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Abstract

The depletion or accumulation of metabolites in the tumour 
microenvironment is one of the hallmarks of cancer, but targeting 
cancer cell metabolism therapeutically must also take into account the 
impact on metabolic pathways in immune cells. As we understand more 
about immunometabolism, opportunities arise for synergies between 
agents that modulate metabolism and immunotherapy. In this Review, 
we discuss the pivotal role of metabolic pathways in both cancer and 
immune cells in shaping the tumour microenvironment. We survey 
major anabolic and catabolic pathways and discuss how metabolic 
modulators and dietary nutrients can improve the anticancer immune 
response and overcome drug resistance mechanisms. Agents in the clinic 
include inhibitors of the adenosine and tryptophan pathways, and we 
discuss opportunities and challenges for successful drug development 
in the context of immune checkpoint blockade and chimeric antigen 
receptor (CAR)-T cell therapies.
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in tumours5,6. In addition, many non-proteinogenic amino acid 
derivatives have potent signalling and regulatory roles; for example, 
kynurenine or 2-hydroxyglutarate.

Tryptophan and kynurenine
As a precursor of the bioactive derivatives melatonin and serotonin, 
tryptophan is the least abundant essential amino acid and is impli-
cated in many aspects of health and disease12. The metabolism of 
tryptophan begins with its conversion to N-formylkynurenine (NFK) 
by one of three enzymes: trpytophan-2,3-dioxygenase (TDO), IDO1 or 
IDO2 (ref. 12) (Fig. 1). NFK is metabolized to kynurenine by kynurenine 
formamidase and further degraded by four kynurenine aminotrans-
ferases into kynurenic acid, which constitutes a biomarker for multiple 
inflammatory and neurodegenerative diseases12. In cancer, several 
serum tryptophan metabolites were associated with poor prognosis 
in a randomized trial with stage III patients receiving a prophylactic 
dendritic cell vaccine13. Importantly, tryptophan depletion and kynure-
nine accumulation through IDO1 are established factors contribut-
ing to an immunosuppressive tumour microenvironment (TME)14,15. 
IDO1 is expressed by antigen-presenting cells (dendritic cells and 
macrophages) as well as by tumour cells and correlates with poor 
prognosis across many solid tumours16–19. In a key mechanism, kynure-
nine activates aryl hydrocarbon receptor (AHR), which induces dif-
ferentiation of regulatory T cells (Treg cells) and tumour infiltration by 
myeloid-derived suppressor cells (MDSCs)20,21. Similarly, TDO expres-
sion in human brain tumours is associated with kynurenine production, 
AHR activation and poor progression22. Kynurenine uptake by CD8+ 
T cells via solute carrier family 7 member 8 (SLC7A8) and SLC36A4 
(PAT4) results in AHR-dependent upregulation of the immune check-
point receptor programmed cell death protein 1 (PD1), likely explaining 
why TDO inhibition synergizes with PD1 blockade in mouse cancer 
models23,24. Interestingly, continuous IL-2 exposure induces yet another 
tryptophan-degrading enzyme — tryptophan hydroxylase — in T cells, 
leading to 5-hydroxytryptophan accumulation, which activates AHR 
and thereby causes T cell exhaustion25.

IDO1 inhibition has been found to boost antitumour responses in 
combination with chemotherapy and radiotherapy in murine models 
and canine malignancies26–28. Similarly, IDO1 knockout or an IDO1 
inhibitor synergized with anti-cytotoxic T lymphocyte-associated 
protein 4 (CTLA4) immune checkpoint blockade (ICB) in the B16 murine 
melanoma model29. Based on the efficacy of IDO1 inhibition in preclini-
cal models, IDO1 inhibitors, including epacadostat, BMS-986205 and 
navoximod, were developed and showed acceptable safety profiles in 
the clinic14. Epacadostat showed a promising objective response rate 
in combination with the PD1 inhibitor pembrolizumab in a phase I/II 
melanoma trial30. However, enthusiasm for IDO1 inhibitors was shat-
tered by the disappointing results of a phase III trial evaluating epaca-
dostat in combination with pembrolizumab in patients with advanced 
unresectable melanoma31. The addition of epacadostat did not improve 
survival over pembrolizumab alone, leading to the termination of two 
large phase III trials testing BMS-986205 in non-small-cell lung cancer 
(NSCLC) (NCT03417037) and head and-neck cancer (NCT03386838; 
Table 1 and Supplementary Table 1). Similarly, a recently completed 
phase III trial combining epacadostat with pembrolizumab in meta-
static renal cell carcinoma (RCC) showed no benefit of adding epaca-
dostat (NCT03260894)32. A similar trial focusing on metastatic head 
and neck squamous cell carcinoma hinted at a slight potential ben-
efit (NCT03358472). Overall, the development of IDO1 inhibitors was 
severely impacted by these deceptive clinical data.

Introduction
In the past century, the isolation and study of natural metabolites has 
yielded clinical breakthroughs, as exemplified by antibiotics for the 
treatment of infectious diseases and chemotherapeutics as anticancer 
agents1. In 1948, inhibitors of folate metabolism were successfully used 
to treat patients with leukaemia, sparking interest in targeting tumour 
metabolism2. Along the same lines, synthetic compounds targeting 
nucleoside metabolism have also emerged as powerful chemothera-
peutic drugs2. However, although these drugs are intended to target 
cancer cells, they damage immune cells, which reduces their therapeu-
tic benefit3. This issue highlights the complexity of targeting metabolic 
pathways and the need to disentangle the metabolic pathways that 
affect cancer cells and those that affect immune cells.

Metabolism is a delicate balance between the degradation (catab-
olism) and generation (anabolism) of molecules required to main-
tain cellular functions4. In the context of cancer, increased proliferation 
of tumour cells inevitably amplifies energy usage, disrupting the local 
and sometimes the systemic balance of metabolites5,6. This imbalance 
creates an ever more challenging environment for immune cell function 
and therapeutic interventions. Adding complexity, tumours not only 
use more energy but often rewire their metabolism, most famously 
by increasing the glycolytic production of lactate even under aerobic 
conditions — a mechanism known as the Warburg effect7. However, 
increased glycolysis is only one of many cancer-relevant metabolic alter-
ations, which also include the increased use of amino and fatty acids, as 
well as the secretion of oncometabolites such as 2-hydroxyglutarate6. 
Cancer cell growth tends to deplete the microenvironment of essen-
tial nutrients and to lead to accumulation of waste products includ-
ing lactate8. At the same time, immune cells, particularly activated 
T cells, undergo metabolic reprogramming that enables their prolif-
eration, cytokine production and acquisition of effector functions9 
(Box 1). The resulting metabolic competition between tumour and 
immune cells can lead to T cell exhaustion and immune evasion by the 
tumour8. Before the dawn of immunotherapy, a substantial number of 
metabolism-modulating agents were developed to target tumour cells, 
but with little regard to their effects on immune cells, which likely limited 
their clinical success. Since then, more-favourable immunomodulatory 
effects have been achieved by metabolic interventions designed to 
broaden and boost cancer immunotherapy effects10.

In this Review, we discuss the therapeutic development of metabo-
lites and inhibitors of metabolic pathways, while emphasizing attempts 
to improve cancer immunosurveillance. We focus in particular on 
amino acids, glycolysis, nucleosides and oxidative phosphorylation 
(OXPHOS), as well as on the microbial metabolites that are intertwined 
with nutrition. We discuss pathways that generate and degrade specific 
metabolites, as well as the cancer- and immune-related effects of these 
metabolites. We then describe strategies to promote or inhibit these 
metabolic pathways for cancer treatment, specifically emphasizing 
immune-related effects, as direct impacts on tumour cells have been 
extensively reviewed elsewhere11.

The field of metabolic interventions has suffered major setbacks 
in recent years, as prominently exemplified by the resounding clinical 
failure of indoleamine 2,3-dioxygenase 1 (IDO1) inhibitors. However, 
recent preclinical and early clinical studies showcase how cellular 
metabolism offers promising targets to improve immunotherapy.

Amino acid metabolism
Amino acids are the building blocks of proteins, and metabolic competi-
tion between these metabolites is an important suppressive mechanism 

http://www.nature.com/nrd


Nature Reviews Drug Discovery

Review article

Multiple hypotheses for the failure of epacadostat have been 
formulated, including lack of patient stratification based on IDO1 
expression or immune infiltration, as well as suboptimal IDO1 inhibi-
tion due to the low dose chosen to avoid hepatotoxicity33. In fact, blood 
kynurenic acid — a potential biomarker of IDO1 inhibitor activity — was 
not reduced in a phase II trial of epacadostat in patients with sarcoma, 
supporting the idea that the inhibitor was underdosed34. Improved 
formulation strategies might offer better tumour targeting and hence 
ameliorate the safety profile of IDO1 inhibitors35. Recent work also 
uncovered a potential resistance mechanism to IDO1 inhibition. NAD+ 
excreted by IDO1-inhibited cancer cells might spur the conversion of 
extracellular NAD+ into adenosine, which inhibits T cells through A2A 
and A2B adenosine receptors36. Thus, combining IDO1 inhibition with 
adenosine receptor inhibitors (such as SCH58261 or PSB1115) improved 
antitumour immune responses in ovarian cancer models36. Of note, 
tryptophan depletion through IDO1 causes ribosomal frameshifting 
in melanoma cancer cells, resulting in immunogenic peptide presen-
tation and immune recognition37. Therefore, IDO1 inhibition might 
inadvertently reduce the immunogenicity of cancer cells, contribut-
ing to tumour progression. Interestingly, serine deprivation similarly 
induces immune activation through mitochondrial dysfunction and 
subsequent activation of cyclic GMP–AMP synthase (cGAS) and stimu-
lator of interferon genes (STING)38. Conversely, tryptophan depletion 
inhibits the differentiation of antitumour inflammatory dendritic cells, 
suggesting that IDO1 inhibitors can increase antigen presentation39. 
Hence, it remains unclear to what extent IDO1 inhibitor resistance can 
be explained by deficient presentation of tumour-associated antigens.

Another hypothesis that could explain IDO1 resistance builds on 
the compensatory effects of the other tryptophan-degrading enzymes,  

TDO and IDO2, on IDO1 inhibition. This would favour the development 
of dual IDO1–IDO2 inhibitors (for example, AT-0174) or a combina-
tion of IDO1 inhibitors with TDO inhibitors (for example, LM10)40,41. 
Moreover, AHR activity strongly correlates with the expression of 
l-amino oxidase IL-4-induced 1 (IL4I1), more so than with expression 
of IDO1 and TDO42. IL4I1 converts tryptophan into indole-3-aldehyde 
(I3A) and indole-3-pyruvic acid (I3P), which both activate AHR even 
in the context of IDO1 inhibition42. IL4I1 is an exciting new player in  
tryptophan metabolism, implicated in immunosuppression via 
immature B cells43, tumour-associated macrophages44 and inhibition 
of ferroptotic cell death in cancer cells45. It can be speculated, yet 
remains to be demonstrated, that a systematic investigation of poten-
tial resistance mechanisms, more sophisticated dose-finding studies 
and optimized formulations, as well as careful patient stratification, 
might have avoided the fiasco of the phase III trials aborting the clinical 
development of IDO1 inhibitors.

