inhibits 
multiple key gene expression events and effec-
tor functions in CD8+ T cells. Eur J Immunol. 
2008;38(9):2438–2450.

 25. Wang T, et al. Inosine is an alternative carbon 
source for CD8+-T-cell function under glucose 
restriction. Nat Metab. 2020;2(7):635–647.

 26. Sukumar M, et al. Inhibiting glycolytic metabolism 
enhances CD8+ T cell memory and antitumor 
function. J Clin Invest. 2013;123(10):4479–4488.

 27. Quinn WJ, et al. Lactate limits T cell prolifer-
ation via the NAD(H) redox state. Cell Rep. 
2020;33(11):108500.

 28. Halestrap AP, Wilson MC. The monocarboxylate 
transporter family—role and regulation. IUBMB 
Life. 2012;64(2):109–119.

 29. Brand A, et al. LDHA-associated lactic acid pro-
duction blunts tumor immunosurveillance by T 
and NK cells. Cell Metab. 2016;24(5):657–671.

 30. Andrienko TN, et al. The role of succinate and 
ROS in reperfusion injury — a critical appraisal.  
J Mol Cell Cardiol. 2017;110:1–14.

 31. Prag HA, et al. Mechanism of succinate efflux 
upon reperfusion of the ischaemic heart. Cardio-
vasc Res. 2021;117(4):1188–1201.

 32. Wu J-Y, et al. Cancer-derived succinate pro-
motes macrophage polarization and cancer 
metastasis via succinate receptor. Mol Cell. 
2020;77(2):213–227.

 33. Dalla Pozza E, et al. Regulation of succinate 
dehydrogenase and role of succinate in cancer. 
Semin Cell Dev Biol. 2020;98:4–14.

 34. Reinfeld BI, et al. Cell-programmed nutrient 
partitioning in the tumour microenvironment. 
Nature. 2021;593(7858):282–288.

 35. Wang H, et al. Metabolic regulation of Tregs in 
cancer: opportunities for immunotherapy. Trends 
Cancer. 2017;3(8):583–592.

 36. Sakaguchi S, et al. Regulatory T cells and immune 
tolerance. Cell. 2008;133(5):775–787.

 37. Gerriets VA, et al. Foxp3 and Toll-like receptor 
signaling balance T reg cell anabolic metabolism 
for suppression. Nat Immunol. 2016;17(12):1459.

 38. Macintyre AN, et al. The glucose transporter 
Glut1 is selectively essential for CD4 T cell 
activation and effector function. Cell Metab. 
2014;20(1):61–72.

 39. Michalek RD, et al. Cutting edge: distinct glyco-
lytic and lipid oxidative metabolic programs are 
essential for effector and regulatory CD4+ T cell 
subsets. J Immunol. 2011;186(6):3299–3303.

 40. Lim SA, et al. Lipid signalling enforces functional 
specialization of Treg cells in tumours. Nature. 
2021;591(7849):306–311.

 41. Weinberg SE, et al. Mitochondrial complex III is 
essential for suppressive function of regulatory T 
cells. Nature. 2019;565(7740):495–499.

 42. Colegio OR, et al. Functional polarization of 
tumour-associated macrophages by tumour-de-
rived lactic acid. Nature. 2014;513(7519):559–563.

 43. Duan Z, Luo Y. Targeting macrophages in cancer 
immunotherapy. Signal Transduct Target Ther. 
2021;6(1):127.

 44. Zhang D, et al. Metabolic regulation of gene 

expression by histone lactylation. Nature. 
2019;574(7779):575–580.

 45. Routy J-P, et al. The kynurenine pathway is a  
double-edged sword in immune-privileged sites 
and in cancer: implications for immunotherapy. 
Int J Tryptophan Res. 2016;9:67–77.

 46. Moffett JR, Namboodiri MA. Tryptophan 
and the immune response. Immunol Cell Biol. 
2003;81(4):247–265.

 47. Suzuki S, et al. Expression of indoleamine 
2,3-dioxygenase and tryptophan 2,3-dioxygen-
ase in early concepti. Biochem J.  
2001;355(pt 2):425–429.

 48. Britan A, et al. Quantitative and spatial differenc-
es in the expression of tryptophan-metabolizing 
enzymes in mouse epididymis. Cell Tissue Res. 
2006;324(2):301–310.

 49. Haber R, et al. Identification of tryptophan 
2,3-dioxygenase RNA in rodent brain. J Neuro-
chem. 1993;60(3):1159–1162.

 50. Ball HJ, et al. Characterization of an indoleamine 
2,3-dioxygenase-like protein found in humans 
and mice. Gene. 2007;396(1):203–213.

 51. Qian F, et al. Effects of 1-methyltryptophan 
stereoisomers on IDO2 enzyme activity 
and IDO2-mediated arrest of human T cell 
proliferation. Cancer Immunol Immunother. 
2012;61(11):2013–2020.

 52. Merlo LMF, Mandik-Nayak L. IDO2: a pathogenic 
mediator of inflammatory autoimmunity. Clin 
Med Insights Pathol. 2016;9(suppl 1):21–28.

 53. Metz R, et al. IDO2 is critical for IDO1-medi-
ated T-cell regulation and exerts a non-redun-
dant function in inflammation. Int Immunol. 
2014;26(7):357–367.

 54. Cheng C-W, et al. Indoleamine 2,3-dioxygenase, 
an immunomodulatory protein, is suppressed 
by (–)-epigallocatechin-3-gallate via blocking 
of gamma-interferon-induced JAK-PKC-delta-
STAT1 signaling in human oral cancer cells.  
J Agric Food Chem. 2010;58(2):887–894.

 55. Currier AR, et al. Tumor necrosis factor-alpha 
and lipopolysaccharide enhance interferon- 
induced antichlamydial indoleamine dioxygen-
ase activity independently. J Interferon Cytokine 
Res. 2000;20(4):369–376.

 56. Robinson CM, et al. The role of IFN-gamma and 
TNF-alpha-responsive regulatory elements in the 
synergistic induction of indoleamine dioxygen-
ase. J Interferon Cytokine Res. 2005;25(1):20–30.

 57. Wang X-F, et al. The role of indoleamine 2,3-diox-
ygenase (IDO) in immune tolerance: focus on 
macrophage polarization of THP-1 cells. Cell 
Immunol. 2014;289(1–2):42–48.

 58. Munn DH, et al. Prevention of allogeneic fetal 
rejection by tryptophan catabolism. Science. 
1998;281(5380):1191–1193.

