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Since the FDA approval of the first checkpoint inhibitor 
in 2011, the field of cancer immunotherapy has grown 
exponentially: checkpoint blockade therapies with 
mono clonal antibodies targeting CTLA4 or PD1/PDL1, 
as monotherapy or in combination, are now approved 
for at least 13 cancer indications. The FDA has issued its 
first approval for an oncolytic virus (OV) (talimogene 
laherparepvec (T-VEC)), and adoptive transfer of chi-
meric antigen receptor (CAR) T cells has become the 
standard of care for select haematological malignancies1. 
However, many patients with cancer will not respond to 
immunotherapy, and, in the case of CAR T cells, their 
application for the treatment of solid tumours has largely 
been unsuccessful. Although many soluble, cellular and 
cell-intrinsic factors can contribute to resistance to 
immunotherapy, the role of metabolic pathways in deter-
mining T cell fate and function in antitumour immunity 
has recently started to attract considerable interest.

Anticancer immunotherapeutic strategies based on 
checkpoint inhibition, adoptive cell therapy (ACT) and 
OVs all require sustained effector T cell responses to 
induce durable clinical responses. These T cells, whether 
endogenous or adoptively transferred, must enter the 
tumour microenvironment (TME) and thrive within 
it. Tumour hypoxia, a low pH, suppressive metabolites 
and low nutrient availability can all prevent T cells from 
acquiring optimal effector functions. Each of these 
immunotherapies affects the T cell response at a differ-
ent stage: blocking CTLA4 releases restrictions on T cell 
priming and activation; blocking PD1 releases restric-
tions on activation of the PD1low progenitor T cell popu-
lation in the TME (see Box 1); and OV therapy induces 

the priming and activation of new antiviral and anti-
tumour responses (see Box 2). ACT (see Box 3) bypasses 
restrictions on activation and expansion; however, cells 
may experience metabolic stress owing to these expan-
sion conditions and experience metabolic restrictions 
upon entry into the tumour (Fig. 1). At present, the met-
abolic restraints experienced by effector T cells in the 
tumour are not addressed in the context of these thera-
peutic interventions. Although many patients respond to 
these therapies without additional targeting of metabolic 
barriers, addressing the metabolic challenges of immune 
responses in the TME in combination with current  
therapeutic interventions may increase response rates.

Here, we discuss the roles of different metabolic 
pathways in antitumour immune cell function, with a 
specific focus on the three approved classes of immuno-
therapy: checkpoint blockade, adoptive cell therapy and 
OVs. Furthermore, we discuss how targeting metabolic 
barriers may improve therapeutic responses.

Metabolic relationships in the TME
A hallmark of cancer is continual growth and cellu-
lar proliferation while avoiding cell death, which has a 
considerable energetic cost1. Although it has long been 
known that the intrinsic metabolism of tumour cells 
can shape the TME1, until recently the effects of such a 
metabolically altered tissue on non-transformed cells 
such as infiltrating immune cells was not appreciated. 
However, the interaction between nutrients, metab-
olites and immune cells is likely to play a major role in 
immune editing and in tumoural escape (Fig. 2). The abil-
ity of tumour cells to utilize glycolysis for energy (ATP) 

Immune editing
The process by which tumour 
cells mutate and evolve  
to evade detection and 
elimination by the immune 
system.

Tumoural escape
The ability of tumour cells to 
escape from elimination by 
immune cells, for example 
through immune editing.
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generation, despite the presence of sufficient levels of 
oxygen for oxidative phosphorylation (OXPHOS), which 
results in a more efficient pathway for ATP generation, 
was discovered by Otto Warburg in the early twentieth 
century, and is termed the ‘Warburg effect’2,3. The utiliza-
tion of glucose for glycolysis and the rapid cellular prolifer-
ation leaves the TME depleted of nutrients for infiltrating 
immune cells such as effector T cells, and simultaneously 
enriches the TME in immunosuppressive metabolites4,5. 
However, nutrient and oxygen availability are not homo-
geneous within the TME, with pockets of nutrient deple-
tion and hypoxia resulting from differential ‘fuel’ uptake 
by heterogeneous tumour cell populations. Such variation 
can depend on the tumour type and tumour location6–10. 

Residence within a nutrient-restricted tumour site may 
exert metabolic stress on T cells, which can affect their 
differentiation and function. However, some nutrients 
can also be overabundant within the TME compared with 
plasma as shown in a mouse model of pancreatic ductal 
adenocarcinoma10. High glucose utilization by the tumour 
also results in the generation of large amounts of lactate as 
a by-product, which lowers the pH of the TME. This can  
impair the cytolytic activity and cytokine production of 
T cells11. Moreover, lactate, irrespective of its pH-lowering 
property, is a metabolite with diverse effects on immune 
cell populations, and has been shown to polarize macro-
phages towards the tolerogenic M2 type and shift the  
metabolism of regulatory T cells (Treg cells) to maintain their 
activity in low-glucose environments12–14. Tumour cells 
that undergo rapid proliferation also require an increased 
blood flow to transport nutrients and oxygen into the 
TME and often produce angiogenic factors. This can result 
in the formation of a disorganized vasculature and the 
formation of pockets of extreme hypoxia in the tumour, 
which restricts immune cell infiltration and leads to the 
build-up of immunosuppressive metabolic by-products8,9. 
Intriguingly, many of these metabolic changes, 
although detrimental to effector T cell function, can  
support — or at least not negatively affect — suppres-
sive immune populations such as Treg cells or suppressive  
myeloid populations13,14.

Metabolic reprogramming plays a central role in the 
differentiation and activation of T cells as the switch from 
quiescence to activation, proliferation, differentiation 
and infiltration carries a heavy energetic burden. There-
fore, metabolic pathways have an immunoregulatory  
role in T cells, which was reviewed in reFs15–18. The role  
of metabolism in altering the epigenome and the 
influence this has on cell fate was recently reviewed19.

Different subsets of differentiated T cells utilize dis-
tinct metabolic programmes20–22. Conventional naive 
T cells exist in a resting state, potentially for a lifetime, 
with minimal metabolic activity. However, newly acti-
vated T cells (effector T cells) rapidly upregulate glucose 
uptake and associated aerobic glycolysis, which enables 
nucleotide synthesis for rapid proliferation and ATP pro-
duction, and relieves translational inhibition to promote 
cytokine production5,23. It also frees up intermediates 
from the tricarboxylic acid (TCA) cycle to generate meta-
bolic by-products that are involved in cellular signalling, 
biosynthetic reactions such as the production of amino 
acids and epigenetic modifications15. For example, in 
parallel to upregulating glucose metabolism, T cells 
also engage metabolic programmes to rapidly take up 
and metabolize glutamine, which enters the TCA cycle 
as α-ketoglutarate24. Glutamine can support OXPHOS 
through the TCA cycle, but α-ketoglutarate can also 
directly interact with the demethylase machinery to pro-
mote epigenetic modulation15. Furthermore, both resting 
and activated T cells take up exogenous lipids and can 
oxidize intracellular stores of lipids25,26. β-Oxidation is a 
very efficient method to generate ATP in the presence of 
oxygen. Thus, a newly activated conventional T cell can 
fuel its proliferation and differentiation through multi-
ple nutrient sources, creating a clonal population with 
diverse effector functions.