Indoximod (d-1-methyl-tryptophan) acts on the tryptophan 
pathway, although not by directly inhibiting IDO1 but by relieving the 
detrimental effects of tryptophan depletion on mechanistic target of 
rapamycin (mTOR) signalling in immune cells. Indoximod has been 
tested in several phase I and II trials, was found to be safe and showed early 
signs of efficacy in melanoma, adult and paediatric brain cancer, and 
prostate cancer, although it failed to show benefits in breast cancer46,47. 
The clinical development of indoximod is now focused on paediatric 
brain cancer (NCT04049669, NCT05106296). Another agent, a pegylated 
kynureninase, targets kynurenine to improve tumour lymphocyte infil-
tration and thereby the efficacy of checkpoint inhibition in murine 
syngeneic models48. Thus, ongoing preclinical and clinical research 
should lead to further agents that target the tryptophan–kynurenic axis.

Box 1 | T cell metabolism
 

T cells are a crucial component of the antitumour immune response, 
and reviving T cell activity is a key mode of action of most clinical 
cancer immunotherapies259. Together with B cells, T cells form 
the adaptive immune system, which is characterized by cellular 
expansion and memory formation upon antigen encounter260. T cell 
function is intimately linked to metabolism, and therefore metabolic 
alterations determine T cell phenotypes. After exiting the thymus, 
naive T cells have a quiescent, low metabolic phenotype261. Within 
minutes after T cell receptor (TCR) activation, naive T cells upregulate 
their metabolic demands and switch to a glycolytic phenotype261. 
This switch is achieved by inhibition of enzymes required for 
mitochondrial pyruvate utilization (pyruvate dehydrogenase) 
and upregulation of glucose transporters such as GLUT1 (ref. 9). 
Co-stimulation of T cells through CD28 further promotes glycolysis 
through the PI3K–AKT–mechanistic target of rapamycin complex 1  
(mTORC1) signalling pathway261. Nevertheless, T cells not only 
upregulate glycolysis but also augment the use of glutamine 
through upregulation of the glutaminase transporter and the amino 
acid transporters SLC28A1 and SLC28A2 (ref. 9). Multiple other 
transporters, including SLC7A5 for methionine and SLC16 for lactate 
export are upregulated upon T cell activation261. T cells also increase 
synthesis of nucleotides and ribosomes to enable cell proliferation9.

Although the glycolytic switch is an essential early metabolic 
adaptation, T cells also increase mitochondrial biogenesis through the 
transcription factor MYC, elevating their oxygen consumption rate9.  

Importantly, mitochondria are dynamically regulated through fusion 
and fission throughout T cell differentiation and are required for 
cytolytic function174,175.

T cells comprise cytotoxic CD8+ cells and several CD4+ helper 
T cell subsets260. Although central metabolic paradigms appear 
to be shared between these subsets, some differences have been 
described9. In addition, many tissue- and cancer-specific alterations 
in T cell metabolism are known261. For example, regulatory T cells 
(Treg cells, an immunosuppressive CD4+ T cell subset) upregulate 
the fatty acid receptor and the transporter CD36 to adapt to the 
lactate-rich tumour microenvironment262. After antigen-dependent 
priming, a small fraction of T cells become long-lived memory 
T cells, enabling a quicker response upon reinfection260. Memory 
T cells reprogramme their metabolic phenotype towards increased 
mitochondrial dependency, upregulation of fatty acid synthesis 
and oxidation9. Inhibition of glycolysis by 2-deoxyglucose or by 
enforcing lipid metabolism through carnitine palmitoyltransferase 1 
overexpression enhances generation of CD8+ T cell memory cells9. 
These effects highlight the centrality of metabolism in T cell memory 
formation. T cell exhaustion limits antitumour immunity owing to the 
enfeeblement of T cell functions upon repeated antigen exposure263. 
It leads to reduced glucose uptake and dysfunctional mitochondria, 
and in addition metabolic stress can cause or accelerate T cell 
exhaustion263. Importantly, T cell metabolism and function are 
intricately linked through epigenetic regulation263.
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Glutamine and α-ketoglutarate
Unlike tryptophan, glutamine is not an essential amino acid. None-
theless, glutamine metabolism fuels and regulates cancer cell 
proliferation6,49. Cancer cells have a high demand for glutamine, in 
part owing to the upregulation of glutamine transporters driven by MYC 
gene amplification50,51. In cells, glutamine is converted into glutamate 
by glutaminase, then metabolized to α-ketoglutarate (αKG) to fuel 

the tricarboxylic acid (TCA) cycle (also called the citric acid cycle) in 
mitochondria49 (Fig. 1). The process of αKG fuelling the TCA cycle (ana-
plerosis) enables the removal of other metabolites from this cycle 
(cataplerosis) that can then be used for anabolic reactions. These 
metabolites include citrate, which generates fatty acids via reductive 
carboxylation49. Glutamine is also necessary to counteract reactive oxy-
gen species (ROS) through glutathione synthesis52. Interestingly, αKG 
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Fig. 1 | Targeting amino acid metabolism to improve cancer immunotherapy. 
The pathways involved in amino acid metabolism in tumour cells (left) and 
immune cells (right). Tumour cells use a series of enzymes to metabolize 
tryptophan into kynurenic acid, which activates the aryl hydrocarbon receptor 
(AHR) to promote immune suppression. Tumour cells also consume large 
amounts of glutamine to fuel their tricarboxylic acid (TCA) cycle, so glutamine 
transporters are an opportunity for intervention. The glutamine derivative 
α-ketoglutarate has multiple effects that promote proliferation of tumour cells 
and also impacts epigenetic modulation in myeloid and T cells. α-Ketoglutarate 
is also metabolized into R(−)-2-hydroxyglutarate (R-2-HG) by mutated isocitrate 

dehydrogenase 1 (mIDH1), dampening T cell function. Arginine depletion in the 
tumour microenvironment has detrimental effects on T cell function and can 
be counteracted by inhibitors of ARG1 arginase. Therapeutic interventions are 
highlighted in red boxes. DC, dendritic cell; GAD1, glutamate decarboxylase 1;  
GLS1, glutaminase 1; IDO, indoleamine oxidase; I3P, indole-3-pyruvic acid; 
IL4I1, IL-4-induced 1; KF, kynurenine formamidase; MDSC, myeloid-derived 
suppressor cell; mTORi, mechanistic target of rapamycin inhibitor; NFK, 
N-formylkynurenine; TDO, trpytophan-2,3-dioxygenase; TPH1, tryptophan 
5-hydroxylase 1; Treg cell, regulatory T cell.

http://www.nature.com/nrd


Nature Reviews Drug Discovery

Review article

increases fatty acid oxidation and promotes the development of immu-
nosuppressive M2 macrophages through epigenetic reprogramming53. 
In contrast, αKG was recently linked to programmed cell death 1 ligand 1 
(PDL1) expression and responsiveness to anti-PD1 therapy54. Glutamine 
deprivation favours Treg cell differentiation, whereas αKG can inhibit 
Treg cell differentiation, reduce expression of the Treg cell transcription 
factor FOXP3, and promote a pro-inflammatory phenotype in T cells55,56. 
The contrasting effects of αKG on T cells and macrophages highlight 
that studying metabolic interventions on isolated cell types cannot 
predict their net effect on antitumour immunity.

Given the importance of glutamine in cancer cell proliferation, tar-
geting glutaminase is an intensely studied treatment strategy57. Glutam-
inase inhibition disrupts the glutamate metabolic pathway, leading to 
decreased production of crucial metabolites necessary for biosynthesis 
and redox balance, ultimately impairing tumour growth and viability58. 
For example, inhibition of glutaminase by 6-diazo-5-oxo-l-norleucine 
(DON) or its pro-drug JHU083 leads to tumour regression, improved 
T cell function59 and dampening of MDSCs60 (Fig. 1). Similarly, DON 
shows positive effects during ex vivo chimeric antigen receptor (CAR)-
T cell production by increasing the fraction of central memory cells61. 

Table 1 | Selected clinical trials of metabolites and metabolic interventions 

Drug Target Indication Combination Trial ID; phase Result and/or status Ref.

Ivosidenib mIDH1 mIDH1-AML Azacitidine NCT03173248; III Significant benefit on PFS 87

Vorasidenib mIDH1, mIDH2 Grade 2 IDH-mutant glioma None NCT04164901; III Significant benefit on PFS 88

Vorasidenib mIDH1, mIDH3 Recurrent or progressive 
mIDH1 glioma

Pembrolizumab NCT05484622; I Recruiting –

Oleclumab 
(MEDI9447)

CD73 Unresectable stage III 
NSCLC

Durvalumab, 
chemo-irradiation

NCT05221840; III Recruiting –

IPH5201 CD39 Resectable NSCLC Durvalumab, chemotherapy; 
neoadjuvant and adjuvant

NCT05742607; II Recruiting –

TTX-030 CD39 Metastatic pancreatic 
adenocarcinoma

Chemotherapy with or 
without budigalimab

NCT06119217; II Active, not recruiting –

IPH5201 CD39 Resectable NSCLC Durvalumab, chemotherapy; 
neoadjuvant and adjuvant

NCT05742607; II Recruiting –

Indoximod mTOR, tryptophan 
depletion

Paediatric patients with 
progressive primary 
malignant brain tumours

Temozolomide NCT02502708; II Well tolerated, favourable 
response rate

257

Indoximod mTOR, tryptophan 
depletion

Refractory metastatic 
prostate cancer

Sipuleucel-T NCT01560923; II Well tolerated, significant 
clinical improvement

258

Indoximod mTOR, tryptophan 
depletion

Relapsed brain tumours or 
newly diagnosed DIPG

Chemotherapy and radiation NCT04049669; II Recruiting –

Indoximod mTOR, tryptophan 
depletion

Paediatric brain cancer Ibrutinib and chemotherapy NCT05106296; I Recruiting –

AT-0174 IDO1, TDO Advanced solid tumours None ACTRN12623000956606; I Recruiting –

CB-839 
(telaglenastat)

Glutaminase Advanced or metastatic 
RCC

Everolimus NCT03163667; II Well tolerated, improved 
PFS

71

CB-839 
(telaglenastat)

Glutaminase Advanced-stage NSCLC Sapanisertib NCT04250545; I Active, not recruiting –

IPN60091 Glutaminase Advanced solid tumours Bevacizumab and paclitaxel NCT05039801; I Recruiting –