 59. Munn DH, et al. GCN2 kinase in T cells medi-
ates proliferative arrest and anergy induction in 
response to indoleamine 2,3-dioxygenase. Immu-
nity. 2005;22(5):633–642.

 60. Fallarino F, et al. The combined effects of tryp-
tophan starvation and tryptophan catabolites 
down-regulate T cell receptor zeta-chain and 
induce a regulatory phenotype in naive T cells.  
J Immunol. 2006;176(11):6752–6761.

 61. Barroso A, et al. Therapeutic induction of tolero-
genic dendritic cells via aryl hydrocarbon recep-

https://www.jci.org
https://doi.org/10.1172/JCI148549
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1158/0008-5472.CAN-06-1501
https://doi.org/10.1158/0008-5472.CAN-06-1501
https://doi.org/10.1158/0008-5472.CAN-06-1501
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1146/annurev-cellbio-092910-154237
https://doi.org/10.1146/annurev-cellbio-092910-154237
https://doi.org/10.1146/annurev-cellbio-092910-154237
https://doi.org/10.4161/cbt.12.11.18140
https://doi.org/10.4161/cbt.12.11.18140
https://doi.org/10.4161/cbt.12.11.18140
https://doi.org/10.1016/j.cmet.2019.08.013
https://doi.org/10.1016/j.cmet.2019.08.013
https://doi.org/10.1016/j.cmet.2019.08.013
https://doi.org/10.1016/j.cels.2017.12.014
https://doi.org/10.1016/j.cels.2017.12.014
https://doi.org/10.1016/S0360-3016(01)01630-3
https://doi.org/10.1016/S0360-3016(01)01630-3
https://doi.org/10.1016/S0360-3016(01)01630-3
https://doi.org/10.1016/S0360-3016(01)01630-3
https://doi.org/10.1038/s41416-020-0886-7
https://doi.org/10.1038/s41416-020-0886-7
https://doi.org/10.1038/s41416-020-0886-7
https://doi.org/10.1007/s00784-015-1699-6
https://doi.org/10.1007/s00784-015-1699-6
https://doi.org/10.1007/s00784-015-1699-6
https://doi.org/10.1007/s00784-015-1699-6
https://doi.org/10.1007/s00784-015-1699-6
https://doi.org/10.1148/radiology.185.3.1438744
https://doi.org/10.1148/radiology.185.3.1438744
https://doi.org/10.1148/radiology.185.3.1438744
https://doi.org/10.1002/jmri.20902
https://doi.org/10.1002/jmri.20902
https://doi.org/10.1002/jmri.20902
https://doi.org/10.1002/jmri.20902
https://doi.org/10.1038/nature24057
https://doi.org/10.1038/nature24057
https://doi.org/10.1016/j.cmet.2016.12.018
https://doi.org/10.1016/j.cmet.2016.12.018
https://doi.org/10.1016/j.cmet.2016.12.018
https://doi.org/10.1038/s41586-020-03045-2
https://doi.org/10.1038/s41586-020-03045-2
https://doi.org/10.1038/s41586-020-03045-2
https://doi.org/10.1016/j.immuni.2019.09.003
https://doi.org/10.1016/j.immuni.2019.09.003
https://doi.org/10.1016/j.immuni.2019.09.003
https://doi.org/10.1016/j.immuni.2019.09.003
https://doi.org/10.1038/s41586-019-0884-1
https://doi.org/10.1038/s41586-019-0884-1
https://doi.org/10.1038/s41586-019-0884-1
https://doi.org/10.1182/blood-2006-07-035972
https://doi.org/10.1182/blood-2006-07-035972
https://doi.org/10.1182/blood-2006-07-035972
https://doi.org/10.1016/j.celrep.2018.01.040
https://doi.org/10.1016/j.celrep.2018.01.040
https://doi.org/10.1016/j.celrep.2018.01.040
https://doi.org/10.1016/j.celrep.2018.01.040
https://doi.org/10.1016/j.cell.2013.05.016
https://doi.org/10.1016/j.cell.2013.05.016
https://doi.org/10.1016/j.cell.2013.05.016
https://doi.org/10.1002/eji.200838289
https://doi.org/10.1002/eji.200838289
https://doi.org/10.1002/eji.200838289
https://doi.org/10.1002/eji.200838289
https://doi.org/10.1038/s42255-020-0219-4
https://doi.org/10.1038/s42255-020-0219-4
https://doi.org/10.1038/s42255-020-0219-4
https://doi.org/10.1172/JCI69589
https://doi.org/10.1172/JCI69589
https://doi.org/10.1172/JCI69589
https://doi.org/10.1016/j.celrep.2020.108500
https://doi.org/10.1016/j.celrep.2020.108500
https://doi.org/10.1016/j.celrep.2020.108500
https://doi.org/10.1002/iub.572
https://doi.org/10.1002/iub.572
https://doi.org/10.1002/iub.572
https://doi.org/10.1016/j.cmet.2016.08.011
https://doi.org/10.1016/j.cmet.2016.08.011
https://doi.org/10.1016/j.cmet.2016.08.011
https://doi.org/10.1016/j.yjmcc.2017.06.016
https://doi.org/10.1016/j.yjmcc.2017.06.016
https://doi.org/10.1016/j.yjmcc.2017.06.016
https://doi.org/10.1093/cvr/cvaa148
https://doi.org/10.1093/cvr/cvaa148
https://doi.org/10.1093/cvr/cvaa148
https://doi.org/10.1016/j.molcel.2019.10.023
https://doi.org/10.1016/j.molcel.2019.10.023
https://doi.org/10.1016/j.molcel.2019.10.023
https://doi.org/10.1016/j.molcel.2019.10.023
https://doi.org/10.1016/j.semcdb.2019.04.013
https://doi.org/10.1016/j.semcdb.2019.04.013
https://doi.org/10.1016/j.semcdb.2019.04.013
https://doi.org/10.1038/s41586-021-03442-1
https://doi.org/10.1038/s41586-021-03442-1
https://doi.org/10.1038/s41586-021-03442-1
https://doi.org/10.1016/j.trecan.2017.06.005
https://doi.org/10.1016/j.trecan.2017.06.005
https://doi.org/10.1016/j.trecan.2017.06.005
https://doi.org/10.1016/j.cell.2008.05.009
https://doi.org/10.1016/j.cell.2008.05.009
https://doi.org/10.1038/ni.3577
https://doi.org/10.1038/ni.3577
https://doi.org/10.1038/ni.3577
https://doi.org/10.1016/j.cmet.2014.05.004
https://doi.org/10.1016/j.cmet.2014.05.004
https://doi.org/10.1016/j.cmet.2014.05.004
https://doi.org/10.1016/j.cmet.2014.05.004
https://doi.org/10.4049/jimmunol.1003613
https://doi.org/10.4049/jimmunol.1003613
https://doi.org/10.4049/jimmunol.1003613
https://doi.org/10.4049/jimmunol.1003613
https://doi.org/10.1038/s41586-021-03235-6
https://doi.org/10.1038/s41586-021-03235-6
https://doi.org/10.1038/s41586-021-03235-6
https://doi.org/10.1038/s41586-018-0846-z
https://doi.org/10.1038/s41586-018-0846-z
https://doi.org/10.1038/s41586-018-0846-z
https://doi.org/10.1038/nature13490
https://doi.org/10.1038/nature13490
https://doi.org/10.1038/nature13490
https://doi.org/10.1038/s41392-021-00506-6
https://doi.org/10.1038/s41392-021-00506-6
https://doi.org/10.1038/s41392-021-00506-6
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1046/j.1440-1711.2003.t01-1-01177.x
https://doi.org/10.1046/j.1440-1711.2003.t01-1-01177.x
https://doi.org/10.1046/j.1440-1711.2003.t01-1-01177.x
https://doi.org/10.1007/s00441-005-0151-7
https://doi.org/10.1007/s00441-005-0151-7
https://doi.org/10.1007/s00441-005-0151-7
https://doi.org/10.1007/s00441-005-0151-7
https://doi.org/10.1111/j.1471-4159.1993.tb03269.x
https://doi.org/10.1111/j.1471-4159.1993.tb03269.x
https://doi.org/10.1111/j.1471-4159.1993.tb03269.x
https://doi.org/10.1016/j.gene.2007.04.010
https://doi.org/10.1016/j.gene.2007.04.010
https://doi.org/10.1016/j.gene.2007.04.010
https://doi.org/10.1007/s00262-012-1265-x
https://doi.org/10.1007/s00262-012-1265-x
https://doi.org/10.1007/s00262-012-1265-x
https://doi.org/10.1007/s00262-012-1265-x
https://doi.org/10.1007/s00262-012-1265-x
https://doi.org/10.1093/intimm/dxt073
https://doi.org/10.1093/intimm/dxt073
https://doi.org/10.1093/intimm/dxt073
https://doi.org/10.1093/intimm/dxt073
https://doi.org/10.1021/jf903377e
https://doi.org/10.1021/jf903377e
https://doi.org/10.1021/jf903377e
https://doi.org/10.1021/jf903377e
https://doi.org/10.1021/jf903377e
https://doi.org/10.1021/jf903377e
https://doi.org/10.1089/107999000312306
https://doi.org/10.1089/107999000312306
https://doi.org/10.1089/107999000312306
https://doi.org/10.1089/107999000312306
https://doi.org/10.1089/107999000312306
https://doi.org/10.1089/jir.2005.25.20
https://doi.org/10.1089/jir.2005.25.20
https://doi.org/10.1089/jir.2005.25.20
https://doi.org/10.1089/jir.2005.25.20
https://doi.org/10.1126/science.281.5380.1191
https://doi.org/10.1126/science.281.5380.1191
https://doi.org/10.1126/science.281.5380.1191
https://doi.org/10.1016/j.immuni.2005.03.013
https://doi.org/10.1016/j.immuni.2005.03.013
https://doi.org/10.1016/j.immuni.2005.03.013
https://doi.org/10.1016/j.immuni.2005.03.013
https://doi.org/10.4049/jimmunol.176.11.6752
https://doi.org/10.4049/jimmunol.176.11.6752
https://doi.org/10.4049/jimmunol.176.11.6752
https://doi.org/10.4049/jimmunol.176.11.6752
https://doi.org/10.4049/jimmunol.176.11.6752
https://doi.org/10.1016/j.coi.2021.02.003
https://doi.org/10.1016/j.coi.2021.02.003


