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Targeting altered tumour metabolism is an emerging therapeutic strategy for cancer treatment. The metabolic
reprogramming that accompanies the development of malignancy creates targetable differences between cancer
cells and normal cells, which may be exploited for therapy. In this entry, we focus on the metabolic dysregulation
exerted by tumour cells on the immune microenvironment, leading to tumour immunosuppression. This metabolic
rewiring and crosstalk with the tumour microenvironment also play a key role in cell proliferation, metastasis, and
the development of treatment resistance. Nonetheless, greater understanding of the metabolic crosstalk presents
strategies that aid in the precision targeting of altered tumour metabolism, including therapeutic strategies
combining metabolic inhibition with immunotherapy.

cancer cell metabolism tumour microenvironment metabolic reprogramming targeted therapy

immunotherapy

| 1. Introduction

To sustain the rapid proliferation characterising cancer cells, corresponding alterations to tumour metabolism must
occur to fuel the elevated bioenergetic demands. This understanding has led to the introduction of ‘Deregulating
Cellular Energetics’ as a new hallmark of cancer LI, Initial observations by Otto Warburg described an unusual
reliance of cancer cells on glycolysis despite sufficient oxygen, which was later termed the ‘Warburg effect’ to
describe this form of aerobic glycolysis [&. This metabolic reprogramming, while less efficient in terms of ATP
production, confers cancer cells with much-needed metabolic intermediates that can be channelled into

biosynthetic pathways, such as the pentose-phosphate pathway (PPP) for nucleotide synthesis &I,

While this aerobic ‘Warburg’ glycolytic phenotype had been regarded as the norm in cancer cells, it is becoming
increasingly clear that the metabolic needs of tumour cells do not rely on a single metabolic strategy. Recent
studies suggest that certain subtypes of cancer cells may preferentially utilize oxidative phosphorylation (OXPHOS)
for energy production in glucose-limiting conditions . In addition, OXPHOS dependency may be induced by
certain therapies, such as prolonged tyrosine kinase inhibitor (TKI) therapy in certain oncogene-addicted cancers
(B8, This reflects a phenomenon termed ‘metabolic flexibility’ where cancer cells adjust their metabolic phenotypes
in order to gain a selective advantage for cell growth and survival under hostile conditions throughout
tumorigenesis up to the time of metastasis . The significance of these metabolic alterations may diverge not only

according to intrinsic signalling pathways within the cancer cell, but also rely on the interaction of cancer cells with
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their surrounding tumour microenvironment (TME), ranging from immune cells and stromal cells to extracellular
matrix (ECM) components and soluble factors [&l. There is also emerging evidence to suggest that metabolic
reprogramming within cancer stem cell (CSC)-like phenotypes contributes to treatment resistance, therapeutic

failure, and cancer relapse.

| 2. Tumour Immune Microenvironment

The immune system interacts intimately with tumour development in a complex, bidirectional crosstalk that can
both inhibit and enhance tumour growth and progression. This interaction has gained recognition as a hallmark of
cancer and immunotherapy has become an established pillar of cancer therapy 2. Immune cells execute their
function most effectively when they are able to respond swiftly to environmental stimuli through phenotypic shifts,
enhanced by the radical reprogramming of immune cell metabolism [&. On the other hand, impaired metabolic
flexibility results in an ineffective anti-tumour immune response, and may be explained by the mutual metabolic
requirements of immune cells and tumour cells, which compete for similar essential nutrients such as glucose and
glutamine. Besides nutrient availability, high production of metabolites such as lactate, kynurenine, and other

metabolic by-products of cancer metabolism can result in tumour immunosuppression 29,