Box 1 | Checkpoint blockade

checkpoint blockade describes a therapeutic approach in which certain inhibitory 
receptors on immune cells (‘checkpoint molecules’) or their ligands are inhibited, 
usually with monoclonal antibodies. The first monoclonal antibodies to be approved for 
checkpoint blockade targeted the checkpoint molecules cTlA4 and PD1. Ipilimumab,  
a fully humanized anti-cTlA4 antibody, was approved in 2011 for its ability to induce 
long-term survival in patients with metastatic melanoma 144. This was followed in  
2014 by monoclonal antibodies that block PD1, first pembrolizumab and shortly after 
nivolumab, also for the treatment of patients with melanoma145. These checkpoint 
blockers, alone or in combination, have since been approved for a number of different 
types of cancer. However, depending on their target, they act at different stages of 
T cell differentiation.

CTLA4. T cells require three types of signal for proper activation: TCR signalling, 
co-stimulatory signalling and cytokine signalling. Without co-stimulatory signalling 
through the surface receptor CD28, T cells proceed to an anergic state146. cTlA4 binds 
cD80 and cD86, the same ligands bound by cD28 (reFs147–150). This may sequester  
these ligands and prevent successful T cell activation151. Regulatory T cells (Treg cells) 
constitutively express cTlA4 (reF.152), and mice lacking cTlA4 (reFs153,154), or mice with a 
Treg cell-specific knockout of Ctla4 (reF.155), have rampant and widespread autoimmunity. 
blocking cTlA4 in a mouse model of melanoma led to the regression of established 
tumours and generated memory responses that were sufficient to protect against 
rechallenge156.

CTLA4 blockade acts on T cells during the priming stage. This occurs primarily in 
secondary lymphoid organs, such as the tumour-draining lymph nodes, where naive 
T cells are activated. It is thought that the blocking of CLTA4 allows CD28–ligand binding 
and the subsequent complete activation of the cells, which would otherwise be restrained 
by cTlA4-mediated suppression. Although mouse models showed that cTlA4-targeted 
treatment can selectively deplete Treg cells through antibody-dependent cellular 
cytotoxicity, there is currently much discussion around whether this contributes to 
responses in humans157.

PD1. PD1 is expressed by immature T cells in the thymus during T cell receptor 
selection158–160, as well as by mature T cells after activation161. The binding of PD1 to its 
ligands, PDl1 or PDl2, which are expressed on cells in inflamed peripheral tissues, 
results in the inhibition of certain T cell signalling pathways that are important for T cell 
activation, proliferation, survival, cytokine production and metabolic switching162,163, 
which was reviewed extensively in reF.164.

unlike cTlA4, PD1 is upregulated only after cells are activated, and it is involved  
in preventing autoimmunity in the periphery165. Inflammatory cytokines such as 
interferon-γ can induce an upregulation of PDl1 in tumour cells, leading to a dampened 
immune response166. PD1 expression is highly upregulated in T cells classified as 
‘exhausted’, along with other inhibitory (checkpoint) receptors such as lAG3, TIm3 and 
TIGIT167,168. T cell exhaustion, characterized as an intrinsic failure to respond robustly to 
antigens and perform multiple effector functions, was first observed in chronic infection 
with lymphocytic choriomeningitis virus169,170 and eventually in cancer171. Although PD1 
blockade can restore T cell activity in models of infection and cancer172,173, it is now 
generally appreciated that blocking PD1 or its ligands does not restore the activity of the 
terminally differentiated, exhausted PD1hi T cells, but rather acts on less differentiated, 
stem-like T cells, which are characterized by the expression of the transcription factor 
TcF7 (reFs174–176). The blockade of PD1 is thought to induce the differentiation of these 
progenitor cells into cytotoxic T cells that can mediate tumour killing.
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However, not all T cells uniformly engage in these 
metabolic transitions after activation. Treg cells have 
low rates of glycolysis and predominantly utilize 
fatty acid oxidation for their metabolism27. It is unclear 
whether this is the default pathway for energy genera-
tion in the absence of glycolysis or whether this is the 
intrinsic metabolic pathway for Treg cells. Treg cells do 
upregulate the transcription of fatty acid transporters; 
however, they also can take up alternative metabolites, 
such as butyrate and lactate28. Regardless, this pathway 
of energy generation may allow Treg cells to function 
optimally within the TME, whereas the activity of con-
ventional CD4+ T cells and CD8+ T cells is impaired. 
Notably, Treg cell metabolism is an understudied field, 
and many aspects of the metabolic requirements of 
T cells, especially in the context of specific tissues and 
disease states, have yet to be elucidated.

Given that chemotaxis and motility impose heavy 
energetic demands on cells, the metabolism of T cells 
influences their trafficking in and out of secondary lym-
phoid organs (SLOs) and tissues. During activation of 
naive T cells, the Pi3K–AKT–mTor axis downregulates the 
expression of the SLO homing receptors CD62L, CCR7 
and S1P1, while at the same time increasing the expression 
of the chemokine receptors CXCR3 and CCR5 to allow 
egress from the SLO. By contrast, during the differentia-
tion of activated effector T cells into long-lived memory  
cells, low mTOR activity leads to increased CD62L  
and CCR7 expression, which allows increased traffick-
ing and surveillance29. During this differentiation step 
there is also a metabolic transition to an increase in 
mitochondrial oxidative metabolism, which is promoted 
by IL-15, an important cytokine that supports memory 
T cell differentiation30. Indeed, in memory T cells, the 
sensing of nutrients such as glucose and amino acids and 
relative ATP levels via signalling by the mTOR complex 
stimulates mitochondrial biogenesis, which creates 
an increase in mitochondrial respiratory capacity and 
allows for efficient usage of metabolic pathways under 
stress situations such as nutrient deprivation30,31. Most 
long-lived cells rely on mitochondrial metabolism for 
energy generation, and thus energy generation through 
OXPHOS, which occurs in the mitochondrial mem-
brane, supports the long-term persistence of these cells. 
In summary, T cells require various fuel sources to effec-
tively activate, proliferate, differentiate, home to tissue 
sites, search for antigens and perform their effector func-
tions. As the metabolic pathways utilized during each 
of these steps can be distinct, the differential access to 
nutrients at various tissue sites can alter the path of T cell 
differentiation and function. This is critically important 
in anticancer immunity, in which the ‘normal’ rules 
of activation, tissue homing, antigen recognition and  
cytotoxicity of T cells are skewed by the suppressive 
mechanisms of the TME.

Checkpoint blockade
Immune checkpoint molecules, which are generally 
co-inhibitory receptors expressed by immune cells such 
as T cells, are critical for the prevention of autoimmunity 
and immunopathology; however, in the context of can-
cer, they can dampen antitumour immune responses. 
Checkpoint molecules or their ligands are expressed by 
a variety of cell types within the TME. Here, we focus 
on the checkpoint molecules most widely targeted in the 
clinic, CTLA4 and PD1 (Box 1).

Immunotherapy via checkpoint blockade depends 
on a pre-existing antitumour response, a smouldering 
immune cell infiltrate that is capable of reinvigoration. 
However, patients may either have very low numbers of 
tumour-specific T cells or lack an antitumour response 
entirely.