The Journal of Clinical Investigation   R E V I E W  S E R I E S :  I M M U N O M E T A B O L I S M

1 0 J Clin Invest. 2022;132(2):e148549  https://doi.org/10.1172/JCI148549

tor signaling. Curr Opin Immunol. 2021;70:33–39.
 62. Ravishankar B, et al. The amino acid sensor 

GCN2 inhibits inflammatory responses to apop-
totic cells promoting tolerance and suppressing 
systemic autoimmunity. Proc Natl Acad Sci U S A. 
2015;112(34):10774–10779.

 63. Quintana FJ, et al. Control of T(reg) and T(H)17 
cell differentiation by the aryl hydrocarbon 
receptor. Nature. 2008;453(7191):65–71.

 64. Mezrich JD, et al. An interaction between 
kynurenine and the aryl hydrocarbon receptor 
can generate regulatory T cells. J Immunol. 
2010;185(6):3190–3198.

 65. Dagenais-Lussier X, et al. Kynurenine reduces 
memory CD4 T-cell survival by interfering with 
interleukin-2 signaling early during HIV-1 infec-
tion. J Virol. 2016;90(17):7967–7979.

 66. Brochez L, et al. The rationale of indoleamine 
2,3-dioxygenase inhibition for cancer therapy. 
Eur J Cancer. 2017;76:167–182.

 67. Wei L, et al. High indoleamine 2,3-dioxygenase 
is correlated with microvessel density and worse 
prognosis in breast cancer. Front Immunol. 
2018;9:724.

 68. Meireson A, et al. Peritumoral endothelial 
indoleamine 2, 3-dioxygenase expression 
is an early independent marker of disease 
relapse in colorectal cancer and is influenced 
by DNA mismatch repair profile. Oncotarget. 
2018;9(38):25216–25224.

 69. Yu C-P, et al. The clinicopathological and 
prognostic significance of IDO1 expression in 
human solid tumors: evidence from a systematic 
review and meta-analysis. Cell Physiol Biochem. 
2018;49(1):134–143.

 70. Kim D, et al. Differential expression and clinico-
pathological significance of HER2, indoleamine 
2,3-dioxygenase and PD-L1 in urothelial carcino-
ma of the bladder. J Clin Med. 2020;9(5):E1265.

 71. Liu Y, et al. Tumor-repopulating cells induce 
PD-1 expression in CD8+ T cells by transferring 
kynurenine and AhR activation. Cancer Cell. 
2018;33(3):480–494.