2.1. T Cells

The effects of altered tumour metabolism on T cell function is summarised in Figure .
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Figure 1. Effect of tumour metabolism on T cell function. (1) Altered cancer cell metabolism results in nutrient
competition, depriving T cells of essential nutrients essential for robust anti-tumour activity, including glucose and
key amino acids. Resultant exhausted T cell phenotype shows upregulation of inhibitory receptors including PD-1,
CTLA-4, TIM-3, LAG-3, and TIGIT, impaired production and release of effector cytokines (IFNy, IL-2, and TNF-a),
as well as impaired degranulation. (2) Depletion of key nutrients and aberrant metabolite signalling promotes pro-
tumourigenic T cell phenotypes. (3) Cancer cell metabolism produces lactate and other ‘waste’ metabolites that

inhibit T cell function and promote T cell exhaustion.
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A2AR: Adenosine 2A receptor; AHR: aryl hydrocarbon receptor; Csk: C-terminal Src kinase; IDO: indoleamine-
pyrrole 2,3-dioxygenase; Lck: lymphocyte-specific protein tyrosine kinase; mTORC1: mammalian target of
rapamycin complex 1; NFAT:. nuclear factor of activated T-cells; OXPHOS: oxidative phosphorylation; TCA:

tricarboxylic acid cycle; Teff; effector T cells; Treg: regulatory T cells.

2.1.1. Altered CCM Deprives T cells of Nutrients Essential for Anti-Tumour Activity and
Induces Polarisation of Immunosuppressive T Cell Subsets

When a T cell is activated, there is a dramatic metabolic reprogramming mediated through the PISK/AKt/mTOR
pathway, greatly reminiscent of the metabolic reprogramming observed in cancer cells. This ‘Warburg phenotype’
adopted by activated T cells involves upregulation of aerobic glycolysis, increased glucose metabolism through the
PPP, increased glutaminolysis, and increased FA synthesis. This leads to a competition between effector T cells
(Teff) and tumour cells for similar nutrients especially glucose, thereby impairing the Teff anti-tumour response.
Furthermore, glucose limitation is reported to produce an ‘exhausted’ T cell phenotype, characterised by increased
programmed cell death protein 1 (PD-1) expression on the surfaces of T cells, which accounts for the greater
proportion of ‘exhausted’ T cells in tumours and leads to cancer immune evasion L2131 Tymour-mediated T cell
exhaustion is also characterised by the upregulation of other inhibitory receptors including cytotoxic T lymphocyte-
associated antigen 4 (CTLA-4), T-cell immunoglobulin, and mucin-domain containing-3 (TIM-3), lymphocyte
activation gene-3 (LAG-3), and T cell immunoreceptor with Ig and immunoreceptor tyrosine-based inhibitory motif
(ITIM) domains (TIGIT) R4ISI16IL7 pecreased glucose metabolism was also found to impair the epigenetic
reprogramming required for T cell activation. Reduced flux through the glycolytic pathway leads to insufficient
acetyl-CoA to maintain a-KG levels required for cofactor function for histone acetylation, resulting in reduced
interferon y (IFNy) expression and impaired helper T cell (Th1) activity 18,

Similar to glucose, activated T cells have a higher requirement for amino acids, most notably glutamine. Glutamine
is utilised by active T cells and is required for the inflammatory responses of Thl and Th17 cells 1229 and
decreased glutamine availability in the TME is reported to blunt anti-tumour immunity by limiting essential
biosynthetic pathways for T cell proliferation. A concern with targeting metabolic pathways is the extensive overlap
between the metabolic phenotypes of tumour cells and activated immune cells. Theoretically, GLS inhibition can
limit T cell metabolism along with crippling tumour metabolism since increased glutaminolysis is a hallmark of both
tumour cells and activated T cells. However, Leone et al., 2019, showed that, while glutamine blockade in cancer
cells led to suppression of oxidative and glycolytic metabolism, by contrast CD8* T cells responded by upregulating
acetate metabolism, generating high levels of acetyl-CoA for direct fuelling of the TCA cycle as well as indirect
fuelling via increased glucose anaplerosis through pyruvate carboxylase activation. These resulted in upregulation
of oxidative metabolism with CD8* T cells adopting a long-lived, highly activated phenotype 2. These divergent
responses to GLS inhibition serves as a ‘metabolic checkpoint’ and an opportunity to simultaneously inhibit tumour
metabolism while boosting anti-tumour immune activity. Other amino acids required for T cell activity includes
arginine and tryptophan. Tumour-depletion of arginine in the TME can impair T cell anti-tumour immunity,
particularly memory T cell immunity 22, Tryptophan deficiency is also known to inhibit mMTORC1 activity in T cells,