Although a number of different mechanisms of 
resistance to immune responses may be at play within 
the TME32, a low pH and low oxygen availability, the 
presence of suppressive metabolites, and reduced glu-
cose and nutrient availability impose metabolic barriers 
on T cells33. Moreover, T cells also generate their own 
intrinsic metabolic barriers to activation, which can be 

Box 2 | Adoptive cell therapy

Adoptive cell therapy (AcT) uses tumour-infiltrating lymphocytes (TIls) or peripheral 
blood mononuclear cells from patients or healthy donors as ‘living drugs’. The cells are 
isolated from the donor or patient, expanded in vitro and readministered to the patient. 
T cells for ACT are expanded in vitro under culturing conditions that allow rapid prolifer-
ation and expansion. Patients who respond well to AcT generally show long-term main-
tenance of the transferred T cells, as well as strong expression of a tumour antigen that  
is targeted by the product. Two chimeric antigen receptor (CAR) T cell products, Kymriah 
and Yescarta, which both target cD19, received approval by the FDA in 2017 (reF.177).

TIL therapy. T cells can be isolated from tumour tissues and cultured in vitro for 
extended periods in the presence of high doses of Il-2. Thus, one way to potentially treat 
inaccessible and/or undetectable metastases is to expand T cells from an accessible 
lesion and administer the expanded TIls to the patient. Isolating TIls directly  
from the tumour, combined with expanding them outside the suppressive tumour 
microenvironment, allows the activation and expansion of tumour-specific T cells that 
can be reimplanted in high numbers. This method has been shown to induce complete 
and durable responses in patients with metastatic melanoma178, and FDA approval for  
a TIl therapy is expected to be imminent. However, it has been challenging to isolate 
T cells with specificity for tumour antigens; to circumvent this limitation, studies are 
ongoing to identify neoantigen-specific T cells as well as to engineer tumour-specific 
T cell receptors into patient lymphocytes. However, the production of personalized T cell 
receptor-engineered lymphocytes is expensive and time-consuming, and cancer cells 
can escape by reducing their expression of the targeted antigen. Although cells used for 
adoptive TIl therapy are expanded in excess nutrient and oxygen conditions, once they 
are in the tumour, they experience the same nutrient restrictions as endogenous cells, 
which may affect effector function such as cytokine production. Also, these transferred 
T cells must infiltrate the tumour, which is another ‘metabolically expensive’ process.

CAR T cells. CAR T cells are lymphocytes derived from the patient that are engineered 
to express hybrid receptors that combine two parts: an extracellular domain to recog-
nize the antigen of interest, which is generally composed of a single-chain vari able frag-
ment (scFv) of an antibody, and an intracellular signalling domain that is engineered to 
provide activation signals, which is typically derived from the signalling molecule cD28 
or 4-1bb179. CAR T cells are expanded in vitro in culturing conditions that contain excess 
nutrients and oxygen. The most successful example of CAR T cell therapy is the use  
of cD19-targeted cArs to treat patients with b cell leukaemia and lymphoma, where 
complete remission rates of 83% for patients with acute lymphoblastic leukaemia and 
43% for patients with diffuse b cell lymphoma have been reported180–187. cellular targets 
for the treatment of other haematological malignancies are currently under 
investigation179. The main cause of relapse in patients is dysfunction and poor persis-
tence of the CAR T cells, and CAR T cells generated from more memory-like T cells are 
more likely to yield complete responses than those generated from effector T cells188.

Despite the success of CAR T cells in haematological cancers, there has been little 
success with using this approach for the treatment of solid tumours. As mentioned 
above, antigenic targets that are selectively expressed by tumour cells can be difficult 
to identify. Furthermore, CAR T cells must first infiltrate the tumour, and, once inside, 
they encounter a number of metabolic barriers. enhancing the metabolism of cAr 
T cells to overcome these barriers may benefit patients with solid tumours.

Glycolysis
The process by which cytosolic 
glucose is converted into pyru-
vate, which is then shuttled 
into the mitochondria, where  
it feeds into the tricarboxylic 
acid cycle. However, under 
conditions of low oxygen, pyru-
vate is usually fermented into 
lactic acid, which regenerates 
oxidized nicotinamide adenine 
dinucleotide (NAD+) and accel-
erates upstream glycolysis. 
otto Warburg discovered that 
in tumour cells this fermenta-
tion can also occur under oxygen- 
sufficient conditions. This 
pheno menon is termed  
‘aerobic glycolysis’ or the 
‘Warburg effect’.
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promoted by checkpoint molecules. For example, signal-
ling through CTLA4 and PD1 interferes with glycolysis 
by reducing AKT activation, although this is achieved 
through different mechanisms34,35. Whereas PD1 bind-
ing reduces PI3K signalling through the inhibitory 
domains of its cytoplasmic tail, CTLA4 binding does not 
interfere with PI3K signalling and instead may reduce 
AKT activity through protein phosphatase 2A (PP2A)34. 
Additionally, PD1 ligation may also induce a metabolic 
shift towards increased fatty acid oxidation36–38; however, 
such a shift has not been observed in response to CTLA4 
activation36. CTLA4 binds CD28 on T cells in SLOs dur-
ing T cell priming and may prevent activation-induced 
glycolysis34, thereby reducing the propensity of activated 
T cells to become fully differentiated effector cells. By 
contrast, the expression of PD1 by T cells is elevated 
late, and most prominently by continuous activation; 
in the context of cancer, PD1 ligation occurs when the 
T cell encounters PDL1-expressing cells in the TME. 
Thus, PD1 ligation may limit the increase in glycoly-
sis that occurs upon T cell activation and thereby limit 
T cell proliferation and effector functions within the 
TME. As both CTLA4 and PD1 prevent the upregula-
tion of T cell glycolysis during activation, augmenting 
CLTA4-targeted and PD1-targeted checkpoint blockade 
with therapeutic approaches that increase glycolysis may 
enhance patient responses.

Mitochondrial metabolism. Mitochondria are crucially 
important for cellular function; beyond production of 
ATP, they also generate critical precursors for lipids, pro-
teins and nucleic acids and aid in adaptation to extra-
cellular and intracellular stresses such as DNA damage, 
nutrient and oxygen deprivation, and endoplasmic 
reticulum and oxidative stress39. As a result, changes 