 72. Sinclair LV, et al. Single cell analysis of 
kynurenine and system L amino acid transport in 
T cells. Nat Commun. 2018;9(1):1981.

 73. Hascitha J, et al. Analysis of kynurenine/trypto-
phan ratio and expression of IDO1 and 2 mRNA 
in tumour tissue of cervical cancer patients. Clin 
Biochem. 2016;49(12):919–924.

 74. Triplett TA, et al. Reversal of indoleamine 
2,3-dioxygenase-mediated cancer immune 
suppression by systemic kynurenine depletion 
with a therapeutic enzyme. Nat Biotechnol. 
2018;36(8):758–764.

 75. Muz B, et al. The role of hypoxia in cancer pro-
gression, angiogenesis, metastasis, and resis-
tance to therapy. Hypoxia (Auckl). 2015;3:83–92.

 76. Szatrowski TP, Nathan CF. Production of large 
amounts of hydrogen peroxide by human tumor 
cells. Cancer Res. 1991;51(3):794–798.

 77. Vijayan D, et al. Targeting immunosuppres-
sive adenosine in cancer. Nat Rev Cancer. 
2017;17(12):709–724.

 78. Sena LA, Chandel NS. Physiological roles of 
mitochondrial reactive oxygen species. Mol Cell. 
2012;48(2):158–167.

 79. Sabharwal SS, Schumacker PT. Mitochondrial 

ROS in cancer: initiators, amplifiers or an Achil-
les’ heel? Nat Rev Cancer. 2014;14(11):709–721.

 80. Reczek CR, Chandel NS. The two faces of reac-
tive oxygen species in cancer. Annu Rev Cancer 
Biol. 2017;1(1):79–98.

 81. Blay J, et al. The extracellular fluid of solid 
carcinomas contains immunosuppressive 
concentrations of adenosine. Cancer Res. 
1997;57(13):2602–2605.

 82. Busse M, Vaupel P. Accumulation of purine catab-
olites in solid tumors exposed to therapeutic 
hyperthermia. Experientia. 1996;52(5):469–473.

 83. Stagg J, Smyth MJ. Extracellular adenosine tri-
phosphate and adenosine in cancer. Oncogene. 
2010;29(39):5346–5358.

 84. Ohta A. A metabolic immune checkpoint: ade-
nosine in tumor microenvironment. Front Immu-
nol. 2016;7:109.

 85. Flannagan RS, et al. Antimicrobial mechanisms 
of phagocytes and bacterial evasion strategies. 
Nat Rev Microbiol. 2009;7(5):355–366.

 86. Hattori H, et al. Small-molecule screen identifies 
reactive oxygen species as key regulators of 
neutrophil chemotaxis. Proc Natl Acad Sci U S A. 
2010;107(8):3546–3551.

 87. Rutault K, et al. Reactive oxygen species activate 
human peripheral blood dendritic cells. Free 
Radic Biol Med. 1999;26(1–2):232–238.

 88. Kantengwa S, et al. Superoxide anions induce the 
maturation of human dendritic cells. Am J Respir 
Crit Care Med. 2003;167(3):431–437.

 89. Oberkampf M, et al. Mitochondrial reactive oxy-
gen species regulate the induction of CD8+ T cells 
by plasmacytoid dendritic cells. Nat Commun. 
2018;9(1):2241.

 90. Sena LA, et al. Mitochondria are required for 
antigen-specific T cell activation through 
reactive oxygen species signaling. Immunity. 
2013;38(2):225–236.

 91. Gelderman KA, et al. Macrophages suppress T 
cell responses and arthritis development in mice 
by producing reactive oxygen species. J Clin 
Invest. 2007;117(10):3020–3028.

 92. Pizzolla A, et al. CD68-expressing cells can prime 
T cells and initiate autoimmune arthritis in the 
absence of reactive oxygen species. Eur J Immu-
nol. 2011;41(2):403–412.

 93. Kobayashi SD, et al. Gene expression profiling 
provides insight into the pathophysiology of 
chronic granulomatous disease. J Immunol. 
2004;172(1):636–643.

 94. Scharping NE, et al. The tumor microenviron-
ment represses T cell mitochondrial biogenesis to 
drive intratumoral T cell metabolic insufficiency 
and dysfunction. Immunity. 2016;45(2):374–388.

 95. Najjar YG, et al. Tumor cell oxidative metabolism 
as a barrier to PD-1 blockade immunotherapy in 
melanoma. JCI Insight. 2019;4(5):124989.

 96. Scharping NE, et al. Efficacy of PD-1 blockade 
is potentiated by metformin-induced reduc-
tion of tumor hypoxia. Cancer Immunol Res. 
2017;5(1):9–16.

 97. Scharping NE, et al. Mitochondrial stress induced 
by continuous stimulation under hypoxia 
rapidly drives T cell exhaustion. Nat Immunol. 
2021;22(2):205–215.

 98. Nagaraj S, et al. Altered recognition of antigen is 
a mechanism of CD8+ T cell tolerance in cancer. 

Nat Med. 2007;13(7):828–835.
 99. Kraaij MD, et al. Induction of regulatory T cells 

by macrophages is dependent on production of 
reactive oxygen species. Proc Natl Acad Sci U S A. 
2010;107(41):17686–17691.

 100. Yu X, et al. SENP3 maintains the stability and 
function of regulatory T cells via BACH2  
deSUMOylation. Nat Commun. 2018;9(1):3157.

 101. Ohl K, Tenbrock K. Reactive oxygen species as 
regulators of MDSC-mediated immune suppres-
sion. Front Immunol. 2018;9:2499.

 102. Ohl K, et al. Nrf2 is a central regulator of met-
abolic reprogramming of myeloid-derived 
suppressor cells in steady state and sepsis. Front 
Immunol. 2018;9:1552.

 103. Corzo CA, et al. Mechanism regulating 
reactive oxygen species in tumor-induced 
myeloid-derived suppressor cells. J Immunol. 
2009;182(9):5693–5701.

 104. Synnestvedt K, et al. Ecto-5’-nucleotidase 
(CD73) regulation by hypoxia-inducible factor-1 
mediates permeability changes in intestinal epi-
thelia. J Clin Invest. 2002;110(7):993–1002.

 105. Kong T, et al. HIF-dependent induction of 
adenosine A2B receptor in hypoxia. FASEB J. 
2006;20(13):2242–2250.

 106. Tak E, et al. Protective role of hypoxia-inducible 
factor-1α-dependent CD39 and CD73 in fulmi-
nant acute liver failure. Toxicol Appl Pharmacol. 
2017;314:72–81.