impairing T cell activation and proliferation (23!,
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The effect of FAs is less well-characterised because different T cell subsets utilise FAs differently. Of note, memory
T cells are more dependent on FA oxidation (FAO) for energy and are unable to develop in the absence of FAs in
culture. However, recent studies suggest that FAs used by memory T cells for FAO are derived from extracellular
glucose, rather than direct utilisation of extracellular FAs [24] Currently, the role of FAs in T cell metabolism is

unclear, and further studies are required.

In addition, nutrient depletion in the TME alters T cell differentiation and induces the polarisation of
immunosuppressive T cell subsets 2311281 Glucose deficiency enriches for regulatory T cells (Tregs) because, in
contrast to Teffs that rely on aerobic glycolysis, Tregs rely more on FAO. FOXP3 metabolic reprogramming leads to
MYC and glycolysis suppression, which enhances OXPHOS and NADH oxidation. These adaptions confer Tregs a
metabolic advantage in the low-glucose, high-lactate microenvironment in the TME, shifting the balance to favour
Treg enrichment over Teffs and facilitating tumour immune evasion (22, Glutamine deficiency in the TME may also
shift T cell differentiation toward a pro-tumourigenic phenotype, as glutamine deficiency disproportionately impairs
Thl and Th17 subsets more than Tregs, thereby enriching for Tregs in the TME [22],

2.1.2. CCM-Derived ‘Waste’ Metabolites Inhibit T Cell Function and Promotes T Cell
Exhaustion

Lactate is reported to inhibit T cell proliferation and cytokine production 28129 Tumour-derived lactate accumulates
in the TME, leading to impaired T cell export of lactate and intracellular build-up. Elevated lactate suppresses
glycolytic enzymes via end-product inhibition, impairing T cell metabolism and function. Lactate build-up in the TME
also causes T cell acidification, preventing translocation of nuclear factor of activated T cells (NFAT) into the
nucleus and NFAT-mediated transcription. This, thus, inhibits IFNy production and impairs T cell response 22,
Finally, lactate is reported to inhibit the PISK/Akt/mTOR pathway in T cells, blunting T cell activation BE1],

Other tumour-derived ‘waste’ metabolites are also suggested to play a key role in T cell immunosuppression
(Figure 1). Adenosine is released by tumours into the TME and inhibits the T cell anti-tumour response. Upon
binding to Adenosine A2A receptor (A2AR), signalling leads to an increase in cAMP levels, protein kinase A (PKA)
phosphorylation of Csk, which subsequently inhibits Lck and antagonising TCR signalling. This leads to reduced T
cell activation, cytokine production, and anti-tumour immunity 2. Kynurenine, the first breakdown product in
indoleamine 2,3-dioxygenase (IDO)-dependent tryptophan degradation, has also been reported to exert

immunosuppressive effects and induce T cell apoptosis [22123],

2.2. Myeloid-Derived Suppressor Cells, Tumour-Associated Macrophages, and
Dendritic Cells

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of cells of myeloid origin that contribute
to TME immunosuppression and exert suppression on T cell and innate immune cell responses. The altered CCM

environment influences MDSC functionality, which can further bolster their imnmunosuppressive effects.
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For example, the hypoxic TME leads to HIF-1a signalling, which aids in MDSC differentiation to tumour-promoting
tumour-associated macrophages (TAMs) 34l | actate similarly induces polarisation toward the pro-tumourigenic M2
macrophage phenotype via HIF-1a signalling 2], and induces upregulation of PD-L1 on myeloid cells, facilitating
Teff suppression 28, Furthermore, hypoxia and lactate in the TME induce a metabolic switch from glycolysis toward
OXPHOS, which is consistent with the enrichment and continued functionality of MDSCs and TAMs in a primarily