OATD-02 Arginase 1, 
arginase 2

Advanced or metastatic 
solid tumours

None NCT05759923; I Recruiting –

Etrumadenant 
(AB928)

AA2R Metastatic colorectal 
cancer

Combinations of 
zimberelimab, mFOLFOX-6, 
bevacizumab

NCT04660812; I, II Manageable toxicity 
profile and improvements 
in PFS and OS

130

Ciforadenant AA2R First-line advanced RCC Ipilimumab and nivolumab NCT05501054; I, II Recruiting –

High-fibre diet Gut microbiota 
modulation

Metastatic or unresectable 
stage III–IV melanoma

Pembrolizumab or 
nivolumab

NCT04645680; II Active, not recruiting 215

Camu-camu 
berry powder

Gut microbiota 
modulation

Advanced NSCLC and 
melanoma

Standard-of-care ICB 
(pembrolizumab, nivolumab 
and/or ipilimumab)

NCT05303493; I Recruiting –

Fluoxetine Serotonin 
transporter

Colorectal cancer Neoadjuvant NCT06225011; I Not yet recruiting –

A list of all clinical trials discussed in this Review can be found in the Supplementary information. AA2R, adenosine A2 receptor; AML, acute myeloid leukaemia; DIPG, diffuse intrinsic pontine 
glioma; ICB, immune checkpoint blockade; IDO1, indoleamine 2,3-dioxygenase 1; mIDH1, mutant isocitrate dehydrogenase 1; mTOR, mechanistic target of rapamycin; NSCLC, non-small-cell 
lung cancer; OS, overall survival; PFS, progression-free survival; RCC, renal cell carcinoma; TDO, trpytophan-2,3-dioxygenase.
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The pro-drug JHU083 requires enzymatic cleavage in the TME, which 
limits the gastrointestinal toxicity observed for DON, and JHU083 syn-
ergizes with ICB in mouse models59,62. However, no clinical trials with 
JHU083 have been registered yet. DRP-104 (sirpiglenastat) is another 
DON pro-drug that was tested in a phase I clinical trial on patients 
with advanced solid tumours, but no results have been reported 
(NCT04471415). DRP-104 is now being evaluated in patients with 
fibrolamellar carcinoma refractory to anti-PDL1 (ref. 63). IPN60090 is a 
structurally unrelated oral glutaminase 1 (GLS1) inhibitor that showed 
a good safety profile with relevant reduction of glutamate to glutamine 
ratios in peripheral blood mononuclear cells (PBMCs)64. IPN60090 is 
being tested in a phase I trial in combination with bevacizumab and 
paclitaxel in advanced solid tumours (NCT05039801).

CB-839 (telaglenastat) is the most advanced glutaminase inhibitor 
in clinical development. CB-839 improved antitumour immunity in 
co-cultures and immunocompetent melanoma models when combined 
with immune checkpoint inhibitors65. This was attributed to a more 
potent inhibition of αKG production in tumour cells than in T lympho-
cytes. In immunocompetent mice bearing KRAS-mutant lung cancers, 
glutaminase is locally upregulated in tumours, but the combination of 
CB-839 with PD1 checkpoint blockade impaired T cell activation and 
clonal expansion66. Therefore, depriving tumour cells of glutamine 
must be carefully balanced with the potential negative impact of glu-
taminase inhibition on immune cells. Moreover, glutamine depend-
ency of mouse tumours can vary greatly in vitro and in vivo67. CB-839 
did not improve progression-free survival of patients with metastatic 
clear-cell RCC when combined with the VEGFR2/MET/AXL inhibitor 
cabozantinib68. Unfortunately, in this trial, glutaminase activity was not 
assessed by measuring plasma glutamine levels. Another trial investi-
gating CB-839 in combination with nivolumab in melanoma, clear-cell 
RCC and NSCLC was terminated for lack of efficacy (NCT02771626). The 
loss of KEAP1 that occurs in ~20% of lung cancers increases the activity 
of the oxidative stress-responsive transcription factor NRF2, which 
leads to dependency of cancer cells on glutaminolysis69. However, a 
clinical trial evaluating the combination of PDL1 blockade and CB-839 
in a selected cohort of patients with KEAP1- or NRF2-mutated NSCLC 
was terminated for lack of efficacy (NCT04265534), shedding doubts 
on the glutamine dependency of these patients with NSCLC.

Glutaminolysis and mTOR activation are intricately linked, because 
the amino acid leucine activates glutamate dehydrogenase, which pro-
motes the αKG-mediated activation of mTOR70 (Fig. 1). This connection 
offers another strategy to target the TME. Accordingly, a randomized 
double-blinded phase II trial enrolling patients with advanced RCC 
showed that CB-839 was well tolerated in combination with the mTOR 
inhibitor everolimus and improved progression-free survival71. CB-839 
is also being investigated in combination with another mTOR inhibitor 
(sapanisertib) in advanced-stage NSCLC (NCT04250545). In this trial, 
metabolic response to CB-839 will be measured using glutamine and 
deoxyglucose-based positron emission tomography (PET) tracers. 
Using metabolite-based PET tracers to quantify target inhibition, as 
well as immune activation, is an exciting new perspective for various 
immunotherapy interventions72. In summary, although many glutami-
nase inhibitors have been developed, no clinical efficacy in combina-
tion with ICB has been observed. However, rigorous patient selection 
and new combination regimens have the potential to offer clinically 
effective therapeutic approaches.

Targeting glutamine transporters, including SLC7A11, SLC1A5, 
SLC6A14 and SLC38A1/2, constitutes another option to deplete glu-
tamine from tumour cells57 (Fig. 1). Because amino acid metabolism 

affects the susceptibility of cells to ferroptosis, inhibition of glutamine 
transporters sensitizes cells to the induction of ferroptosis73. However, 
inhibition of glutamine transporters can also compromise the prolif-
eration and differentiation of T cells, which rely on glutaminolysis, 
and thereby could impair antitumour immunity74. Similarly, deletion 
of SLC38A2 impairs the function of conventional type 1 dendritic cells 
and antitumour immunity in vivo75. However, V-9302, a small molecule 
inhibitor of SLC1A5, reduced tumour growth while it decreased T cell 
infiltration and favoured M2 macrophage polarization in the MC38 
syngeneic colorectal cancer (CRC) model57,76. Similarly, V-9302 had 
potent antitumour effects in mouse models of triple-negative breast 
cancer, in which it improved the effector functions of CD4+ T cells and 
granzyme B+ CD8+ T cells77. In an in vitro study, the application of V-9302 
increased T cell memory differentiation and maintained glutathione 
synthesis. This effect was attributed to the upregulation of SLC6A14 
specifically on T cells, which compensated for the adverse effects of 
V-9302 in glutamine deprivation through SLC1A5 inhibition77. However, 
the specificity of V-9302 is controversial, as one study found no evi-
dence for its claimed SLC1A5 specificity but demonstrated inhibition 
of SLC7A5 and SLC38A2 (ref. 78). Developing truly specific inhibitors 
for the various glutamine transporters and increasing their potency 
are likely to be necessary for future clinical applications.

Glutarate
Isocitrate dehydrogenase 1 (IDH1), IDH2 and IDH3 fulfil essential roles in 
the TCA cycle, lipogenesis and other metabolic processes79. Mutations 
in the gene encoding IDH1 occur in a large subset of human gliomas 
termed astrocytomas or oligodendrogliomas, as well as in acute mye-
loid leukaemia (AML), chondrosarcomas and cholangiocarcinomas80. 
These mutations lead to aberrant production of the oncometabolite 
R(−)-2-hydroxyglutarate (R-2-HG) from αKG81 (Fig. 1). Tumour-derived 
R-2-HG enters T cells through the transporter SLC13A3, where it inhib-
its lactate dehydrogenase (LDH), impairs signalling by nuclear fac-
tor of activated T cells (NFAT) and leads to reduced cytotoxicity and 
interferon-γ (IFNγ) secretion82,83. R-2-HG also inhibits several proteins 
involved in histone demethylation and promotes lactate secretion by 
dendritic cells and AML cells84. Overall, R-2-HG suppresses T cells and 
thereby antitumour immunity.

In light of the immunosuppressive effects of R-2-HG, multiple IDH1 
inhibitors have been developed. An orally administered IDH1 inhibitor 
BAY1436032, which is specific for mutant IDH1 (mIDH1), synergized 
with PD1 blockade in a murine syngeneic tumour model83. Similarly, 
mIDH1 inhibition rescued T cell function and synergized with CTLA4 
blockade in a mouse model of cholangiocarcinoma85. IDH1 inhibitors 
then moved into the clinic, and the FDA approved the first mIDH1 
inhibitor, ivosidenib, for the treatment of mIDH1-AML86,87 (Fig. 1). Com-
binations of mIDH1 inhibitors and immune checkpoint blocking anti-
bodies are being clinically tested in patients with cholangiocarcinoma 
(NCT05921760). Furthermore, in a phase III study, the brain-penetrating 
IDH1 and IDH2 inhibitor vorasidenib improved progression-free sur-
vival in patients with mIDH1 grade 2 glioma88. Given these encouraging 
clinical results and the known immunosuppressive effects of R-2-HG, 
vorasidenib is now being tested in combination with pembrolizumab in 
patients with recurrent or progressing mIDH1 glioma in a phase I clini-
cal trial (NCT05484622). In murine glioma models, mIDH1 inhibition 
synergized with irradiation, temozolomide and PDL1 blockade89.

Elevated levels of R-2-HG in mIDH1 tumours were shown to increase 
kynurenine production, pointing to major crosstalk between two 
important immunosuppressive pathways90. In mice, mutation of IDH1 
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inhibited myeloid differentiation, which could be relieved by pharma-
cological AHR inhibition90. These results suggest that patients with 
mIDH1 tumours might profit from AHR blockade.

Interestingly, in hypoxic conditions, activated T cells produce 
up to millimolar intracellular concentrations of the R-2-HG enanti-
omer S(+)-2-HG91 (Fig. 1). This enantiomer suppresses T cell effector 
functions and proliferation in vitro, while preserving T cell mem-
ory features through effects on histone and DNA demethylation 
and HIF1α stability91. Exposure of antigen-specific T cells to S-2-HG  
in vitro improved their persistence upon adoptive transfer into mice 
and boosted their antitumour effects against lymphomas91.

A glutarate derivative diethyl glutarate (DEG) was shown to pre-
serve T cell memory markers without adverse effects on cell prolifera-
tion and to boost antitumour immunity in murine tumour models92 
(Fig. 1). DEG competitively inhibits several epigenetic enzymes that 
require αKG and alters T cell metabolism by glutarylation of PDH E2 
subunit92.

Altogether, these findings indicate how glutarate and its derivatives 
shape T cell differentiation and could be used for immunotherapy.