 107. Ohta A, Sitkovsky M. Role of G-protein-coupled 
adenosine receptors in downregulation of inflam-
mation and protection from tissue damage. 
Nature. 2001;414(6866):916–920.

 108. Ohta A, et al. A2A adenosine receptor protects 
tumors from antitumor T cells. Proc Natl Acad Sci 
U S A. 2006;103(35):13132–13137.

 109. Vecchio EA, et al. Ligand-independent adenosine 
A2B receptor constitutive activity as a promoter 
of prostate cancer cell proliferation. J Pharmacol 
Exp Ther. 2016;357(1):36–44.

 110. Canale FP, et al. CD39 expression defines cell 
exhaustion in tumor-infiltrating CD8+ T cells. 
Cancer Res. 2018;78(1):115–128.

 111. Vignali DAA, et al. How regulatory T cells work. 
Nat Rev Immunol. 2008;8(7):523–532.

 112. Petrelli F, et al. Prognostic and predictive role 
of elevated lactate dehydrogenase in patients 
with melanoma treated with immunotherapy 
and BRAF inhibitors: a systematic review and 
meta-analysis. Melanoma Res. 2019;29(1):1–12.

 113. Hodi FS, et al. Nivolumab plus ipilimumab or 
nivolumab alone versus ipilimumab alone in 
advanced melanoma (CheckMate 067): 4-year 
outcomes of a multicentre, randomised, phase 3 
trial. Lancet Oncol. 2018;19(11):1480–1492.

 114. Larkin J, et al. Efficacy and safety in key patient 
subgroups of nivolumab (NIVO) alone or com-
bined with ipilimumab (IPI) versus IPI alone in 
treatment-naïve patients with advanced mel-
anoma (MEL) (CheckMate 067). Eur J Cancer. 
2015;51(suppl 3):S664–S665.

 115. Zappasodi R, et al. CTLA-4 blockade drives loss 
of Treg stability in glycolysis-low tumours. Nature. 
2021;591(7851):652–658.

 116. Cascone T, et al. Increased tumor glycolysis char-
acterizes immune resistance to adoptive T cell 
therapy. Cell Metab. 2018;27(5):977–987.