hypoglycaemic TME [BZ,

The anti-tumour functions of macrophages are also inhibited by altered cancer metabolism. Extracellular lactate
reduces activation of monocytes, as measured by reduced glycolysis-dependent tumour necrosis factor (TNF)
production 28, Tumour prostaglandin E, (PGE,) production is also found to subvert myeloid cell function. This was
reported in various oncogene-addicted tumour models B2, For example, in a BRAF-mutant model of melanoma,
and NRAS-mutant models of melanoma, breast, and CRC, PGE, production impairs myeloid cell activation

especially the antigen-presenting ability required for T cell activation B2,

Dendritic cells (DCs) are also key players in anti-tumour immunity. Activation of DCs involves metabolic
reprogramming not unlike that of T cells, switching from OXPHOS to aerobic glycolysis. Competition with tumour
cells in the TME for essential nutrients, in particular glucose, can severely limit DC activity and antigen-presenting
ability (29, |n addition, a low energy state leads to elevated AMPK signalling, which inhibits glycolysis and promotes
greater OXPHOS and FAO. This is reminiscent of a tolerogenic DC phenotype 41, In addition, FAO induction in
tumour-associated DCs (TADCs) was found to drive the production of IDO, which results in Treg polarisation and
further immunosuppression of T cells in a model of melanoma 2], Expression of the inhibitory receptor CTLA-4 on
Tregs can also induce IDO activity by DCs “3l. This immunosuppressive crosstalk between dysregulated immune
cells serve to drive a positive-feedback loop whereby immunosuppression is self-maintained and further
propagated in the TME 29,

2.3. Natural Killer Cells and Neutrophils

Other cells of the innate immune system are also intricately linked to metabolic changes in the TME. Due to the
greater energetic demands of natural killer (NK) cells, in particular increased glycolysis, NK cells are also subject to
competition with tumour cells for glucose. Thus, the perennial problem of glucose and nutrient deprivation in the
TME also impairs NK function. Furthermore, the aberrant production of metabolites as a consequence of altered
CCM also impacts NK activity. Metabolic reprogramming of NK cells upon activation requires the SREBP
transcription factors. 25-hydroxycholesterol (25-HC) is a cholesterol-derived metabolite produced by various
cancers, such as glioblastoma 4!, and can inhibit translocation of SREBP from the ER to the Golgi, impairing NK
activation (42, Elevated lactate in the TME also reduces NFAT signalling in NK cells, reducing IFNy production,

CD25 levels, and tumour-killing capabilities 29,

Neutrophils are frequently discounted from a metabolic perspective as purely glycolytic. The low glucose
availability in the TME is predicted to limit neutrophil ROS production, which can disrupt CD4+ T cell viability and

function. However, tumour-directed metabolic reprogramming can switch neutrophils to an oxidative phenotype.
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For instance, 4T1 tumours was found to induce a metabolic shift to produce mitochondria-rich oxidative neutrophils
through aberrant stem cell factor (SCF)/c-Kit signalling. Oxidative neutrophils can use mitochondrial FAO to
support NADPH oxidase-dependent ROS production in the hypoglycaemic TME. Thus, tumour-mediated SCF/c-Kit
signalling can induce an oxidative phenotype in neutrophils to overcome to metabolic limitations, resulting in

maintained ROS production despite the hypoglycaemic TME, and, hence, sustained immunosuppression 48],

2.4. PD-1 and CTLA-4 Signalling and the Effects of Inmune Checkpoint Blockade
on Metabolic Pathways

PD-1 and CTLA-4 are immune checkpoints that serve as negative regulators of T cell function 2. Signalling via
PD-1 limits T cell activation, preventing excess inflammation and tissue damage 8! This regulatory function is
hijacked by cancer cells that upregulate the ligands PD-L1 and PD-L2 on their surface to dampen anti-tumour
immunity 42, PD-1 contains two intracellular tyrosine motifs that, when engaged by its ligands, result in
phosphorylation of tyrosine residues, leading to recruitment of protein tyrosine phosphatases (PTPs) such as SHP2
49 PTPs antagonise positive signals from the TCR and CD28, hence antagonising downstream pathways

including PI3K/Akt, Ras, ERK, Vav, and PLCy, which are key pathways required for metabolic reprogramming of
activated T cells B9B152],