Arginine
Arginine is a semi-essential proteinogenic amino acid that serves as 
a precursor for many metabolites, including citrulline, creatine, glu-
tamate, ornithine and urea93. In tumours, arginine is metabolized to 
polyamines by arginase 1 (ARG1) expressed by immunosuppressive 
macrophage subsets (M2) and MDSCs94 (Fig. 1). The depletion of argi-
nine from the TME inhibits T cell function95 (Fig. 1). MDSCs express 
nitric oxide synthase (NOS), which converts arginine into nitric oxide, 
which has immunosuppressive effects96. Accordingly, oral arginine 
supplementation enhances antitumour immunity in murine models by 
suppressing MDSCs97. The oral arginase inhibitor INCB001158 (numi-
dargistat) was recently administered to patients with advanced solid 
tumours in a phase I trial98. As a monotherapy, INCB001158 was toler-
ated and induced a dose-dependent increase in plasma arginine levels, 
but failed to affect infiltration of T cells into tumours. INCB001158 was 
also tested with anti-PD1 antibodies in patients with solid tumours99. 
No dose-limiting toxicities were reached, but no activity was observed. 
In an attempt to generate better arginase inhibitors, the compound 
OATD-02 was designed to have a longer half-life, and to inhibit both 
extracellular ARG1 and intracellular ARG2 (ref. 100) (Fig. 1). OATD-02 
was effective in murine tumour models and is being investigated in a 
first-in-human trial in patients with advanced and metastatic cancer 
(NCT05759923)100. This clinical study will be crucial to give a first indi-
cation of whether dual ARG1 and ARG2 targeting is more effective than 
ARG1 targeting with INCB001158.

Non-proteinogenic amino acids and amino acid derivatives
A wide range of non-proteinogenic amino acids are produced 
endogenously and have effects on immune cells. For example, the 
non-proteinogenic amino acid taurine augments T cell proliferation in 
aged mice101 and modulates cell death induced by T cell activation102,103. 
Taurine also boosted OXPHOS in T cells and improved antitumour 
responses in mouse models of PD1 blockade104. Intriguingly, cancer cells 
outcompete T cells for taurine consumption by upregulating the 
taurine transporter SLC6A6. The depletion of taurine leads to T cell 
exhaustion owing to the activation of transcription factors STAT3 and 
ATF4 (ref. 105).

Amino acids can be intermediaries for molecules with potent 
signalling effects, such as neurotransmitters. The neurotransmitter 

γ-aminobutyric acid (GABA) is an extracellular signalling molecule 
in the brain and in pancreatic islets. Cancer cells with aberrant over-
expression of glutamate decarboxylase 1 (GAD1) rewire glutamine 
metabolism to synthesize GABA outside the nervous system106. GABA 
activates the metabotropic GABAB receptor (GABABR), resulting in 
inhibition of glycogen synthase kinase 3β (GSK3β) activity, enhanced 
β-catenin signalling and tumour cell proliferation as well as suppres-
sion of tumour-infiltrating CD8+ T cells. Targeting GAD1 or GABAB 
in mouse tumour models overcomes resistance to PD1 blockade106 
and in patients, increased intratumoural GABA levels predict poor 
prognosis106. B cell-specific inactivation of the GABA-generating 
enzyme GAD67 enhanced antitumour response107. Altogether, these 
findings suggest an immunosuppressive role for GABA in the TME. 
Intriguingly, the GABABR antagonist 2-OH-saclofen and the GAD1 inhibi-
tor 3-mercaptopropionate (3-MPA) synergized with PD1 blockade 
in syngeneic murine tumour models106. Similarly, neutralization of 
acyl-CoA binding protein, which serves as an endogenous allosteric 
activator of GABAAR, synergized with PD1-targeting immunotherapy or 
chemoimmunotherapy, offering a new potential treatment strategy108.

Serotonin (5-hydroxytryptamine) is a neurotransmitter pro-
duced from tryptophan with pro-tumourigenic and pro-inflammatory 
effects109. Peripheral serotonin is primarily produced by tryptophan 
5-hydroxylase 1 (TPH1) in enterochromaffin gut cells, then taken up 
by platelets and released at sites of coagulation110. Intriguingly, intra-
tumoural serotonin levels negatively correlate with CD8+ T cell infil-
tration, and serotonin leads to increased PDL1 expression through 
protein serotonylation111. Oral treatment with fluoxetine, which blocks 
serotonin transporter (SERT)-mediated serotonin uptake into plate-
lets, reduced tumour growth in syngeneic models111. Also, fluoxetine 
and the clinically approved TPH1 inhibitor telotristat-ethyl reduced 
serum serotonin and synergized with PD1 blockade in murine tumour 
models111. However, concluding that the anticancer effects of fluoxetine 
are mediated by SERT inhibition might be premature because fluox-
etine is also reported to inhibit sphingomyelin metabolism and epi-
dermal growth factor receptor signalling112. In a planned clinical trial, 
fluoxetine will be applied daily for 10 days before surgery to patients 
with CRC to investigate whether it modifies immune cell composition 
(NCT06225011).

Nucleosides: adenosine
Beyond their role as building blocks of DNA and RNA, nucleosides have 
essential functions in energy storage and signalling, as exemplified for 
extracellular ATP. Under conditions of injury, ischaemia or cell death, 
cellular ATP is released into the extracellular space and can act as an acti-
vator of the NLRP3 inflammasome, promoting tumour cell survival and 
metastasis through activation of the P2X and P2Y purinoceptors (P2XR 
and P2YR)113. ATP accumulates in tumours, but is rapidly degraded into 
adenosine by the membrane-bound ectonucleotidases CD39 and CD73 
(NT5E), which are expressed by tumour and immune cells113,114 (Fig. 2). 
Alternatively, adenosine is generated when NAD+ is converted into AMP 
by CD38 and CD203a, and AMP is then transformed into adenosine by 
CD73 (ref. 115). Adenosine acts on four G protein-coupled receptors A1, 
A2A, A2B and A3 (ref. 11). Adenosine increases tumour cell proliferation, 
metastasis and angiogenesis through the A2A and A2B receptors, which 
are expressed on tumour cells, endothelial cells and pericytes114 (Fig. 2). 
In addition, adenosine supports polarization of immunosuppressive M2 
macrophages and promotes Treg cell differentiation114 (Fig. 2). Adeno-
sine also directly inhibits the proliferation, activation and cytokine 
release of effector T and natural killer (NK) cells114. Expression of the 
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A2A and A2B receptors is required for adenosine-mediated immunosup-
pression of tumours, and A2A and A2B inhibitors such as caffeine can 
improve tumour rejection116. Similarly, CD73 knockout mice also show 
enhanced immune-mediated inhibition of tumour growth and reduced 
metastasis117. These and many similar findings have encouraged the 
development of inhibitors of the adenosine pathway to overcome 
immunosuppression mechanisms.

The adenosine pathway can be targeted by inhibiting the gen-
eration of adenosine by CD39 and CD73 or by blocking the A2A and A2B 
receptors (Fig. 2). The clinically most advanced anti-CD73 agent is the 
monoclonal antibody oleclumab (MEDI9447). Oleclumab enhances 
the antitumour effects of both myeloid and lymphoid cells in syn-
geneic murine tumour models and synergizes with PD1 blockade118. 
In clinical trials, oleclumab showed a manageable safety profile and 
in combination with PDL1 blockade it improved progression-free sur-
vival in patients with unresectable stage III NSCLC (the COAST clinical 
trial)119,120. On the basis of these promising results, oleclumab is now 
in a phase III trial (NCT05221840). Another CD73 inhibitor is the small 
molecule quemliclustat (AB680). It showed potent effects in vitro 
and in murine syngeneic tumour models121. In the ARC-8 phase Ib trial 
in patients with treatment-naive metastatic pancreatic adenocarci-
noma, quemliclustat combined with anti-PD1 antibodies and standard 
chemotherapy was safe and showed promising overall survival data122. 
Quemliclustat is being tested in multiple phase II trials, mostly together 
with anti-PD1 antibodies. It is also being combined with the A2A–A2B 
antagonist etrumadenant plus anti-PD1 antibodies (NCT04381832). 
Other CD73 inhibitors, such as BMS-986179, CPI-006 and LY3475070, 

showed manageable safety profiles in early-stage clinical trials and are 
undergoing further clinical testing123,124.

By comparison with CD73 inhibition, inhibition of CD39 has the 
additional benefit of resulting in the extracellular accumulation of 
ATP, which potentiates antitumour immunity through activation of 
dendritic cells and macrophages125,126. Although no clinical-stage small 
molecule inhibitors are available, several antibodies targeting CD39 
have progressed to clinical trials (Fig. 2). In the first trials, the CD39 anti-
bodies SRF617 and IPH5201 were well tolerated at doses that inhibited 
CD39 in the tumour127,128, although another trial using SRF617 was termi-
nated (NCT05177770). IPH5201 is now being evaluated in combination 
with anti-PD1 blockade in a phase II trial in NSCLC (NCT05742607). 
Moreover, the CD39 antibody TTX-030 is being tested in combination 
with an anti-PD1 antibody and chemotherapy in patients with meta-
static pancreatic cancer (NCT06119217)129. These trials are essential 
to assess the benefit of CD39 blockade compared with, or potentially 
in combination with, CD73 or A2A–A2B inhibitors126.

Downstream of CD39 and CD73, multiple A2A and A2B adenosine 
receptor inhibitors have been clinically tested. The orally available 
selective A2A–A2B inhibitor etrumadenant (AB928) was evaluated in 
a phase Ib/II trial (ARC-9) in combination with PD1 blockade, the 
anti-VEGF antibody bevacizumab and the FOLFOX chemotherapy 
regime130 in patients with metastatic colorectal cancer (mCRC). A pre-
liminary report indicates that etrumadenant has a manageable toxicity 
profile and leads to improvements in survival of patients with mCRC 
compared with the third-line standard of care, the multi-kinase inhibi-
tor regorafenib130. Etrumadenant is being further tested in multiple 
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Fig. 2 | Targeting nucleoside metabolism in antitumour immunity. 
Nucleoside metabolism is regulated in both tumour and immune cells through 
transmembrane receptors. Initially, the receptor CD39 metabolizes ATP into 
AMP. In addition, AMP can be generated from NAD+ by CD38 and CD203a. The 
receptor CD73 then converts AMP into adenosine, which impairs antitumour 
immunity through binding of A2A and A2B adenosine receptors on myeloid and 

T cells. Inhibitors of CD39, CD73 or A2A and A2B aim to prevent these suppressive 
effects. Adenosine can also be converted into inosine through the adenosine 
deaminase ADA1 (bound to CD26), which promotes T cell memory formation. 
Therapeutic interventions are highlighted in red boxes. IFNγ, interferon-γ; 
Treg cell, regulatory T cell.
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phase II trials, especially in combination with PD1 blockade. Similarly, 
the A2-antagonist ciforadenant was safe and showed signs of efficacy 
as a monotherapy in patients with refractory RCC131. On-target activity 
of ciforadenant was confirmed in PBMCs from patients, and it caused 
increased T cell infiltration and downregulation of an adenosine-related 
gene expression signature in tumour biopsy samples. Based on preclini-
cal evidence of its synergy with checkpoint inhibitors, ciforadenant 
is being investigated in combination with anti-PD1 and anti-CTLA4 
antibodies in a phase I/IIa trial in patients with advanced RCC132. Other 
A2A and A2B inhibitors have shown only low response rates in early-stage 
clinical trials, which have been terminated133. For example, AZD4635 
was tested in combination with anti-PD1 and docetaxel (chemother-
apy)134, and taminadenant (NIR178)135 was tested in combination with 
anti-PD1 antibody or the CD73 inhibitor NZV930 (NCT03207867, 
NCT03549000). We believe that pre-treatment evaluation of adeno-
sine pathway activity (including CD73 and CD39 expression) in the 
tumour and an assessment of on-target activity are key to the future 
development of adenosine pathway inhibitors.