to mitochondrial function have a profound impact on 
cell survival and function. For instance, we found that 
T cells isolated from the TME of mouse B16 melanomas 
show reduced mitochondrial function and a poor ultra-
structure (the ultrastructure is necessary for electron 
transport chain activity), as well as reduced mitochon-
drial mass40. This was found to be a consequence of the 
repression of transcriptional programmes associated  
with mitochondrial biogenesis, most notably the trans-
criptional co-activator PGC1α . These changes were 
concomitant with the development of the exhausted 
pheno type, such that terminally exhausted T cells bore the 
most severe mitochondrial deficiencies40. Importantly, 
these mitochondrial deficiencies were also observed in  
exhausted T cells in chronic viral infections41. Treatment 
with PD1 blockade does not reverse the mitochondrial 
deficiencies of tumour-infiltrating T cells40. However, 
experiments in mice have shown that an increase of 
mitochondrial biogenesis in T cells, by genetic or phar-
macologic means, not only restores their function in 
the tumour but also shows synergistic effects with PD1 
blockade40,42,43. Enforcing mitochondrial biogenesis and 
increasing fatty acid oxidation with the PPARα ago-
nist bezafibrate, in combination with PDL1-targeted 
therapy, reduced CD8+ T cell reliance on glycolysis and 
improved T cell tumour infiltration compared with 
PDL1-targeted therapy alone in mice44. Co-stimulatory 
therapy, for example by using agonistic antibodies to 
the co-stimulatory molecule 4-1BB, can also promote 
mitochondrial biogenesis in human and mouse T cells 
and synergize with PD1-targeted therapy in mouse 
models45,46. More recently it was shown that chronic 
antigen stimulation of T cells in the TME can directly 
impact mitochondrial function and lead to the devel-
opment of the exhausted phenotype. Chronic antigen 
stimulation, hypoxic conditions and PD1 signalling all 
contribute to the generation of mitochondrial reactive 
oxygen species, which further promote the exhausted 
T cell phenotype by inducing epigenetic alter ations47–49. 
Targeting this oxidant imbalance can synergize with 
checkpoint blockade and improve antitumour func-
tionality47–49. These data suggest that mitochondria play 
a critical role in counteracting the ‘exhausted’ pheno-
type, such that T cells that are metabolically fitter, 
with a superior mitochondrial phenotype and ability 
to compete for nutrients, are more likely to respond to  
PD1 blockade.

Hypoxia. Mitochondria require oxygen for opti-
mal function, which can be limiting within the TME. 
Tumours can differ with regards to hypoxia by both 
the tissue of origin and the region within the tumour50. 
Hypoxia is typically increased in the tumour core owing 
to factors such as an irregular vasculature that is poorly 
perfused by oxygen, an increased distance from the vas-
culature to the tumour core and the propensity of the 
tumour itself to consume oxygen51. Mouse tumours with 
an increased oxidative metabolism, and therefore severer 
hypoxia, were found to be infiltrated by more terminally 
exhausted T cells and showed decreased immune activ-
ity. These tumours did not respond to PD1-targeted 
therapy. These findings correlate with patient data, 

Box 3 | Oncolytic viruses

oncolytic viruses (ovs) are viruses that selectively infect tumour cells. In addition,  
to increase safety, many ovs are engineered to enhance their selectivity for tumour 
tissue over healthy tissue. lysis occurs by immunogenic cell death mechanisms and 
leads to the infiltration of the tumour by cytotoxic effector T cells that clear the 
tumour103. There are currently a number of OVs in preclinical investigation and in 
clinical trials, with both intratumoural and intravenous routes of administration.  
viruses currently under study for their utility as ovs include herpesvirus, vaccinia  
virus, vesicular stomatitis virus, Newcastle disease virus, reovirus, coxsackie virus  
and measles virus103. only one ov, the herpesvirus talimogene laherparepvec (T-vec), 
has so far received approval by the FDA (2014)113. currently, Pexa-vec, a genetically 
engineered vaccinia virus, is the only ov in phase III clinical trials, while several  
others, including a poliovirus (PvS-rIP) and an adenovirus (DNX-240), are currently  
in phase II trials189.

Although it was originally thought that the immune system is detrimental to ov 
therapy, as it was feared that it could clear the virus and thereby impair its ability to 
induce the lysis of tumour cells, it is now generally accepted that the immune response 
to the ov is crucial to tumour clearance190–192. When tumour-bearing mice are treated 
with cD8+ T cell depleting antibodies, the efficacy of OV therapy is lost, illustrating  
the importance of the T cell response193–197. Both tumour- and virus-targeted T cells can 
be detected in response to ov therapy, and the relative importance (and crosstalk) 
between these subsets remains incompletely understood198. mouse models show  
an abscopal effect in non-injected lesions, memory responses, and a reduction in 
suppressive immune cell populations199–201. However, the de novo T cells generated in 
response to ov therapy experience many of the same metabolic barriers that restrict 
trafficking, proliferation and effector functions within the tumour as those observed for 
other T cell-based immunotherapies.

Oxidative phosphorylation
(oxPHos). The process by 
which metabolic intermediates 
from the tricarboxylic acid 
cycle are oxidized, generating a 
proton gradient that powers 
ATP synthase to produce ATP.

Tricarboxylic acid (TCA) 
cycle
A series of biochemical 
reactions in which acetyl-CoA 
is metabolized to generate 
reducing intermediates for  
the electron transport chain 
(generating ATP through 
oxidative phosphorylation),  
as well as numerous metabolic 
intermediates for various 
synthetic pathways. Acetyl-CoA 
can be fed into the TCA cycle 
by the decarboxylation of 
pyruvate, β-oxidation of fatty 
acids or α-ketoglutarate 
through the production of 
amino acids.

Fatty acid oxidation
The process by which fatty acid 
chains are broken down by 
β-oxidation and subsequently 
combined with CoA to form 
acetyl-CoA and enter the 
tricarboxylic acid cycle.
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where patients with tumours that show higher utiliza-
tion of oxidative metabolism were more likely to fail to 
respond to PD1 blockade52.

As oxygen is a key determinant for both mitochon drial 
function and the consequent energetic and epi genetic 
changes needed for the function and differentiation  
of immune cells, and in particular T cells, alleviating 
hypoxia can facilitate antitumour immunity and boost 
anticancer immunotherapy responses. For example, 
it was shown that supplemental oxygen can decrease 
the levels of immunosuppressive adenosine in mice 
with lung tumours, increase the levels of CD8+ T cell 

infiltration and inflammatory cytokine production, 
and decrease Treg cell-mediated immunosuppression, 
resulting in increased survival53. When tumour-bearing 
mice were treated with metformin, which can act  
on tumour cells to reduce their mitochondrial activity, 
tumour hypoxia was decreased and the T cell response 
to anti-PD1 was improved54. Similar results have been 
shown with use of a hypoxia-activated prodrug, evo-
fosfamide, which reduced tumour hypoxia in a mouse 
model of prostate cancer, and anti-VEGF antibodies that 
normalize the vasculature in CT26, a mouse model of 
colorectal cancer55,56.

Class of immunotherapy

Oncolytic virus

Periphery

TME

Mechanism
of action

Metabolic
barriers

Mechanism
of action

Metabolic
barriers

Anti-CTLA4 Anti-PD1 Adoptive cell therapy

Prime new T cells
(via tumour lysis)

Lysed 
tumour cell

Enhance T cell priming Enhance T cell differentiation
• Bypass priming
• Augment immunity

Initial activation of T cells 
requires metabolic 
intermediates

• Hypoxia inhibits (some) 
viral replication and spread

• Hypoxia prevents 
infiltration

Lyse tumour cells and 
inflame the TME Inhibit T

reg
 cells

Infiltrate and lyse 
tumour cells

High lactic acid levels can 
support T

reg
 cell function
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Fig. 1 | Metabolic barriers acting on different phases of immunotherapeutic response. Different classes of immunotherapy 
act on the immune response at different stages of cell differentiation and activation. This is dependent on the mechanism  
of action of the drug as well as the location of the immune cells. The metabolic requirements and barriers experienced by  
the adaptive immune response to each treatment differ by location and treatment intervention. This figure highlights the 
mechanism of action and metabolic barriers to treatment, both in the periphery and in the tumour microenvironment (TME), for 
each type of immunotherapy covered in this Review. αKG, α-ketoglutarate; CAR, chimeric antigen receptor; DC, dendritic cell; 
FAO, fatty acid oxidation; OXPHOS, oxidative phosphorylation; Treg cell, regulatory T cell.