Cancer therapy has entered the ‘immunotherapy era’ with anti-PD-1/PD-L1 and anti-CTLA-4 antibodies being
incorporated into the treatment for melanoma, triple-negative breast cancer (TNBC), NSCLC, and metastatic renal
cell carcinoma (RCC), among others. Such immune checkpoint blockade (ICB) therapy, aimed at reversing the
immune suppression caused by tumour cells, also shapes the TME by affecting tumour metabolism 23], Ligation of
PD-1 on activated T cells impair glycolysis or amino acid metabolism 4!, while PD-1 blockade upregulates GLUT1
to restore glucose uptake, promoting glycolysis in effector T cells 2. Furthermore, PD-1 promotes FAO of
endogenous lipids by increasing expression of CTP1A and upregulating lipolysis 4. ROS generation by activators
of mMTOR, AMPK, and PGC-1a were found to synergise with PD-1 blockade (2. Taken together, this strengthens
the role of combining PD-1 blocking therapies with metabolism-based therapies for more efficacious anti-tumour

immunity.

Ligation of CTLA-4 also leads to similar inhibition of key metabolic reprogramming. However, CTLA-4 signalling on
T cells inhibits glycolysis without augmenting FAO 4. This suggests diverging roles of these two immune
checkpoints: CTLA-4 sustains the metabolic profile of non-activated cells, while PD-1 functions to dampen
metabolic reprogramming in activated cells 4. Regardless, the function of PD-1 and CTLA-4 in antagonising key
metabolic pathways in T cells are mechanisms tumours used to limit anti-tumour immunity, and provides an

explanation for the capacity of T cells to be metabolically invigorated by ICB.

2.5. Resistance to Immunotherapies

However, in reality, only a small proportion of patients respond well to ICB B8, Studies have uncovered several

reasons for this gap, including poor tumour immunogenicity, tumour editing, and lack of sufficient tumour-infiltrating
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T cells in a ‘cold’ tumour BZ58],

The altered metabolism in cancer cells is often associated with dysregulated expression of key metabolic enzymes.
The aberrantly expressed enzymes have pleiotropic effects that contribute to immunosuppression, limiting the
effectiveness of immunotherapies. For example, many cancers display MYC-dependent upregulation of the
alternatively spliced PKM2 enzyme as a mechanism to enhance aerobic glycolysis B2, Furthermore, independent
of its enzymatic action on glycolysis, PKM2 promotes the expression of PD-L1 on tumour surfaces and, hence,
promotes immune suppression 84, PKM2 activity also aids in recruitment of MDSCs, and is associated with

increased metastasis and poor prognosis in HCC [81],

Tumour metabolism also limits the effectiveness of immunotherapies by affecting the tumour mutation rate and
antigenicity (62, Metabolism is tightly linked to DNA repair through chromatin remodelling, epigenetic modifications,
and regulation of the redox status [l Altered tumour metabolism can promote chromatin remodelling and
epigenetic modifications in multiple ways, such as by supplying acetyl and methyl groups and producing
metabolites that act as key cofactors or inhibitors of epigenetic enzymes, such as a-KG, succinate, fumarate, and
2-hydroxyglutarate ¢4, Furthermore, the enhanced nucleotide biosynthesis in tumours promotes DNA repair .
Taken together, these processes lead to a reduced mutation rate and, hence, reduced tumour antigenicity, thereby

limiting the effectiveness of immunotherapies.