Given the immunosuppressive effects of adenosine on T cells, 
adenosine pathway inhibition has also been explored to improve the 
efficacy of CAR-T cells. Inhibition of A2A and/or A2B by etrumadenant 
was shown to enhance the efficacy of CAR-T cells in a mouse model of 
colon cancer136. Another preclinical study found that overexpression 
of adenosine deaminase, which causes degradation of adenosine to 
inosine, improved CAR-T cell function more than CD39, CD73 or A2 
knockout137. The authors linked this to the effects of inosine, which 
enhances in vitro expansion and efficacy of CAR-T cells through meta-
bolic and epigenetic reprogramming (Fig. 2). Intriguingly, inosine 
might be produced by intestinal bacteria, the abundance of which is 
associated with ICB responses138. Oral inosine supplementation to mice 
improved their ICB response, which depended upon the expression of 
the A2A and A2B receptors by T cells and IFNγ138 (Fig. 2). Another study 
showed that an injectable pegylated form of recombinant adenosine 
deaminase was efficacious in syngeneic mouse tumour models and 
showed synergy with PD1 blockade139. These results should encour-
age additional efforts to therapeutically target adenosine-mediated 
immunosuppression.

Glycolysis and oxidative phosphorylation
Glycolysis
Glycolysis is a multistep process that converts glucose into pyruvate 
(Fig. 3) and generates two molecules of ATP per glucose molecule.  
It fuels OXPHOS by mitochondria and provides essential building blocks 
for the biosynthesis of nucleotides and amino acids140. Increased glu-
cose uptake is a hallmark of tumour cells and is exploited to image 
tumours by [18F]fluorodeoxyglucose PET141. The amplified glucose 
utilization by malignant cells can lead to glucose deprivation in the 
TME142. This, in turn, leads to a lack of the glucose metabolite phospho-
enolpyruvate (PEP) in T cells, which compromises its role in sustaining 
Ca2+–NFAT signalling142. Boosting PEP production by overexpressing 
phosphoenolpyruvate carboxykinase 1 (PCK1) enhances T cell effector 
functions and restricts cancer progression (Fig. 3). Similarly, deficiency 
in the GLUT1 glucose transporter restrains differentiation of effector 
T cells but does not affect expansion of Treg cells, which are important 
immunosuppressive cells in the TME143. Another study confirmed that 
T cells and cancer cells compete for glucose within the TME and block-
ade of PDL1 signalling reduces mTOR activity and glucose utilization by 
tumour cells144. However, it has also been reported that glucose metabo-
lism in T cells is restrained by a lack of glutamine rather than glucose 

in the TME76. Interestingly, in syngeneic mouse colorectal tumours, 
myeloid cells have a major role in glucose uptake76. In this model, the 
glutamine transport inhibitor V-9302 reduced tumour mass, albeit 
at the expense of decreased T cell infiltration and M2 macrophage 
polarization76.

Given the highly glycolytic phenotype of tumour cells, inhibition 
of glycolysis with the hexokinase inhibitor 2-deoxyglucose (2-DG) 
has been tested in clinical trials in combination with chemotherapies, 
although with limited success145. Inhibitors of the glucose transporters 
GLUT1–4 have also been developed. These inhibitors reduce tumour 
growth in vitro and in immunocompromised murine models146. Impor-
tantly, however, GLUT1 and GLUT2 inhibitors and 2-DG inhibit the acti-
vation of T cells, again exemplifying how targeting tumour metabolism 
can restrict immune cell activity. Therefore, these inhibitors are now 
being evaluated for their use in autoimmune diseases instead of in 
cancer143,147,148. By contrast, in cultures of expanding CAR-T cells, glucose 
restriction or glycolysis inhibition enriches memory T cells, preserves 
effector functions and reduces exhaustion149,150. Similar effects on 
CAR-T cells were shown for inhibitors of the PI3K–AKT–mTOR signal-
ling pathway (which connects cell proliferation with metabolism), 
underscoring the complex interplay between metabolism, growth and 
T cell differentiation151–154. Modulation of metabolism during ex vivo 
expansion of cell therapy products provides an exciting new oppor-
tunity for the in vitro use of metabolic modulators that are too toxic 
to be used in vivo.

Lactate
In 1925, Otto Warburg described that, in contrast to normal cells, 
cancer cells accumulate lactate even when cultured in normoxic con-
ditions. This ‘Warburg effect’, has been widely confirmed across dis-
eases, models and patients7,155. High levels of lactate are produced by 
tumour cells through exacerbated aerobic glycolysis and also from 
glutaminolysis via TCA cycle intermediates156. Activated T cells similarly 
have increased aerobic glycolysis and lactate production, which are 
essential for IFNγ production157. Beyond the harmful effects of lactic 
acid-induced acidosis, elevated levels of pH-neutral lactate can dampen 
cytotoxic T and NK cell effector functions through downregulation 
of NFAT and reduced expression of crucial effector proteins such as 
IFNγ158,159 (Fig. 3). Treg cells tolerate high lactate levels and actually use it 
as an energy source within the TME160,161. Gu et al.162 reported that lacty-
lation of the membrane-organizing extension spike protein (MOESIN) 
drives TGFβ signalling, stabilizes the Treg cell transcription factor FOXP3 
and favours Treg cell accumulation in the TME. The accumulation of 
lactate in diverse cancers and its adverse effects on local immune cells 
have motivated researchers to devise numerous strategies to interfere 
with this pathway.

Lactate is produced through LDHA, for which several inhibitors 
have been developed. For example, the LDHA inhibitor GSK2837808A 
synergized with adoptive cell therapy in a murine tumour model163. 
However, because of their inherent toxicity, LDHA inhibitors have not 
been clinically developed. Inhibition of lactate export from cells by 
monocarboxylate transporters (MCTs) 1 and 4 could provide an alterna-
tive to LDHA inhibitors. Thus, the MCT1 inhibitor AZD3965 mediated 
anticancer effects in immunocompromised mice164 and progressed to 
a phase I trial in advanced solid tumours and lymphomas165. It showed 
dose-limiting toxicities affecting the retina, and one case of acidosis, 
as well as one case of increased cardiac troponin I, were reported165. 
A tolerated daily dose that caused MCT1 inhibition was identified165 
but no further clinical investigation followed. However, the findings 
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that AZD3965 suppresses T cell proliferation in vitro159 and MCT1 is 
required for differentiation of murine memory T cells166 challenge the 
premise that MCT1 inhibitors improve cancer immunosurveillance. 
Nonetheless, synergistic effects of the MCT1 inhibitor AR-C155858 
and CAR-T cells have been reported in immunodeficient mice bearing 
human B cell lymphomas167. In these mice, MCT1 inhibition blocks lac-
tate secretion from B cell lymphoma cells (which express only MCT1) 
but spares CAR-T cells (which express both MCT1 and MCT4)167. Of note, 
many tumour cells express MCT4, which would confer resistance to 
MCT1 inhibitors168. Surprisingly, the anti-inflammatory drug diclofenac 
inhibits both MCT1 and MCT4 and synergizes with ICB in syngeneic 

mouse models169. Importantly, diclofenac has a minimal impact on 
T cell activation and proliferation. These results suggest that both 
single MCT1 inhibition and dual MCT1–MCT4 inhibition can impact 
tumour cells while preserving some T cell functions.

Lactate has been historically described as an immunosuppressive 
waste product mainly produced by tumour cells; however, there is 
growing evidence that it is an energy source for T cells. As lactate is used 
as a fuel by T cells, excessive levels of NADH — produced by LDHA when 
it converts lactate into pyruvate — cause reductive stress and inhibit 
the activity of 3-phosphoglycerate dehydrogenase (PHGDH), which 
is important for serine production170. Interestingly, serine relieved 
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to improve antitumour immunity. The glycolysis pathway in the cytoplasm  
and the tricarboxylic acid (TCA) cycle in the mitochondria of immune cells  
provide several therapeutic intervention points. Inhibiting hexokinase 1  
(HK1) in the glycolysis pathway promotes T cell memory in vitro. Lactate  
has harmful effects such as impairing nuclear factor of activated cells (NFAT)  
and cytokine secretion, and inhibition of lactate dehydrogenase A (LDHA)  
can reduce lactate production. Lactate secretion can also be blocked by 
targeting its transporters monocarboxylate transporter 1 (MCT1) and MCT4. 

Inside mitochondria, enzymes in the acetyl-CoA and TCA cycle can be blocked 
therapeutically. The TCA cycle intermediate succinate has effects on HIF1α 
in the nucleus, promoting IL-1β and IL-6 production in macrophages. On the 
other hand acetyl-CoA enhances histone acetylation to promote T cell memory. 
Therapeutic interventions are highlighted in red boxes. 2-DG, 2-deoxyglucose; 
OGDC, 2-oxoglutarate dehydrogenase complex; PCK1, phosphoenolpyruvate 
carboxykinase 1; MPC1, mitochondrial pyruvate carrier 1; PC, pyruvate 
carboxylase; PDH, pyruvate dehydrogenase; PHGDH, 3-phosphoglycerate 
dehydrogenase; GLUT1, glucose transporter 1.
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some of the anti-proliferative effects of lactate on T cells, providing 
an exciting intervention strategy. Lactate also improves the stem cell 
properties of CD8+ T cells by regulating epigenetic enzymes171 and 
fuels T cell metabolism and differentiation159. Lactate also induces a 
pro-inflammatory phenotype in CD4+ T cells through metabolic rewir-
ing in chronic inflammation172. In turn, chronic inflammation impacts 
tumour control through prostaglandins targeted with non-steroidal 
anti-inflammatory drugs (NSAIDs)172 (Box 2). Accordingly, inhibition of 
mitochondrial pyruvate carrier (MPC) in vivo decreases lactate oxida-
tion and impairs T cell functionality, implying that lactate metabolism 
supports CD8+ T cell antitumour function173. Interestingly, MPC inhibi-
tion in T cells cultured ex vivo leads to improved memory formation 
owing to enhanced glutaminolysis and fatty acid oxidation173. Given 
the complex actions of lactate on T cells, we believe that interventions 
aimed at this pathway should be investigated in cultured T cells as well 
as in immunocompetent mouse models.