PI3K–AKT–mTOR axis
A signalling pathway that is 
activated through extracellular 
or intracellular stimulation  
of phosphoinositide-3 kinase 
(Pi3K), which leads to the 
activation of AKT (also  
known as protein kinase B)  
and mechanistic target of 
rapamycin (mTor). The manner 
in which Pi3K and AKT are 
activated can alter the 
downstream effects of mTor 
activation and the activity of  
its various ternary complexes. 
This axis controls proliferation, 
translation, the cell cycle, 
glucose metabolism, 
autophagy and cell survival.
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Taken together, these data suggest that insufficient 
oxygen levels either prevent successful T cell activation 
or support T cell exhaustion, which may contribute to 
resistance to checkpoint blockade. Determining the met-
abolic profile of the tumour of a patient may therefore 
identify responders and inform potential combination 
therapies.

Glycolysis and glutaminolysis. Tumour cells outcom-
pete effector T cells for glucose in the TME2,57. CD4+ 
T cells and CD8+ T cells also require intermediates gen-
erated during glycolysis for proliferation and cytokine 
production5,23,58. For example, 2-phosphoenolpyruvate 
(PEP), an intermediate upstream of glycolytic metab-
olism, is crucial for Ca2+ signalling and nuclear 
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Fig. 2 | Metabolic suppression in the tumour microenvironment. The tumour microenvironment imparts metabolic  
stress on effector CD4+ T cells and CD8+ T cells through a variety of mechanisms. The rapid proliferation of tumour cells is 
supported by high rates of glycolysis, which leads to the local depletion of oxygen and glucose levels, resulting in hypoxic 
regions that contain high levels of lactate. Dysregulated vasculature, a result of increased tumour proliferation, results  
in damaged and leaky vessels, which reduce blood flow. This reduces oxygen and nutrient levels in the tumour core and 
prevents metabolites that suppress CD8+ T cells from being transported out of the tumour. Suppressive myeloid cells such as 
myeloid-derived suppressor cells (MDSCs) as well as regulatory T cells (Treg cells) are abundant within the tumour, and their 
distinct metabolic profiles allow them to thrive on tumour-derived metabolites. Furthermore, MDSCs, tumour-associated 
macrophages (TAMs) and Treg cells produce suppressive metabolites such as adenosine and kynurenine. Adenosine is 
produced from ATP by the ectoenzymes CD73 and CD39, which are expressed on the surface of these suppressive cells. 
MDSCs and TAMs produce arginase 1, which utilizes arginine, and indoleamine 2,3-dioxygenase (IDO), which metabolizes 
tryptophan into suppressive kynurenine, and reduce the availability of these amino acids within the tumour. These 
mechanisms starve the T cells in the tumour microenvironment of amino acids. Treg cells exert their immunosuppressive 
effects through the expression of inhibitory molecules such as CTLA4 and LAG3, as well as by secreting immunosuppressive 
cytokines such as IL-10, TGFβ and IL-35. CD8+ T cells enter the tumour as PD1− or PD1low cells with intact mitochondria. 
Continuous T cell receptor stimulation and hypoxia induce exhaustion in tumour-specific CD8+ T cells, characterized by the 
co-expression of multiple inhibitory receptors (TIM3, LAG3, PD1, TIGIT and so on) and by the loss of functional mitochondria. 
As a result of the suppressive tumour microenvironment, the most terminally exhausted T cells (PD1hi T cells) can no longer 
control tumour growth. Although PD1low progenitor T cells can be reinvigorated by checkpoint blockade, terminally 
exhausted PD1hi T cells cannot, highlighting the need to understand how these cells may be additionally modulated to 
enhance response to PD1 blockade.
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translocation of the transcription factor NFAT in 
response to T cell receptor stimulation4. Likewise, gly-
colysis itself can control T cell effector functions by 
inhibiting the RNA-binding ‘moonlighting’ functions of 
glycolytic enzymes such as GAPDH and LDH5,23. These 
metabolic enzymes have been shown to bind mRNA 
during periods of metabolic glycolysis, preventing 
effective translation. In this way, the shift from glycoly-
sis to oxidative metabolism may aid in sustaining effec-
tor functions despite low levels of glucose in the TME. 
Modulating this metabolic switch in effector T cells 
within the tumour has shown promise in preclinical  
studies43,45,46.

As tumour cells have high rates of glycolysis, they are 
also likely to produce large amounts of the by-product 
lactate2; indeed, serum lactate levels have been shown to 
correlate with higher tumour burden in patients with a 
variety of cancer types59. Lactic acid has a suppressive 
effect on CD4+ T cells and CD8+ T cells by reducing 
proliferation and cytokine production59. Lactate can 
impair effector T cells by depleting intracellular NAD+ 
levels because LDH utilizes the lactate to generate 
NADH. Intriguingly, this does not occur in suppres-
sive Treg cells; NAD+ generated through mitochondrial 
metabolism allows Treg cells to continue to function in 
high-lactate environments, where conventional T cells 
are suppressed13. We recently showed that deletion of the 
lactate transporter MCT1 on Treg cells selectively inhib-
its immunosuppression in lactate-rich TMEs60. It also 
reduces the motility of CD4+ T cells and CD8 T+ cells, 
which may reduce their infiltration of the TME and their 
movement within the TME12. Blocking the lactate trans-
porters MCT1 and MCT4 with a pharmacological inhib-
itor reduced tumour acidification by preventing lactate 
release. In a mouse model of breast cancer, blockade of 
MCT1/MCT4 in combination with checkpoint block-
ade enhanced responses compared with checkpoint  
blockade alone61.

Glutamine is a critical amino acid for cellular func-
tion and has an equally important role in the generation 
of energy and metabolic intermediates. Upon entry 
into the cell, glutamine is converted by the enzyme 
glutaminase into glutamate, which is further converted 
into α-ketoglutarate, which enters the TCA cycle and  
leads to the production of metabolic intermediates 
that can be used to produce lipids, nucleic acids and 
proteins. Many cancer cells lack the enzymes to syn-
the size glutamine and, instead, are dependent on exo-
genous glutamine sources62. However, this depends 
on the tumour type and oncogenic driver, and indeed 
some tumour types, such as non-small-cell lung carci-
noma, actually show increased glutamine synthesis62. 
Glutamine metabolism facilitates T cell activation and 
proliferation, and, as a result, a lack of glutamine in 
the TME due to high consumption by the tumour may 
inhibit T cell activity24,63. It was shown that treatment of 
MC38-tumour bearing mice (a mouse model of colon 
cancer) with a prodrug of the glutamine antagonist 
6-diazo-5-oxo-l-norleucine, which binds the active site 
of a number of glutamine-utilizing enzymes, decreased 
both glucose and glutamine metabolism within the 
tumour and increased the availability of both nutrients 

within the TME64. Co-administration of PD1-targeted 
checkpoint blockade induced complete responses as 
well as a memory response upon tumour rechallenge. 
These responses were due to the metabolic plasticity in 
CD8+ tumour-infiltrating T cells, which, in contrast to 
tumour cells, can increase acetate metabolism, thereby 
allowing OXPHOS and acetyl-CoA formation64. These 
more oxidative CD8+ T cells are more active and longer 
lived, as previously described. However, the effectiveness 
of this combination therapy may be lower for tumours 
that do not utilize exogenous glutamine.