https://www.jci.org
https://doi.org/10.1172/JCI148549
https://doi.org/10.1016/j.coi.2021.02.003
https://doi.org/10.1073/pnas.1504276112
https://doi.org/10.1073/pnas.1504276112
https://doi.org/10.1073/pnas.1504276112
https://doi.org/10.1073/pnas.1504276112
https://doi.org/10.1073/pnas.1504276112
https://doi.org/10.1038/nature06880
https://doi.org/10.1038/nature06880
https://doi.org/10.1038/nature06880
https://doi.org/10.4049/jimmunol.0903670
https://doi.org/10.4049/jimmunol.0903670
https://doi.org/10.4049/jimmunol.0903670
https://doi.org/10.4049/jimmunol.0903670
https://doi.org/10.1128/JVI.00994-16
https://doi.org/10.1128/JVI.00994-16
https://doi.org/10.1128/JVI.00994-16
https://doi.org/10.1128/JVI.00994-16
https://doi.org/10.1016/j.ejca.2017.01.011
https://doi.org/10.1016/j.ejca.2017.01.011
https://doi.org/10.1016/j.ejca.2017.01.011
https://doi.org/10.3389/fimmu.2018.00724
https://doi.org/10.3389/fimmu.2018.00724
https://doi.org/10.3389/fimmu.2018.00724
https://doi.org/10.3389/fimmu.2018.00724
https://doi.org/10.18632/oncotarget.25393
https://doi.org/10.18632/oncotarget.25393
https://doi.org/10.18632/oncotarget.25393
https://doi.org/10.18632/oncotarget.25393
https://doi.org/10.18632/oncotarget.25393
https://doi.org/10.18632/oncotarget.25393
https://doi.org/10.1159/000492849
https://doi.org/10.1159/000492849
https://doi.org/10.1159/000492849
https://doi.org/10.1159/000492849
https://doi.org/10.1159/000492849
https://doi.org/10.1016/j.ccell.2018.02.005
https://doi.org/10.1016/j.ccell.2018.02.005
https://doi.org/10.1016/j.ccell.2018.02.005
https://doi.org/10.1016/j.ccell.2018.02.005
https://doi.org/10.1038/s41467-018-04366-7
https://doi.org/10.1038/s41467-018-04366-7
https://doi.org/10.1038/s41467-018-04366-7
https://doi.org/10.1016/j.clinbiochem.2016.04.008
https://doi.org/10.1016/j.clinbiochem.2016.04.008
https://doi.org/10.1016/j.clinbiochem.2016.04.008
https://doi.org/10.1016/j.clinbiochem.2016.04.008
https://doi.org/10.1038/nbt.4180
https://doi.org/10.1038/nbt.4180
https://doi.org/10.1038/nbt.4180
https://doi.org/10.1038/nbt.4180
https://doi.org/10.1038/nbt.4180
https://doi.org/10.1038/nrc.2017.86
https://doi.org/10.1038/nrc.2017.86
https://doi.org/10.1038/nrc.2017.86
https://doi.org/10.1016/j.molcel.2012.09.025
https://doi.org/10.1016/j.molcel.2012.09.025
https://doi.org/10.1016/j.molcel.2012.09.025
https://doi.org/10.1038/nrc3803
https://doi.org/10.1038/nrc3803
https://doi.org/10.1038/nrc3803
https://doi.org/10.1146/annurev-cancerbio-041916-065808
https://doi.org/10.1146/annurev-cancerbio-041916-065808
https://doi.org/10.1146/annurev-cancerbio-041916-065808
https://doi.org/10.1007/BF01919318
https://doi.org/10.1007/BF01919318
https://doi.org/10.1007/BF01919318
https://doi.org/10.1038/onc.2010.292
https://doi.org/10.1038/onc.2010.292
https://doi.org/10.1038/onc.2010.292
https://doi.org/10.1038/nrmicro2128
https://doi.org/10.1038/nrmicro2128
https://doi.org/10.1038/nrmicro2128
https://doi.org/10.1073/pnas.0914351107
https://doi.org/10.1073/pnas.0914351107
https://doi.org/10.1073/pnas.0914351107
https://doi.org/10.1073/pnas.0914351107
https://doi.org/10.1164/rccm.200205-425OC
https://doi.org/10.1164/rccm.200205-425OC
https://doi.org/10.1164/rccm.200205-425OC
https://doi.org/10.1038/s41467-018-04686-8
https://doi.org/10.1038/s41467-018-04686-8
https://doi.org/10.1038/s41467-018-04686-8
https://doi.org/10.1038/s41467-018-04686-8
https://doi.org/10.1016/j.immuni.2012.10.020
https://doi.org/10.1016/j.immuni.2012.10.020
https://doi.org/10.1016/j.immuni.2012.10.020
https://doi.org/10.1016/j.immuni.2012.10.020
https://doi.org/10.1172/JCI31935
https://doi.org/10.1172/JCI31935
https://doi.org/10.1172/JCI31935
https://doi.org/10.1172/JCI31935
https://doi.org/10.1002/eji.201040598
https://doi.org/10.1002/eji.201040598
https://doi.org/10.1002/eji.201040598
https://doi.org/10.1002/eji.201040598
https://doi.org/10.4049/jimmunol.172.1.636
https://doi.org/10.4049/jimmunol.172.1.636
https://doi.org/10.4049/jimmunol.172.1.636
https://doi.org/10.4049/jimmunol.172.1.636
https://doi.org/10.1016/j.immuni.2016.07.009
https://doi.org/10.1016/j.immuni.2016.07.009
https://doi.org/10.1016/j.immuni.2016.07.009
https://doi.org/10.1016/j.immuni.2016.07.009
https://www.jci.org
https://doi.org/10.1158/2326-6066.CIR-16-0103
https://doi.org/10.1158/2326-6066.CIR-16-0103
https://doi.org/10.1158/2326-6066.CIR-16-0103
https://doi.org/10.1158/2326-6066.CIR-16-0103
https://doi.org/10.1038/s41590-020-00834-9
https://doi.org/10.1038/s41590-020-00834-9
https://doi.org/10.1038/s41590-020-00834-9
https://doi.org/10.1038/s41590-020-00834-9
https://doi.org/10.1038/nm1609
https://doi.org/10.1038/nm1609
https://doi.org/10.1038/nm1609
https://doi.org/10.1073/pnas.1012016107
https://doi.org/10.1073/pnas.1012016107
https://doi.org/10.1073/pnas.1012016107
https://doi.org/10.1073/pnas.1012016107
https://doi.org/10.1038/s41467-018-05676-6
https://doi.org/10.1038/s41467-018-05676-6
https://doi.org/10.1038/s41467-018-05676-6
https://doi.org/10.3389/fimmu.2018.02499
https://doi.org/10.3389/fimmu.2018.02499
https://doi.org/10.3389/fimmu.2018.02499
https://doi.org/10.3389/fimmu.2018.01552
https://doi.org/10.3389/fimmu.2018.01552
https://doi.org/10.3389/fimmu.2018.01552
https://doi.org/10.3389/fimmu.2018.01552
https://doi.org/10.4049/jimmunol.0900092
https://doi.org/10.4049/jimmunol.0900092
https://doi.org/10.4049/jimmunol.0900092
https://doi.org/10.4049/jimmunol.0900092
https://doi.org/10.1172/JCI0215337
https://doi.org/10.1172/JCI0215337
https://doi.org/10.1172/JCI0215337
https://doi.org/10.1172/JCI0215337
https://doi.org/10.1096/fj.06-6419com
https://doi.org/10.1096/fj.06-6419com
https://doi.org/10.1096/fj.06-6419com
https://doi.org/10.1016/j.taap.2016.11.016
https://doi.org/10.1016/j.taap.2016.11.016
https://doi.org/10.1016/j.taap.2016.11.016
https://doi.org/10.1016/j.taap.2016.11.016
https://doi.org/10.1038/414916a
https://doi.org/10.1038/414916a
https://doi.org/10.1038/414916a
https://doi.org/10.1038/414916a
https://doi.org/10.1073/pnas.0605251103
https://doi.org/10.1073/pnas.0605251103
https://doi.org/10.1073/pnas.0605251103
https://doi.org/10.1124/jpet.115.230003
https://doi.org/10.1124/jpet.115.230003
https://doi.org/10.1124/jpet.115.230003
https://doi.org/10.1124/jpet.115.230003
https://doi.org/10.1158/0008-5472.CAN-16-2684
https://doi.org/10.1158/0008-5472.CAN-16-2684
https://doi.org/10.1158/0008-5472.CAN-16-2684
https://doi.org/10.1038/nri2343
https://doi.org/10.1038/nri2343
https://doi.org/10.1097/CMR.0000000000000520
https://doi.org/10.1097/CMR.0000000000000520
https://doi.org/10.1097/CMR.0000000000000520
https://doi.org/10.1097/CMR.0000000000000520
https://doi.org/10.1097/CMR.0000000000000520
https://doi.org/10.1016/S1470-2045(18)30700-9
https://doi.org/10.1016/S1470-2045(18)30700-9
https://doi.org/10.1016/S1470-2045(18)30700-9
https://doi.org/10.1016/S1470-2045(18)30700-9
https://doi.org/10.1016/S1470-2045(18)30700-9
https://doi.org/10.1016/S0959-8049(16)31822-6
https://doi.org/10.1016/S0959-8049(16)31822-6
https://doi.org/10.1016/S0959-8049(16)31822-6
https://doi.org/10.1016/S0959-8049(16)31822-6
https://doi.org/10.1016/S0959-8049(16)31822-6
https://doi.org/10.1016/S0959-8049(16)31822-6
https://doi.org/10.1038/s41586-021-03326-4
https://doi.org/10.1038/s41586-021-03326-4
https://doi.org/10.1038/s41586-021-03326-4
https://doi.org/10.1016/j.cmet.2018.02.024
https://doi.org/10.1016/j.cmet.2018.02.024
https://doi.org/10.1016/j.cmet.2018.02.024


The Journal of Clinical Investigation   R E V I E W  S E R I E S :  I M M U N O M E T A B O L I S M

1 1J Clin Invest. 2022;132(2):e148549  https://doi.org/10.1172/JCI148549

 117. Gottfried E, et al. New aspects of an old drug—
diclofenac targets MYC and glucose metabolism 
in tumor cells. PLoS One. 2013;8(7):e66987.

 118. Renner K, et al. Restricting glycolysis preserves T 
cell effector functions and augments checkpoint 
therapy. Cell Rep. 2019;29(1):135–150.