Mitochondria and TCA cycle intermediates
Inhibitors of mitochondrial OXPHOS have been developed as potential 
anticancer agents (Fig. 3). Mitochondria are essential organelles for 
T cell activation, being dynamically regulated throughout T cell dif-
ferentiation and necessary for the maintenance of T cell memory owing 
to their involvement in fatty acid oxidation174–176. The drug metformin, 
used to treat diabetes, impacts multiple regulators of mitochondrial 
metabolism and has been intensely studied in combination with vari-
ous immunotherapeutic modalities (Box 3). Increasing mitochondrial 
metabolism through overexpression of the transcriptional coactiva-
tor PGC1α improves T cell antitumour activity177. Therefore, inhibi-
tion of mitochondrial functions to target tumour cells inevitably risks 
compromising T cell activity. An inhibitor of mitochondrial complex I,  
IACS-010759, showed efficacy in xenograft models of brain tumours 
and AML178 and enhanced antitumour immunity in PD1-resistant syn-
geneic mouse models of NSCLC179. However, two phase I trials investi-
gating IACS-010759 in relapsed or refractory AML or advanced solid 
tumours were terminated because of dose-limiting toxicities and lack 
of efficacy180.

The small molecule CPI-613 (devimistat) inhibits two enzymes 
that supply substrates to the mitochondrial TCA cycle, 2-oxoglutarate  
dehydrogenase complex  (OGDC) and pyruvate dehydrogenase 
(PDH)181 (Fig. 3). Intriguingly, inhibition of PDH with CPI-613 reversed 
the detrimental effects of lactate (PDH overexpression and pyruvate 
carboxylase downregulation)182. In a phase I clinical study, CPI-613 
provided potential clinical benefit in advanced haematological malig-
nancies although it had dose-limiting renal toxicities183. A phase III trial 
(NCT03504423) in patients with metastatic pancreatic adenocarci-
noma (PDAC) failed to demonstrate efficacy of CPI-613 in combina-
tion with chemotherapy (NCT03504423). CPI-613 is being evaluated 
in other combinations for the treatment of PDAC (NCT05325281), 
solid tumours (NCT05733000) and T cell non-Hodgkin lymphomas 
(NCT04217317). Pending the evaluation of the effects of CPI-613 on 
immune cells, it remains to be seen whether this inhibitor can stimulate 
cancer immunosurveillance.

Several TCA cycle intermediates can modulate immune func-
tions, as documented for fumarate, which has immunosuppressive and 
anti-inflammatory properties and is approved in the form of dimethyl 
fumarate for the treatment of relapsing–remitting multiple sclerosis184. 
Fumarate accumulates in the TME owing to a deficiency of fumarate 
hydratase and leads to accumulation of succinate. The succination of 
ZAP70 kinase, which is essential for T cell receptor signalling, reduced 

T cell activation and impaired immune control of tumours185. Loss-of-
function mutation of succinate dehydrogenase similarly leads to the 
accumulation of succinate, which promotes cancer growth through 
inhibition of HIF1α hydroxylases186. Succinate can also lead to IL-1β 
production by the upregulation of HIF1α in macrophages187 (Fig. 3). 
Accumulation of succinate in the TME has been implicated in the 
recruitment of macrophages into the tumour and their polarization 
towards an IL-6+ tumour-promoting phenotype188. These findings imply 
that strategies to deplete TCA cycle intermediates might promote 
antitumour immunity.

Microbial metabolites and diet
The intestinal microbiota profoundly affects local and systemic inflam-
mation and immune responses, including the immunosurveillance of 
cancers across the body189. Thus, the interplay between the microbiota 
and ICB responses has spurred significant interest189. For example, the 
taxonomic composition of the gut microbiota before and after immuno-
therapy correlates with clinical responses and adverse events in patients 
with melanoma undergoing ICB190. Following pioneering descriptions 
of a protective role for the microbial metabolite desaminotyrosine 
against lung viral infections, interest has been sparked in using this 
‘innate immunometabolite’ as an anticancer drug191 (Fig. 4). Supplemen-
tation of mice with desaminotyrosine increased numbers of activated 
T and NK cells in the TME in a type I interferon-dependent fashion192. 
Another innate immunometabolite, the choline metabolite trimeth-
ylamine N-oxide (TMAO), also induced type I interferon-dependent 
inflammatory macrophages in the TME, improving ICB in murine 

Box 2 | Prostaglandins
 

Pro-inflammatory prostaglandins and leukotrienes are bioactive 
lipids (eicosanoids) produced by the enzymes cyclooxygenase 
(COX) and lipoxygenase (LOX) in tumour and immune cells264. 
Prostaglandin E2 (PGE2) promotes tumour proliferation and 
invasion in an autocrine and paracrine fashion264. Non-steroidal 
anti-inflammatory drugs (NSAIDs, such as aspirin) inhibit COX2 and 
are associated with reduced cancer risk in colon, breast, prostate 
and lung265. The impaired T cell priming through dendritic cells 
caused by PGE2 can be overcome by inhibiting the COX1 or 
COX2–PGE2 axis to enhance the response to anti-programmed cell 
death protein 1 (PD1) and anti-cytotoxic T lymphocyte-associated 
protein 4 (CTLA4) immunotherapy266. We recently showed that 
PGE2 inhibits IL-2 signalling in T cells, limiting stem-like CD8+ T cell 
expansion and differentiation in the tumour microenvironment 
and subsequent effector cell functionalities267. PGE2 also induces 
indoleamine 2,3-dioxygenase 1 (IDO1) expression, linking these 
two immunosuppressive pathways268. Retrospective studies that 
investigated combinations of COX2 inhibitors with immunotherapy 
yielded contradictory results, highlighting the need for prospective 
studies in this regard269,270. In the context of hereditary colon cancer 
(Lynch syndrome), prophylactic COX inhibition by long-term 
administration of aspirin reduced cancer incidence without 
increasing adverse events, advocating for the use of aspirin in this 
patient population271. Although there is accumulating retrospective 
evidence across multiple solid tumour entities indicating that 
aspirin can prevent cancer development, there is a lack of 
randomized studies to support its use in a therapeutic setting272.
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models193. Oral supplementation of choline to mice induced similar 
effects in a microbiota-dependent manner, and expression of mRNAs 
encoding enzymes responsible for TMAO production correlated with 
survival in patients with PDAC193. Likewise, many other microbial metab-
olites have been shown to act on a range of cancer and immune cells. 
Given that the intestinal microbiota is impacted by diet, studies on 
various dietary interventions are being initiated and have indicated that 
nutrition can have an impact on responses to cancer immunotherapy.

Microbial indoles and dietary tryptophan
Host–microbiota interactions can lead to a surge in immunostimula-
tory metabolites of tryptophan, in particular, indoles. The microbial 
product indole-3-acetate (3-IA) is particularly abundant in patients 
with PDAC responding to chemotherapy194 (Fig. 4). 3-IA is oxidized 
by neutrophil myeloperoxidase and inhibits ROS-detoxifying glu-
tathione peroxidases in the context of chemotherapy194. Intriguingly, 
in mice, administration of a tryptophan-enriched diet in conjunction 
with chemotherapy can increase serum levels of 3-IA194. Of note, Lac-
tobacillus reuteri can translocate via vascular and lymphatic routes 
from the gut to the TME of melanomas195. Live intratumoural L. reuteri 
bacteria catalyse production of indole-3-carboxyaldehyde (I-3-A) and 
enhance T cell function in an AHR-dependent manner so that respon-
siveness to PDL1 blockade is amplified. These effects were enhanced 
by a tryptophan-enriched diet. Moreover, serum levels of I-3-A predict 
response to immunotherapy in patients with advanced melanoma195. 
Similarly, indole-3-propionate, which results from metabolic coop-
eration between Lactobacillus johnsonii and Clostridium sporogenes 
in the gut, promotes the cytolysis of cancer cells by CD8+ T cells. This 
metabolite induces chromatin acetylation and expression of the Tcf7 

gene, which promotes differentiation of the progenitor-exhausted 
CD8+ T cells that are associated with an anti-PD1 therapy response196. 
Indoles can also reduce therapy-associated side effects. Thus, I-3-A and 
another tryptophan metabolite, kynurenic acid, which is produced by 
intestinal Lachnospiraceae, confer protection against whole-body irra-
diation by promoting haematopoiesis and attenuating gastrointestinal 
damage197. Accordingly, a high relative abundance of Lachnospiraceae 
and Enterococcaceae was associated with fewer adverse effects197.

The immunostimulatory effects of microbial AHR agonists — 
mostly on CD8+ T cells — conflict with the reported immunosuppressive 
effects of the AHR-activating metabolite kynurenine on Treg cells and 
MDSCs. Also, knockout or inhibition of AHR in tumour-associated mac-
rophages improved antitumour immunity in murine PDAC models19. In 
such models, a diet high in tryptophan compromised immune control 
of tumours, because intestinal Lactobacillus murinus and L. reuteri con-
vert tryptophan into indole-3-lactic acid (3-ILA) and 3-IA, which then 
activate AHR in tumour-associated macrophages19 (Fig. 4). This sup-
ports the model that AHR agonists exert highly cell- and context-specific 
effects, and their net effect on cancer immunosurveillance depends on 
the composition of the tumour20,21.

Notwithstanding these uncertainties, multiple studies support the 
crucial role of microbial metabolites on cancer immunosurveillance. 
Hence, future studies are warranted to investigate the importance of 
these metabolites in cancer treatments that involve faecal microbial 
transplantation or supplementation with defined bacteria.

Microbiota and bile acids
Primary bile acids are cholesterol derivatives produced in the liver and 
released into the intestine, where they are modified by the microbiota 

Box 3 | Metformin
 

Metformin is approved by the FDA for first-line treatment of diabetes 
mellitus type 2. It is used by several hundred million patients 
worldwide, improving glycaemic control and reducing mortality  
with a good safety profile273. Adding to its popularity, metformin  
has been proposed as an anti-ageing drug based on its effects in 
animal models and retrospective studies in humans273. However,  
its benefits in humans without diabetes are still highly controversial 
and being studied in prospective clinical trials273. The effects of 
metformin on diabetes were initially attributed to the activation 
of 5′-AMP-activated protein kinase (AMPK) in the liver273. However, 
AMPK activation is only one of the many described metabolic effects 
of metformin, which include downregulation of sodium–glucose 
transporter 1 in the jejunum, inhibition of hexokinase I (HK1), inhibition 
of NADH-ubiquinone oxidoreductase (mitochondrial respiratory 
chain 1, complex I) and inhibition of mitochondrial glycerophosphate 
dehydrogenase273,274. Metformin also reshapes the taxonomic 
composition of the gut microbiota, although with unclear clinical 
relevance275. Interestingly, metformin has anti-inflammatory effects 
including the reduction of serum TNFα and IL-6 (ref. 273).