Other metabolic pathways. Methionine, an essential 
amino acid, is important for T cell differentiation. 
Reduced intracellular methionine levels can lead to a 
reduction in the levels of the epigenetic methyl donor 
S-adenosyl-l-methionine65,66. For example, it was 
shown that CD8+ T cells cultured in low-methionine 
conditions or isolated from mouse or human tumours 
had reduced levels of S-adenosyl-l-methionine as 
well as reduced dimethylation at lysine 79 of histone 
H3 (H3K79me2), resulting in decreased expression 
of STAT5 (reF.66). STAT5 signalling is critical for T cell 
responses to IL-7 and IL-15, which are critical cytokines 
for T cell memory development67. Human colorectal 
tumour cells have higher expression of the methionine 
transporter SLC43A2 than T cells, which may allow 
them to outcompete T cells for methionine in the TME. 
Pharmacological inhibition of this transporter in mouse 
ovarian cancer (ID8) and melanoma (B16F10) models  
increased methionine availability for T cells, and a 
combination of this drug with checkpoint blockade 
improved tumour control and increased T cell cytokine 
production66. These data suggest that altered metab-
olite availability may cause the altered epigenetic profile 
observed in exhausted tumour-infiltrating T cells. 
Targeting methylation in T cells in combination with 
checkpoint blockade may enhance T cell activity68.

A lack of extracellular arginine has also been shown 
to reduce T cell proliferation69. Arginase 1 (ARG1) is 
expressed by myeloid-derived suppressor cells in the 
TME and can deplete arginine levels within tumours70. 
Some success was observed when ARG1 inhibitors 
were used in combination with checkpoint blockade70. 
However, as low levels of arginine impact mainly on T cell  
proliferation, and the major site of T cell proliferation 
is in the draining lymph node, it is unclear how critical 
the targeting of this pathway is as arginine levels in the 
draining lymph node have not been measured70.

Adoptive cell therapy
Therapeutic T cells for ACT are activated and expanded 
in vitro in a medium containing excess nutrients, relie ving 
these cells of the metabolic barriers that may exist during 
priming, expansion and initial differentiation within the  
tumour site. Once transferred, these cells must enter  
the tumour, which is a metabolically taxing effort, as well 
as perform effector functions in the nutrient-restricted 
TME. ACT provides a unique opportunity to coun-
teract these metabolic barriers during the pretransfer 
expansion. This can be achieved by manipulating the 
cells before transfer to improve their metabolic fitness, 

NATure revIeWS | IMMunOlOgy

R e v i e w s

  volume 21 | December 2021 | 791



0123456789();: 

or by supporting the metabolism of the transferred  
T cells though systemic therapy.

Metabolic modulation to increase the generation of 
memory cells. The persistence of the transferred cells 
and their differentiation into memory cells are critical 
aspects for ACT. For example, it was shown that CAR 
T cell persistence correlates with better tumour clear-
ance and increased survival71. Deriving cells for adoptive 
transfer from central memory T cells yields a more per-
sistent memory phenotype in vivo72,73. A large body of 
work has demonstrated that the differentiation of T cells 
towards memory cells is largely determined by the prev-
alence of particular metabolic pathways. IL-15 promotes 
mitochondrial biogenesis and the expression of carnitine 
palmitoyltransferase 1A (CPT1A), an enzyme involved 
in fatty acid oxidation. In memory T cells, CPT1A sup-
ports a shift from glycolysis to oxidative metabolism30. 
This metabolic shift can be enforced through culturing 
conditions or through the ex vivo genetic manipulation 
of T cells engineered for ACT.

Both inhibiting glycolysis with use of the glycolysis 
inhibitor 2-deoxy-d-glucose74 and culturing cells in 
conditions that reduce the generation of mitochondrial 
reactive oxygen species75 were shown to support ‘stem-
ness’ (self-renewing capacity) and improve antitumour 
activity of T cells used for ACT. Although CD19-targeted 
CAR T cell products used in the clinic are generated 
from effector T cells and rely on glycolysis for energy 
generation, CAR T cells generated from memory T cells 
mainly utilize OXPHOS76. Tweaking ex vivo expan-
sion conditions, such as supplementing the media with 
IL-15 (reF.77), a combination of IL-7 and IL-15 (reF.78) or 
l-arginine to enhance OXPHOS79, preserves the mem-
ory phenotype during the expansion phase. Treatment 
with rapamycin has also been shown to promote the 
differentiation of memory T cells, in part by inhibiting 
mTOR, and by promoting oxidative metabolism and 
bolstering mitochondrial mass and function31. This 
appears to improve their persistence and their expan-
sion and cytokine production after rechallenge80. This 
memory phenotype can also be enforced by engineering 
CAR T cells with enhanced mitochondrial metabolism. 
This can be done by substituting the CD28-derived 
signalling portion of the chimeric receptor with a con-
struct containing a signalling domain derived from the 
co-stimulatory molecule 4-1BB, resulting in cells with 
increased mitochondrial biogenesis, increased spare 
respiratory capacity and fatty acid oxidation, and better 
persistence after ACT compared with CD28-based CAR 
T cells81.

However, the usual culturing conditions for ACT 
products may not support the development of efficacious 
long-lived memory T cells. The typical culture medium 
is hyperglycaemic compared with human plasma 
(25 mM versus 4.5–5.5 mM), along with many other dif-
ferences in amino acid and metabolite concentrations82. 
Blocking glycolysis with 2-deoxy-d-glucose during 
the ex vivo culturing of the cells to be used for ACT 
improved tumour clearance after cells were injected, 
demonstrating the potentially damaging effect of high 
glucose concentrations during expansion74. Also, CAR 

T cells cultured for a shorter period appear to perform 
better than those cultured for longer periods83. This was 
attributed to a lower degree of differentiation of product 
cells at the time of transfer, but may also be a result of less 
time spent in hyperglycaemic conditions.

Thus, altering T cell metabolism, through the design 
of the CAR or by treating cells with metabolic modula-
tors during expansion, may help stabilize a memory-like 
phenotype, thereby increasing the persistence and effi-
cacy of T cells. Importantly, these strategies are used 
before the CAR T cell product reaches the patient and 
are relatively easy to implement.