 119. Lin X, et al. Glucose metabolism on tumor plas-
ticity, diagnosis, and treatment. Front Oncol. 
2020;10:317.

 120. Beloueche-Babari M, et al. Monocarboxylate 
transporter 1 blockade with AZD3965 inhibits lipid 
biosynthesis and increases tumour immune cell 
infiltration. Br J Cancer. 2020;122(6):895–903.

 121. Corbet C, et al. Interruption of lactate uptake 
by inhibiting mitochondrial pyruvate transport 
unravels direct antitumor and radiosensitizing 
effects. Nat Commun. 2018;9(1):1208.

 122. Draoui N, et al. Antitumor activity of 7-aminocar-
boxycoumarin derivatives, a new class of potent 
inhibitors of lactate influx but not efflux. Mol 
Cancer Ther. 2014;13(6):1410–1418.

 123. Benjamin D, et al. Dual inhibition of the lactate 
transporters MCT1 and MCT4 is synthetic lethal 
with metformin due to NAD+ depletion in cancer 
cells. Cell Rep. 2018;25(11):3047–3058.

 124. Yang M, et al. Does baking soda function 
as a magic bullet for patients with can-
cer? A mini review. Integr Cancer Ther. 
2020;19:1534735420922579.

 125. Pötzl J, et al. Reversal of tumor acidosis by sys-
temic buffering reactivates NK cells to express 
IFN-γ and induces NK cell-dependent lymphoma 
control without other immunotherapies. Int J 
Cancer. 2017;140(9):2125–2133.

 126. Pilon-Thomas S, et al. Neutralization of tumor 
acidity improves antitumor responses to immu-
notherapy. Cancer Res. 2016;76(6):1381–1390.

 127. Walton ZE, et al. Acid suspends the circadian 
clock in hypoxia through inhibition of mTOR. 
Cell. 2018;174(1):72–87.

 128. Röhrig UF, et al. Challenges in the discovery of 
indoleamine 2,3-dioxygenase 1 (IDO1) inhibi-
tors. J Med Chem. 2015;58(24):9421–9437.

 129. Holmgaard RB, et al. Indoleamine 2,3-dioxygen-
ase is a critical resistance mechanism in antitu-
mor T cell immunotherapy targeting CTLA-4.  
J Exp Med. 2013;210(7):1389–1402.

 130. Spranger S, et al. Mechanism of tumor rejection 
with doublets of CTLA-4, PD-1/PD-L1, or IDO 
blockade involves restored IL-2 production and 
proliferation of CD8(+) T cells directly within 
the tumor microenvironment. J Immunother 
Cancer. 2014;2:3.

 131. Sarrouilhe D, Mesnil M. Serotonin and human 
cancer: a critical view. Biochimie. 2019;161:46–50.

 132. Wu H, et al. Beyond a neurotransmitter: the role 
of serotonin in inflammation and immunity. 
Pharmacol Res. 2019;140:100–114.

 133. Afzal MZ, et al. Efficacy of metformin in combi-
nation with immune checkpoint inhibitors (anti-
PD-1/anti-CTLA-4) in metastatic malignant 
melanoma. J Immunother Cancer. 2018;6(1):64.

 134. Horikawa N, et al. Expression of vascular endo-
thelial growth factor in ovarian cancer inhibits 
tumor immunity through the accumulation of 
myeloid-derived suppressor cells. Clin Cancer 
Res. 2017;23(2):587–599.

 135. Lee WS, et al. Combination of anti-angiogenic 
therapy and immune checkpoint blockade 
normalizes vascular-immune crosstalk to 
potentiate cancer immunity. Exp Mol Med. 
2020;52(9):1475–1485.

 136. Huang Y, et al. Vascular normalizing doses of 
antiangiogenic treatment reprogram the immu-
nosuppressive tumor microenvironment and 
enhance immunotherapy. Proc Natl Acad Sci  
U S A. 2012;109(43):17561–17566.

 137. Rini BI, et al. Pembrolizumab plus axitinib versus 
sunitinib for advanced renal-cell carcinoma.  
N Engl J Med. 2019;380(12):1116–1127.

 138. Cheng AL, et al. IMbrave150: Efficacy and safety 
results from a ph III study evaluating atezoli-
zumab (atezo)+ bevacizumab (bev) vs sorafenib 
(Sor) as first treatment (tx) for patients (pts) with 
unresectable hepatocellular carcinoma (HCC). 
Ann Oncol. 2019;30(suppl 9):IX186–IX187.

 139. Deng H, et al. Targeted scavenging of extracellu-
lar ROS relieves suppressive immunogenic cell 
death. Nat Commun. 2020;11(1):4951.

 140. Reisman SA, et al. Topical application of the 
synthetic triterpenoid RTA 408 activates Nrf2 
and induces cytoprotective genes in rat skin. Arch 
Dermatol Res. 2014;306(5):447–454.

 141. Reisman SA, et al. Topical application of the 
synthetic triterpenoid RTA 408 protects mice 
from radiation-induced dermatitis. Radiat Res. 
2014;181(5):512–520.

 142. Probst BL, et al. RTA 408, a novel synthetic trit-
erpenoid with broad anticancer and anti-inflam-
matory activity. PLoS One. 2015;10(4):e0122942.

 143. Churov A, Zhulai G. Targeting adenosine and 
regulatory T cells in cancer immunotherapy. 
Hum Immunol. 2021;82(4):270–278.

 144. Geoghegan JC, et al. Inhibition of CD73 AMP 
hydrolysis by a therapeutic antibody with a dual, 
non-competitive mechanism of action. MAbs. 
2016;8(3):454–467.

 145. Kashyap AS, et al. Antisense oligonucleotide tar-
geting CD39 improves anti-tumor T cell immuni-
ty. J Immunother Cancer. 2019;7(1):67.

 146. Wei J, et al. Targeting REGNASE-1 programs 
long-lived effector T cells for cancer therapy. 
Nature. 2019;576(7787):471–476.