Multiple preclinical studies have described antitumour effects 
for metformin, which depend on immune mechanisms274,276. 
Metformin also destabilizes programmed cell death 1 ligand 1 
(PDL1), reduces immunosuppressive macrophage polarization and 
reduces infiltration of cancers by myeloid-derived suppressor cells274. 

However, most of these effects appear to be mediated through 
its impact on tumour cells274. In patients with oesophageal 
squamous cell carcinoma, low-dose metformin inhibited STAT3 
activation, TNFα, interferon-γ (IFNγ) and IL-10 in peripheral 
immune cells but increased the number of tumour-infiltrating CD8+ 
T cells277. Several retrospective analyses indicate that patients who 
received metformin had higher response rates to immune checkpoint 
blockade (ICB)276,278. However, no prospective clinical trial has 
been conducted to provide evidence for a benefit of metformin in 
combination with ICB279. Metformin without immunotherapy was 
tested in a randomized double-blinded phase II trial in patients 
with advanced pancreatic cancer280, but this trial failed to yield 
any survival benefit. Similarly, in the phase III MA.32 clinical 
trial, metformin treatment for 5 years in high-risk patients with 
metastatic breast cancer failed to extend disease-free survival281. 
Furthermore, the metformin-treated patients had increased grade 3 
non-haematological toxic events281. The only benefit of metformin 
was observed in a subgroup of patients with HER2+ breast cancers 
carrying the C allele of the rs11212617 genotype281, replicating an 
earlier beneficial metformin response affecting this population282. 
These trials indicate that specific patient subpopulations might 
benefit from metformin in standard-of-care settings. Prospectively, 
studies of the effects of metformin in combination with cancer 
immunotherapy are urgently awaited.
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into secondary bile acids. Bile acids have essential functions in diges-
tion and also signal through receptors such as the farnesoid X receptor 
(FXR)198. Primary bile acids such as taurocholic acid stimulate secre-
tion of the chemokine CXCL16 by liver sinusoidal endothelial cells, 
and CXCL16 is essential for the recruitment of natural killer T (NKT) 
cells and antitumour surveillance in the liver199. Primary bile acids 

correlated positively, but secondary bile acids negatively, with the 
abundance of CXCL16 in liver samples from patients with hepatocel-
lular carcinoma or cholangiocarcinoma199. Antibiotic treatment that 
removed secondary bile acid-producing Gram-positive bacteria from 
the mouse gut enhanced accumulation of NKT cells and inhibited 
growth of intrahepatic tumours199. The secondary bile acid lithocholic 
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Fig. 4 | Effects of microbiota, nutrition and fasting on the tumour 
microenvironment. Within the intestinal lumen, the gut microbiota produces 
various metabolites that are transported to the liver, various lymphoid organs 
and tumours. Tryptophan can be metabolized by the microbiota into multiple 
indole derivatives, such as indole-3-propionic acid. Indole derivatives produced 
by intestinal and intratumoural Lactobacillus reuteri bacterial populations can 
both positively and negatively impact antitumour immunity. Similarly, various 
primary and secondary bile acids modulate antitumour immunity through 
effects on T cell differentiation. A fibre-rich diet leads to increased short-chain 
fatty acid (SCFA) uptake in the intestine and promotes T cell stemness but  
also regulatory T cell (Treg cell) differentiation. Additionally, spermidine,  

a compound that is increased during fasting, has potent effects on autophagy 
and thereby immunotherapy response. Similarly, a ketogenic diet increases 
β-hydroxybutyrate production, which can promote antitumour immunity via 
T cell activity. Polyphenols such as urolithin metabolized by Ruminococcus 
species can ameliorate T cell differentiation. Lastly, the polyphenol compound 
resveratrol can induce ligands for the activating natural killer (NK) receptor 
NKG2D and thereby induce antitumour activity. Potential therapeutic 
interventions are highlighted in red boxes. B. fragilis, Bacteroides fragilis; LCA, 
lithocholic acid; L. johnsonii, Lactobacillus johnsonii; PDL1, programmed cell 
death 1 ligand 1; TH17 cell, T helper 17.
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acid (LCA) and 3-oxo-LCA suppress T helper 17 (TH17) cell differentia-
tion, and iso-allo-LCA induces Treg cell differentiation through FOXP3 
transcriptional regulation200 (Fig. 4). Intriguingly, antibiotic treatment 
leads to recolonization of the ileum with bacteria that increase levels 
of LCA, which downregulates expression of the cell adhesion molecule 
MADCAM1 (ref. 201). MADCAM1 downregulation drives the migration 
of certain leukocytes — including IL-17-producing Treg cells — away from 
the ileum into tumours, an effect that is linked to poor outcome of 
immunotherapy201.

In a model of allogeneic bone marrow transplantation, T cell 
activation depended on the balance between host and microbial bile 
acids engaging T cell FXR, with ursodeoxycholic acid acting as an 
anti-inflammatory FXR antagonist. Ablation of FXR expression in T cells 
blunted graft-versus-host disease (GvHD) in mice202. The clinical rel-
evance of these observations is supported by the success of UCDA in 
reducing GvHD and increasing survival in a clinical trial that prospec-
tively enrolled patients who were receiving allogenic stem cells, mostly 
owing to malignant disease203. These studies collectively highlight the 
crucial role of bile acids in the microbial regulation of inflammation, 
which is potentially relevant for colon and liver cancers.

In the large Polyp Prevention Trial, serum bile acids were measured 
in patients with surgically removed colorectal adenomatous polyps 
who underwent dietary interventions over the course of 4 years204. 
Baseline bile acid concentrations positively correlated with adenoma 
recurrence and cancer-associated microbiota features204. However, a 
randomized high-fibre, high-fruit and vegetable, low-fat diet did not 
alter bile acid levels204, showing the difficulty of achieving changes in 
microbial metabolites with dietary interventions. Better strategies are 
needed to effectively modulate the composition and abundance of 
secondary bile acids in favour of immunotherapeutic success.

Diet and short-chain fatty acids
Intuitively, the most straightforward and safest way to modulate the 
intestinal microbiota and its metabolites is through diet. Fasting, 
dietary interventions and caloric-restriction mimetics are gaining 
increased attention for their immunomodulatory properties205,206. 
Many short-chain fatty acids (SCFAs), including butyrate, propionate 
and pentanoate, are mainly produced via fermentation of fibre and 
starch by the gut microbiota207. Commensal bacteria produce these 
SCFAs and promote Treg cell differentiation in a healthy, non-inflamed 
colon immune compartment208–210 (Fig. 4). Systemic levels of SCFAs 
have been associated with decreased responsiveness to CTLA4 ICB211, 
although another study described a positive correlation between faecal 
SCFAs and PD1 blockade efficacy212. Dietary fibre intake also correlated 
with immunotherapy response in melanoma, a correlation inhibited 
by the unprescribed use of over-the-counter probiotics213; the con-
nection to SCFAs in this study is unclear213. In a randomized study in 
healthy adults, a dietary intervention based on resistant starch, inulin 
and vinegar increased faecal and serum SCFA levels214. The ongoing DIET 
clinical trial is investigating a high-fibre diet in combination with ICB in 
melanoma and renal cell cancer (NCT04645680)215. It will be important 
to further dissect the contribution of SCFAs to the effects of high-fibre 
diets and their relationship to other metabolites207. In vitro SCFA supple-
mentation during expansion of CAR-T cells improves their function216, 
again highlighting how the ex vivo application of metabolites could be 
a potential clinical avenue.

SCFAs such as acetate are an alternative carbon source for T cells 
and tumour cells growing in conditions of low glucose or glycolysis 
restriction217,218. Interestingly, acetate is imported through the same 

MCT transporters that import lactate217. Once inside cells, acetate 
is converted into acetyl-Co-A by acetyl-CoA synthetase 2 (ACSS2)217. 
Functionally, acetate supplementation promotes histone acetylation 
and IFNγ expression in T cells in culture217 (Fig. 3). Also, increased 
acetate levels in the serum during infections improve the function of 
memory CD8+ T cells219. As a potential therapeutic approach, blockade 
of ACSS2, which is required for acetate consumption by tumour cells, 
augments the availability of acetate to T cells and stimulates T cell 
immunity against breast cancer in animal models220.

Ketogenic diet
Ketogenic diets contain high fat, moderate protein and low carbohy-
drates (usually less than 40 g per day). The absence of carbohydrate 
induces a surge in ketone bodies — in particular 3-hydroxybutyrate 
(3HB) and acetoacetate — which favours mitochondrial respiration 
instead of glycolysis for energy metabolism221. Ketogenic diets were 
initially proposed as an intervention to help combat cancer based 
on direct effects of glucose starvation on cancer cells222. However, 
ketone bodies also act on the immune system. For example, 3HB and 
acetoacetate increase CD8+ T cell function and improve antitumour 
immunity222 (Fig. 4). Similarly, a fasting-mimicking diet was shown 
to improve responses to ICB, while reducing cardiovascular side 
effects223. Mechanistically, ketogenic diet or supplementation of 3HB 
in an intermittent schedule was shown to inhibit upregulation of PDL1 
on myeloid cells and favour expansion of CXCR3+ T cells associated 
with antitumour effector functions224. Several randomized clinical 
studies have investigated the impact of a ketogenic diet in patients with 
breast cancer. A ketogenic diet administered for more than 1 month 
was well tolerated and achieved elevated serum 3HB concentrations225 
and reductions in body weight and fat mass, whereas muscle mass 
was preserved225. In another study, 12 weeks of ketogenic diet during 
chemotherapy lowered serum insulin and led to tumour size reduc-
tion compared with control, an encouraging finding that needs to 
be replicated226. Decreased TNFα and increased IL-10 in the serum 
suggested an impact on inflammation226. These studies suggest that 
a ketogenic diet can achieve systemic metabolic changes, thereby 
enhancing the antitumour effects of chemotherapy. A clinical study 
investigating the adoption of a ketogenic diet during ICB in patients 
with metastatic RCC (NCT05119010) was recently terminated owing 
to recruitment challenges.

Unexpectedly, a recent preclinical study uncovered that a 
ketogenic diet favoured tumour metastasis via the transcription factor 
BACH1 in malignant cells227. This finding lacks replication and investiga-
tion in human studies. Nevertheless, it urges caution with ketogenic 
diets, especially in non-metastatic disease.