Nutrient availability. Highly glycolytic tumours are more 
likely to show resistance to ACT treatment as these con-
ditions impair T cell trafficking and T cell cytotoxicity, 
indicating that transferred cells require glucose84. Cells 
can be engineered to overcome the lack of glucose in 
the TME to improve antitumour activity. As low levels 
of glucose in the tumour decrease PEP levels and T cell 
receptor signalling after stimulation, counteracting this 
by increasing PEP levels can improve ACT. Enforced 
exp ression of the enzyme phosphoenolpyruvate carboxy-
kinase 1 (PCK1), which converts oxaloacetate into PEP, 
in transferred T cells can increase intracellular PEP lev-
els, support the survival of the T cells and allow for better 
control of tumour growth4. By culturing of CAR T cells 
in conditions that mimic the TME, the cells can be ‘accli-
matized’ to low nutrient availability. For example, it was 
shown that T cells that were expanded in media con-
taining low levels of glutamine had effective antitumour 
functions after adoptive transfer compared with cells cul-
tured in traditional media. These low-nutrient-cultured 
cells were skewed towards a memory-like phenotype 
and expressed fewer inhibitory receptors after transfer85.  
As observed with checkpoint blockade, reducing the reli-
ance of T cells on glycolysis improves their antitumour 
function. However, in contrast to checkpoint blockade, 
ACT allows interventions before the cells are transferred 
back into the patient, whereas interventions targeting 
T cell metabolism in the context of checkpoint blockade 
must be administered as combination therapies.

Hypoxia. As discussed above, low oxygen levels present 
a crucial barrier to T cell function in the TME. Cellular 
responses to hypoxia are primarily controlled by the 
activation of the transcription factor hypoxia-inducible 
factor 1α (HIF1α). This induces changes in proliferation,  
metabolism and other important cellular mechanisms 
to protect the cell from damage and death86. This is 
especially important in the context of solid tumours, 
where oxygen levels can fall as low as 0.3%50. Clinically 
approved CD19-targeted CAR T cells were shown to 
have reduced effector functions and lower prolifer-
ation rates under hypoxic conditions87. Developing 
CAR T cell-based therapies for solid tumours has been 
particularly challenging, which may, in part, be due to 
their poor performance in a low-oxygen environment. 
Adapting therapeutic T cells to hypoxia by expanding 
them in media containing low oxygen levels was shown 
to increase their antitumour activity after transfer88. 
Deletion of HIF1α in therapeutic T cells before transfer 
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into mouse lung (LLC) or melanoma (B16F10) models 
led to a decrease in tumour infiltration and an increased 
tumour burden, demonstrating that the ability to adapt 
to low oxygen levels is crucial for T cell responses89. It 
has been shown that it is more efficacious to use effector 
T cells for ACT than naive or memory T cells90. There is, 
however, overwhelming evidence that CAR T cells gen-
erated from memory T cells are vastly superior in terms 
of their persistence and durability of responses com-
pared with those generated from effector cells. Instead 
of deriving cells for ACT from a population that may fare 
better in hypoxia, combining the use of memory T cells 
with hypoxia relief may be a better strategy. Together, 
these data show the importance of the ability of T cells 
to adapt to hypoxia for antitumour activity.

TME-specific metabolites. Certain metabolites present in 
the TME can have suppressive effects on the antitumour 
immune response. The ectoenzymes CD39 and CD73, 
which metabolize ATP into adenosine, are expressed 
by Treg cells, B cells, tumour-associated macrophages, 
tumour cells and endothelial cells of the tumour vascu-
lature. Although ATP is immunostimulatory, adenosine 
suppresses the effector functions of immune cells91–93. 
For example, it has been shown that antagonism of aden-
osine A2A receptor in mice improves the effector function 
of CD8+ T cells94. Targeting the adenosine A2A receptor in 
combination with CAR T cell therapy in mouse models 
of breast cancer increases treatment efficacy95.

Moreover, ionic imbalance of Ca2+, K+ and Cl− in 
the TME, as a result of a low pH96, the high usage of 
ion-gated channels by the tumour97,98 and the release 
of ions by necrotic tumours can affect T cell function. 
This is because ion-gated Ca2+ signalling is important 
for T cell survival and function99–101. It has also been 
shown that overexpressing a K+ efflux pump in T cells 
to improve the shuttling of excess K+ out of the cell 
increased interferon-γ production, tumour clearance 
and survival after T cell transfer in a mouse model99. 
This demonstrates that the imbalance of ions in the TME 
may disrupt T cell signalling and contribute to a loss of 
T cell function. Engineering cells to be better equipped 
to function under such conditions may improve ACT 
therapy for solid tumours.

As previously described, low arginine levels can also 
affect T cell proliferation. In paediatric patients with 
acute myeloid leukaemia, it was found that arginine lev-
els in peripheral blood were lower than in healthy con-
trols; this may impair the proliferation and maintenance 
of CAR T cells after transfer102. CAR T cells engineered 
to express the arginine-synthesizing enzymes OTC and 
ASS showed better proliferation in arginine-depleted 
media and increased survival in mice compared with 
CAR T cells without these enzymes102.

Oncolytic viruses
OVs selectively infect and lyse tumour cells (see Box 2). 
Cell death occurs in an immunogenic fashion, gener-
ating a primarily CD8+ T cell-driven adaptive immune 
response capable of memory responses. Both primary 
infected lesions as well as metastatic sites may be tar-
geted by newly generated CD8+ T cells103. Thus, similarly 

to ACT, OVs are an attractive modality for patients with 
little to no existing immune infiltrate, as they generate a 
de novo immune response against tumour and viral anti-
gens released during tumour lysis. For T cell-mediated 
antiviral and antitumour responses elicited by the OV, 
naive T cells must be appropriately activated, must 
mature and must travel to the tumour. These T cells 
then encounter the same metabolic challenges as dis-
cussed for T cells activated by checkpoint blockade or 
transferred by ACT.

Enhancing viral replication and lytic capacity. A large 
body of work in the OV field has centred on increasing 
viral replication and lytic ability. Recently, metabolic 
modulators have been investigated for their potential 
to increase OV replication and OV capacity for cellular 
lysis. However, the mechanisms of action of OV therapy 
are incompletely understood, and it is currently unclear 
to what extent viral replication and lytic capability are 
required for efficacy104.

The skewing of tumour cell metabolism to favour 
OXPHOS can render tumour cells more permissible to 
viral replication and lysis. Treatment of tumour-bearing 
mice with the OV Newcastle disease virus (NDV) 
and dichloroacetate (DCA), a pyruvate dehydroge-
nase kinase inhibitor that induces a shift to OXPHOS, 
allowed increased NDV replication. The release of lac-
tate by tumour cells and their uptake of glucose were 
decreased, and survival in mice was increased in com-
parison to treatment with NDV alone105. Although 
it was not directly studied, one might expect that the 
reduction in lactate release and glucose uptake by  
the tumours of the DCA-treated animals in this study 
may have improved cytotoxic T cell responses, in addi-
tion to possible effects on the OV. Treating tumour cells 
with DCA and oncolytic reovirus or oncolytic measles 
virus also increased tumour cell lysis and survival in pre-
clinical models106,107. Similar results were observed for 
oncolytic adenoviruses when glycolysis was blocked with 
the glycolysis inhibitor 2-deoxy-d-glucose108. However, 
these studies did not examine the effects of an increase 
in oxidative metabolism in tumour cells on the immune 
response. Tumours with an enhanced oxidative metab-
olism tend to be more hypoxic, which can impede the 
T cell response. Therefore, it may be useful to identify 
tumours with oxidative metabolism as a selection cri-
terion for OV treatment, instead of skewing tumour 
metabolism towards OXPHOS as part of a treatment 
strategy.