 147. Cantor JR. The rise of physiologic media. Trends 
Cell Biol. 2019;29(11):854–861.

 148. Slack M, et al. T cell metabolic reprogramming and 
plasticity. Mol Immunol. 2015;68(2 pt c):507–512.

 149. Nabe S, et al. Reinforce the antitumor activity of 
CD8+ T cells via glutamine restriction. Cancer Sci. 
2018;109(12):3737–3750.

https://www.jci.org
https://doi.org/10.1172/JCI148549
https://doi.org/10.1371/journal.pone.0066987
https://doi.org/10.1371/journal.pone.0066987
https://doi.org/10.1371/journal.pone.0066987
https://doi.org/10.1016/j.celrep.2019.08.068
https://doi.org/10.1016/j.celrep.2019.08.068
https://doi.org/10.1016/j.celrep.2019.08.068
https://doi.org/10.3389/fonc.2020.00317
https://doi.org/10.3389/fonc.2020.00317
https://doi.org/10.3389/fonc.2020.00317
https://doi.org/10.1038/s41416-019-0717-x
https://doi.org/10.1038/s41416-019-0717-x
https://doi.org/10.1038/s41416-019-0717-x
https://doi.org/10.1038/s41416-019-0717-x
https://doi.org/10.1038/s41467-018-03525-0
https://doi.org/10.1038/s41467-018-03525-0
https://doi.org/10.1038/s41467-018-03525-0
https://doi.org/10.1038/s41467-018-03525-0
https://doi.org/10.1158/1535-7163.MCT-13-0653
https://doi.org/10.1158/1535-7163.MCT-13-0653
https://doi.org/10.1158/1535-7163.MCT-13-0653
https://doi.org/10.1158/1535-7163.MCT-13-0653
https://doi.org/10.1016/j.celrep.2018.11.043
https://doi.org/10.1016/j.celrep.2018.11.043
https://doi.org/10.1016/j.celrep.2018.11.043
https://doi.org/10.1016/j.celrep.2018.11.043
https://doi.org/10.1002/ijc.30646
https://doi.org/10.1002/ijc.30646
https://doi.org/10.1002/ijc.30646
https://doi.org/10.1002/ijc.30646
https://doi.org/10.1002/ijc.30646
https://doi.org/10.1158/0008-5472.CAN-15-1743
https://doi.org/10.1158/0008-5472.CAN-15-1743
https://doi.org/10.1158/0008-5472.CAN-15-1743
https://doi.org/10.1016/j.cell.2018.05.009
https://doi.org/10.1016/j.cell.2018.05.009
https://doi.org/10.1016/j.cell.2018.05.009
https://doi.org/10.1021/acs.jmedchem.5b00326
https://doi.org/10.1021/acs.jmedchem.5b00326
https://doi.org/10.1021/acs.jmedchem.5b00326
https://doi.org/10.1084/jem.20130066
https://doi.org/10.1084/jem.20130066
https://doi.org/10.1084/jem.20130066
https://doi.org/10.1084/jem.20130066
https://doi.org/10.1186/2051-1426-2-3
https://doi.org/10.1186/2051-1426-2-3
https://doi.org/10.1186/2051-1426-2-3
https://doi.org/10.1186/2051-1426-2-3
https://doi.org/10.1186/2051-1426-2-3
https://doi.org/10.1186/2051-1426-2-3
https://doi.org/10.1016/j.biochi.2018.06.016
https://doi.org/10.1016/j.biochi.2018.06.016
https://doi.org/10.1016/j.phrs.2018.06.015
https://doi.org/10.1016/j.phrs.2018.06.015
https://doi.org/10.1016/j.phrs.2018.06.015
https://doi.org/10.1186/s40425-018-0375-1
https://doi.org/10.1186/s40425-018-0375-1
https://doi.org/10.1186/s40425-018-0375-1
https://doi.org/10.1186/s40425-018-0375-1
https://doi.org/10.1158/1078-0432.CCR-16-0387
https://doi.org/10.1158/1078-0432.CCR-16-0387
https://doi.org/10.1158/1078-0432.CCR-16-0387
https://doi.org/10.1158/1078-0432.CCR-16-0387
https://doi.org/10.1158/1078-0432.CCR-16-0387
https://doi.org/10.1038/s12276-020-00500-y
https://doi.org/10.1038/s12276-020-00500-y
https://doi.org/10.1038/s12276-020-00500-y
https://doi.org/10.1038/s12276-020-00500-y
https://doi.org/10.1038/s12276-020-00500-y
https://doi.org/10.1073/pnas.1215397109
https://doi.org/10.1073/pnas.1215397109
https://doi.org/10.1073/pnas.1215397109
https://doi.org/10.1073/pnas.1215397109
https://doi.org/10.1073/pnas.1215397109
https://doi.org/10.1056/NEJMoa1816714
https://doi.org/10.1056/NEJMoa1816714
https://doi.org/10.1056/NEJMoa1816714
https://doi.org/10.1093/annonc/mdz446.002
https://doi.org/10.1093/annonc/mdz446.002
https://doi.org/10.1093/annonc/mdz446.002
https://doi.org/10.1093/annonc/mdz446.002
https://doi.org/10.1093/annonc/mdz446.002
https://doi.org/10.1093/annonc/mdz446.002
https://doi.org/10.1038/s41467-020-18745-6
https://doi.org/10.1038/s41467-020-18745-6
https://doi.org/10.1038/s41467-020-18745-6
https://doi.org/10.1007/s00403-013-1433-7
https://doi.org/10.1007/s00403-013-1433-7
https://doi.org/10.1007/s00403-013-1433-7
https://doi.org/10.1007/s00403-013-1433-7
https://doi.org/10.1667/RR13578.1
https://doi.org/10.1667/RR13578.1
https://doi.org/10.1667/RR13578.1
https://doi.org/10.1667/RR13578.1
https://doi.org/10.1371/journal.pone.0122942
https://doi.org/10.1371/journal.pone.0122942
https://doi.org/10.1371/journal.pone.0122942
https://doi.org/10.1016/j.humimm.2020.12.005
https://doi.org/10.1016/j.humimm.2020.12.005
https://doi.org/10.1016/j.humimm.2020.12.005
https://doi.org/10.1080/19420862.2016.1143182
https://doi.org/10.1080/19420862.2016.1143182
https://doi.org/10.1080/19420862.2016.1143182
https://doi.org/10.1080/19420862.2016.1143182
https://doi.org/10.1186/s40425-019-0545-9
https://doi.org/10.1186/s40425-019-0545-9
https://doi.org/10.1186/s40425-019-0545-9
https://doi.org/10.1038/s41586-019-1821-z
https://doi.org/10.1038/s41586-019-1821-z
https://doi.org/10.1038/s41586-019-1821-z
https://doi.org/10.1016/j.tcb.2019.08.009
https://doi.org/10.1016/j.tcb.2019.08.009
https://doi.org/10.1111/cas.13827
https://doi.org/10.1111/cas.13827
https://doi.org/10.1111/cas.13827