Polyphenols
Pomegranates rich in the polyphenol ellagic acid, a precursor of uro-
lithin A, are often promoted as a ‘super-food’ by the lay press. Oral 
supplementation of urolithin A improves anticancer T cell immunity 
in preclinical models. In vitro, urolithin A facilitates expansion of a 
stem cell-like CAR-T cell pool by stimulating mitophagy228. Further-
more, a urolithin A precursor castalagin, from the camu-camu berry 
(Myrciaria dubia), was shown to improve the outcome of immuno-
therapy in preclinical models, correlating with the expansion of intes-
tinal Ruminococcus species229 (Fig. 4). A dietary intake of camu-camu 
powder is being tested in addition to standard-of-care immunother-
apy in a phase I trial in patients with advanced NSCLC or melanoma 
(NCT05303493). In a randomized clinical study with healthy volunteers, 
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urolithin A supplementation was safe and increased peripheral lympho-
cytes and NK cells230. It also reduced pro-inflammatory cytokines and 
induced changes in immune phenotypes230. Although these effects on 
immune cells are encouraging, effects on antitumour immunity need 
to be studied in patients.

Resveratrol is another polyphenol found in various plants, includ-
ing grapes and berries231. Its many reported effects include the induc-
tion of stress ligands that stimulate NK cells through the activating 
receptor NKG2D (also known as KLRK1)231 (Fig. 4). Moreover, direct 
immunostimulatory effects of resveratrol on cytokine secretion have 
been described231. Its appropriate dosing is debated, with pharmaco-
logically active concentrations usually far exceeding the doses achiev-
able by red wine consumption for example232. A human phase I study 
established a nonlinear dose–response for resveratrol, indicating that 
lower doses might have anticancer effects232. However, clinical evidence 
for synergistic effects of resveratrol and immunotherapy is lacking.

Spermidine
Spermidine is a naturally occurring polyamine upregulated by fast-
ing or caloric restriction, and it can induce autophagy and enhance 
longevity in various animals233. Fasting, or administration of the 
caloric-restriction mimetics spermidine and hydroxycitrate, leads 
to autophagy-dependent depletion of Treg cells in fibrosarcoma and 
lung cancer models234. Of note, the extension of healthspan and lifes-
pan in model organisms by fasting or caloric restriction depends on 
the increased spermidine synthesis and the hypusination of eukary-
otic initiation factor 5A (eiF5A), which leads to eiF5A-dependent 
translation of the pro-autophagic transcription factor TFEB and 
stimulation of autophagic flux235. Hypothetically, an age-associated 
reduction in spermidine levels could explain a corresponding decline 
in autophagic flux that in turns favours the ageing process by affect-
ing the immune system233. Accordingly, spermidine can activate the 
eiF5A hypusination–autophagy pathway to rejuvenate human B and 
T lymphocytes from aged human donors in vitro236,237. Both fasting and 
oral spermidine supplementation enhance the efficacy of a combina-
tion of chemotherapy that induces immunogenic cell death plus PD1 
blockade in syngeneic mouse models238 (Fig. 4).

Alternative mechanisms to eiF5A hypusination have been sug-
gested to explain the pro-immunosurveillance effects of spermidine 
supplementation. For example, spermidine inhibits the acetyltrans-
ferase EP300 to stimulate autophagy239, and correspondingly the EP300 
inhibitor C646 enhances efficacy of immunogenic chemotherapy234. 
Moreover, spermidine can increase fatty acid oxidation by enhancing 
the activity of mitochondrial trifunctional protein240. The increased 
fatty acid oxidation favours proliferation, mitochondrial respiration 
and cytokine production by T cells, and synergizes with PDL1 blockade 
in aged mice240. These findings indicate that spermidine has a multi-
pronged effect on the immune system. Oral supplementation with 
highly purified spermidine (trihydrochloride spermidine) has been 
evaluated in healthy volunteers and is well tolerated241. However, only 
spermine — a degradation product of spermidine — was elevated in the 
plasma of treated individuals241. Hence, further studies are required 
to determine the optimal dosing of spermidine and to test potential 
immunostimulatory effects in patients.

B and D vitamins
Vitamins derived from diet, supplementation or commensal species in 
the gut might help to boost antitumour immune responses. This applies 
to B vitamins, which are produced at least in part by the microbiota. 

Supplementation with nicotinamide, the amide form of vitamin B3 and 
a precursor of NAD+, prevents ultraviolet light-induced skin cancers in 
mice and in human transplant recipients242. Oral treatment of mice with 
nicotinamide also retards carcinogenesis of luminal B breast cancers 
through an increase in immunosurveillance mediated by NK and T cells. 
Furthermore, vitamin B3 sensitizes PDAC to gemcitabine-based chem-
otherapy in a CD4+ T cell-dependent manner243,244. Of note, NK cells 
cultured in vitro with nicotinamide exhibit elevated glucose flux, pro-
tection from oxidative stress, enhanced cytotoxic activity and increased 
cytokine production, thus increasing the clinical efficacy of NK cell 
transfer into patients with non-Hodgkin lymphoma245.

Other B vitamins are also endowed with immunomodulatory func-
tions. Vitamin B5 (pantothenate), a precursor of CoA, reprogrammes 
T cells towards OXPHOS, differentiates them towards IL-22-producing 
CD8+ T cells and enhances efficacy of anti-PDL1 antibody therapy in 
mice246. Vitamin B6 (pyrodoxin) is required for efficient antitumour 
immune responses247. Vitamin B12 (cobalamin) produced by the gut 
microbiota acts as a limiting factor for tissue repair; for example, in 
experimental colitis it contributes to one-carbon metabolism and the 
histone methylation required for epigenetic reprogramming248. How-
ever, high plasma concentrations of vitamin B12 are clinically associated 
with poor outcome of immunotherapy treatments249. A systematic 
review of the impact of B vitamin supplementation on cancer risk found 
contradictory effects, especially for B6 and B9 (ref. 250). Given that  
B vitamin supplementation is widely used, the unclear effects on cancer 
risk and as a therapy warrant thorough mechanistic investigations and 
prospective clinical trials.

Vitamin D exerts regulatory roles through the vitamin D receptor 
(VDR), which is a transcription factor expressed by intestinal epithe-
lial cells. VDR activation results in taxonomic shifts in the microbiota, 
with consequences on mucosal immunity, host defence, inflam-
mation and immunity. Mice with a conditional knockout of VDR in 
intestinal epithelial cells harbour altered microbiota and metabo-
lome (with increased secondary bile acids), as well as exacerbated 
signalling through the JAK2–STAT3 pathway, culminating in colon 
carcinogenesis251. By contrast, vitamin D exerted immunostimulatory 
effects by improving the T cell-mediated suppression of transplant-
able melanomas and synergistic responses to checkpoint blockade in 
mice252. This effect of vitamin D was associated with expansion of Bacte-
roides fragilis in the mouse intestine, and oral gavage of this bacterium 
was sufficient to confer the melanoma-resistant phenotype252 (Fig. 4).

Large studies have correlated low 25-hydroxyvitamin D levels 
and genetic polymorphisms in the vitamin D pathway and biosyn-
thesis genes with cancer mortality253. Given its many positive effects, 
vitamin D supplementation has been studied in multiple large clinical 
trials. However, in the prospective D-Health clinical trial, no significant 
benefit of vitamin D supplementation on mortality was found254. In a 
subgroup analysis excluding an early follow-up period, cancer mortal-
ity was even increased with vitamin D supplementation. By contrast, in 
the prospective VITAL clinical trial, a significant reduction of advanced 
cancers was observed in the vitamin D-treated group, especially in 
individuals with a body mass index of less than 25 (ref. 255). In a smaller 
clinical study in patients with advanced cancer receiving ICB, vitamin D 
supplementation mostly corrected a vitamin deficiency that was found 
in 94% of patients256 and the supplemented cohort achieved longer 
overall survival. In summary, these contradictory studies show that 
the benefit of vitamin D supplementation in an unscreened general 
population is uncertain, and prospective randomized trials of vitamin D 
in cancer immunotherapy warrant further consideration.
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Concluding remarks
Tumour cell metabolism offers seemingly unlimited potential for thera-
peutic interventions, and many potential drugs have been clinically 
tested. However, historically these agents have been developed with 
little attention to their immune-related side effects. We argue that 
this immune-agnostic approach could explain the high failure rate of 
certain inhibitors in clinical trials, such as those targeting mitochon-
drial enzymes, glycolysis or lactate secretion. However, several drugs 
specifically targeting immunosuppressive pathways, such as IDO1 or A2 
inhibitors, have also lacked efficacy. This raises the question of whether 
better model systems need to be developed instead of the current 
mouse models typically based on the inoculation of cancer cell lines. 
That said, the approval of ivosidenib for mIDH1-AML and an impres-
sive phase III study of vorasidenib in mIDH grade 2 glioma exemplify 
that metabolism inhibitors can be safe and efficacious, even if these 
examples target mutant enzymes. Many ongoing clinical trials offer 
promising avenues, including the phase III study investigating the 
CD73-targeting antibody oleclumab.

The termination of multiple trials investigating the combination 
of A2 adenosine receptor inhibitors with checkpoint blockade suggest 
that ICB might not be the ideal partner for all metabolic interventions. 
Recent years have revealed several new resistance mechanisms that 
might enable superior combination strategies, such as glutaminolysis 
inhibitors with mTOR inhibition or adenosine with IDO1 inhibition. 
Synthetic metabolic lethality is an exciting new concept in the field 
of cancer immunotherapy. We anticipate that systematic screening 
approaches or hypothesis-based investigations based on this concept 
will lead to the design of new combination treatments.

Dietary and microbiota-centred interventions are gaining ever 
more attraction, and several ongoing trials could pave the way for more 
investigations in this realm. Preclinical evidence in favour of the immu-
nostimulatory effects of arginine, castalagin, choline, desaminotyrosine, 
I-3-A, propionic acid, inosine, spermidine and vitamin D are spurring 
the design of clinical trials in which such metabolites are orally supple-
mented. However, clinical evidence for most dietary or supplementation 
regimens is either controversial or inadequate. Although exciting trials 
are ongoing, we believe that sophisticated PK/PD studies in this area are 
mostly elusive. Moreover, the biomarker-based selection of adequate 
patient populations will be key for the successful completion of trials in 
which immunotherapies are combined with dietary or supplement-based 
interventions, as well as with more traditional drug candidates.

Another exciting application of metabolism modulators 
is for the in vitro expansion of cellular therapy products. Many 
metabolism-targeted agents can improve CAR-T cell function, stemness 
and in vivo efficacy, which has been documented for DON, inosine, 
2-DG, nicotinamide, MPC inhibitors, urolithin or V-9302. The ex vivo use 
of these compounds as supplements for cell culture abrogates the risks 
of inadequate pharmacokinetics or unwarranted toxicities, offering 
unique therapeutic flexibility. Moreover, if clinically successful, such 
ex vivo manipulations of immunometabolism should pave the way for 
future in vivo interventions.
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