Modulation of other metabolic pathways and trans-
porters can uncover previously unknown metabolites 
required for viral replication and tumour death. For 
example, vaccinia virus requires glutamine and the 
TCA cycle, but not glucose and glycolysis, for sufficient 
replication109,110. Another study found that tumour cells 
resistant to infection and lysis by the oncolytic M1 virus 
were rendered sensitive when treated in combination 
with an inhibitor of the mevalonate pathway111. In a 
CRISPR screen of solute carriers that altered vesicu-
lar stomatitis virus replication, a tumour cell line with 
deletion of the zinc exporter SLC30A1 showed reduced 
viral replication and tumour death112. Studies such 

NATure revIeWS | IMMunOlOgy

R e v i e w s

  volume 21 | December 2021 | 793



0123456789();: 

as these identify viral requirements for replication 
and lysis, which could help to identify patients with 
OV-responsive tumours.

Combination therapy with OVs. OVs, especially if based 
on DNA viruses, can be engineered to deliver genes 
encoding immunologic or metabolic modulators to 
tumour cells. For example, the herpesvirus-based OV 
T-VEC, which is approved for the treatment of melanoma, 
carries a gene encoding the immune stimulatory cytokine 
GM-CSF, which increases activation and antigen pres-
entation by dendritic cells113. There are also efforts to engi-
neer OVs to encode other cytokines or even PD1-targeted 
blocking antibodies114. This strategy can also be extended 
to metabolic modulators. By engineering an oncolytic 
strain of vaccinia virus to enforce tumour cell production 
of the immunometabolic adipokine leptin, we demon-
strated remodelling of the TME and improved antitumour 
immunity115. Tumour-infiltrating T cells from animals 
treated with this OV showed higher interferon-γ and TNF 
production, an increased mitochondrial mass, increased 
respiratory capacity and increased proliferation, and  
the leptin-encoding OV allowed longer survival than the 
same OV without the leptin gene in a mouse melanoma 
model115. Importantly, the secretion of leptin into the TME 
enhanced the development of memory precursor T cells, 
which conferred a survival benefit during secondary  
tumour challenge.

Many OVs, such as vaccinia virus, NDV and vesic-
ular stomatitis virus, have been shown to induce vas-
cular collapse in the tumour. This was initially thought 
to be beneficial as it maintains the virus within the 
tumour and increases tumour cell death; however, it also 
impairs infiltration by immune cells and may increase 
local hypoxia encountered by the immune infiltrate. 
Pretreatment of tumour-bearing mice with 3TSR, a 
recombinant thrombospondin 1 protein that binds to 
CD36 and inhibits angiogenesis (thereby promoting 
vascular normalization), followed by NDV reduced 
hypoxia, increased tumour regression and increased 
CD8+ T cell infiltration compared with monotherapy 
with either 3TSR or NDV116. This demonstrates the 
importance of oxygen perfusion for tumour control 
and immune cell infiltration during treatment with OVs.

The study of metabolism, OVs and the immune 
response is a growing field. The insights gained from 
these studies will help the identification of patients 
more likely to respond to OV therapy. The OV T-VEC 
is currently being investigated in combination with 
PD1-targeted checkpoint blockade117,118. OVs are being 
used in preclinical models in combination with CAR 
T cells to improve responses in solid tumours119. The 
virus can be engineered to produce cytokines such as 
RANTES and IL-15 (reF.120), or TNF and IL-2 (reF.121) in the 
tumour to improve trafficking and increase persistence  
of the CAR T cell.

Outlook
Interest in the field of ‘immunometabolism’ has 
increased significantly in recent years, revealing not only 
fundamental basic insights into immunoregulation from 
a metabolic perspective but also a plethora of potential 

therapeutic applications. Cancer cells, which are highly 
dependent on metabolic pathways that can facilitate 
their high rates of proliferation, are an attractive target 
for such interventions.

First, as these therapies move towards application 
in the clinic, it is important to appreciate the hetero-
geneity of the patient population. With regard to 
their reli ance on glycolysis, there is variation between 
diffe rent types of tumour, between patients with the 
same types of tumour, between different tumours in 
the same patient and even across regions of the same 
tumour122. How can such information be integrated 
and used to design immunotherapeutic strategies that 
take advantage of the tumour-specific metabolism of a 
patient? Using flux analysis, we have shown that patients 
with tumours showing enhanced oxidative metabolism 
are less likely to respond to PD1 blockade52; however, 
such tumours appear to be more sensitive to oncolytic 
virotherapy105–108. Likewise, high rates of tumour cell gly-
colysis have been shown to pose a barrier for adoptive 
cell therapies. Metabolic imaging (PET scans), hypoxia 
staining and the analysis of biopsy samples may help 
clinicians determine the best combinatorial treatment 
strategies for a patient.

Second, heterogeneity in tumour cell metabolism 
must also be appreciated within the larger context of a 
patient’s own systemic metabolism. Obesity is a grow-
ing problem in the developed world, and diet-driven 
and body mass-driven changes in systemic metabolism 
may affect the initial oncogenic transformation of can-
cer cells and their progress, as well as their impact on 
anticancer immune responses123,124. Indeed, although 
obesity and metabolic syndrome are risk factors for 
most types of cancer125, surprisingly it was found that 
patients with obesity may respond more readily to 
immunotherapy126–128. Furthermore, as obesity drives 
changes in the levels of hormones such as leptin,  
adiponectin and ghrelin, which all have immuno-
modulatory function, it remains critically important to 
determine how these metabolic, hormonal and immuno-
logic functions may intersect, starting first in appro-
priately designed mouse models and then expanding  
to the patient population129–133.

Third, a number of critical metabolites are derived 
not from the patient’s own cells but from the patient’s 
microbiota134, so individuals harbour distinct con-
sortia of microorganisms that may each have unique 
metabolic outputs. The immunomodulatory effect of 
microorganism-derived metabolites on the immune 
system is just starting to be appreciated: for instance, 
short-chain fatty acids such as butyrate can modu-
late Treg cell function135–140. However, how a diverse set 
of micro organisms ultimately shapes the quality of a 
patient’s immune response remains unclear. As obesity 
and diet are also known to affect the microbiota141,142 and  
changes to diet can rapidly change the microbiota  
and its production of short-chain fatty acids in as little 
as 5 days143, dietary or microbiota alterations may be  
beneficial in combinatorial therapies.

Finally, as more diverse types of immunotherapy 
start to enter the clinic, it remains crucial to continue 
to evaluate their basic mechanistic underpinnings to 

Flux analysis
The analysis of the oxygen 
consumption rate and 
extracellular acidification rate 
of a cell population to 
determine its rate of glycolysis 
or oxidative phosphorylation.
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determine how they may modulate immune metabolism. 
The checkpoint molecules LAG3, TIM3 and TIGIT, as 
well as adenosine, represent a new wave of targets for 
immunomodulation, and the immunometabolic effects 
of targeting these molecules are just beginning to come 
to light. A more comprehensive understanding of the 

immunometabolic impact of these therapies may allow 
physicians, armed with the knowledge of their patient’s 
own TME, to design combinatorial strategies that allow 
the metabolic barriers to immunotherapy to be overcome.
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