Finally, CAFs in the TME may also contribute to immunotherapy resistance by several mechanisms. Firstly, the
release of immunosuppressive cytokines TGF- and IL-6 by CAFs lead to reduced proliferation and trafficking
capacity of antigen-presenting DCs, thereby impairing T cell priming against tumour antigens (6265 CAFs also
directly upregulate immune checkpoint ligands on their surface, including PD-L1 and PD-L2 B8I67] Next, CAFs
impair T cell migration to the tumour bed. Through tight regulation of the local chemokine gradient, CAFs limit T cell
attraction to the TME [B8l63 CAFs also impair T cell access to the tumour, directly via inhibition of T cell migration
through a TGF-B-dependent gene programme Y9 as well as indirectly by altering the composition of the ECM,
creating a denser ECM network, which functions as a physical barrier to T cell infiltration Z72],

| 3. Therapeutic Opportunities Against Altered CCM

With greater understanding of dysregulated cancer metabolism and the metabolic interplay of cancer cells with the
tumour immune microenvironment, therapies can be developed to target these processes and overcome
therapeutic resistance. Metabolic pathways that are being targeted include glycolysis, OXPHOS and
glutaminolysis. Various trials are also being undertaken for metabolic inhibition plus immunotherapy combinations.
The anti-tumour activity of immune checkpoint inhibition may be enhanced by metabolic modulation of the TME.
For instance, promising preclinical data combining the glutaminase inhibitor CB-839 with immune checkpoint
blockade (ICB) therapy has led to an ongoing phase I/l study of CB-839 in combination with nivolumab in
immunogenic tumours including melanoma, RCC, and NSCLC (NCT02771626) (Table 1) 2. Targeting the IDO-
dependent tryptophan degradation, IDO inhibitors also reduces the production of immunosuppressive kynurenine.

Multiple phase I/1l trials showed encouraging results with small molecule inhibitors of IDO1, such as epacadostat,
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with improved responses to anti-PD-1 therapy (Table 1). However, recent results from ECHO-301, the first large
phase llI trial to evaluate the efficacy of epacadostat in combination with pembrolizumab in advanced melanoma,
showed no indication that epacadostat provided an additional benefit. Thus, the current usefulness of IDO1
inhibition to enhance anti-PD-1 therapy remains to be seen. Other IDO1 inhibitors are being developed and, in
earlier phase trials, including navoximod, currently being tested in a phase Ib trial for solid tumours in combination
with atezolizumab 4],

Table 1. Metabolic inhibitors in combination with immunotherapy.

Targeted . _ Preclinical -
Metabolism Metabolic Inhibitor  Immunotherapy Data Clinical Data
Anti-PD-1, anti- [73]
PD-L1 Colon
Phase I/ll—melanoma,
Nivolumab RCC, NSCLC
CB-839 (NCT02771626)
Glutaminolysis Peg:ltr)ggllfstr:rw]af + Phase [—_NSCLC
P (NCT04265534)
pemetrexed
Lymphoma,
JHU083 Anti-PD-1 s
melanoma
[21]
Amino acid Phase I/ll—solid
metabolism CB-1158/INCB001158 AntPD-L Solid fumours
(Arg1 inhibitor) Pembrolizumab wumours 128 (NCT02903914)
9 Daratumumab Phase I/lI—MM
(NCT03837509)
Checkpoint Phase I/ll—solid
inhibitors tumours (multiple clinical
(various) trials)
Phase Ill—melanoma
[E]
Epacadostat/INCB024360 (NCT02752074)
Phase lll—melanoma,

(IDOL1 inhibitor) . .
urothelial carcinoma,

HNSCC (Keynote-ECHO
trials: NCT02752074,
NCT03361865,
NCT03374488,
NCT03358472)

Pembrolizumab

Navoximod/GDC-0919
(IDO1 inhibitor)

Atezolizumab Phase Ib—solid tumours

(NCT024718486,
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Preclinical
Data

Targeted

Metabolism Clinical Data

Metabolic Inhibitor = Immunotherapy

NCT02048709)

Phase I—RCC, prostate
(NCT02655822)
CPI-444/ciforadenant Phase I/ll—NSCLC

Other (APAR artagonist) (NCT03337698)

Atezolizumab

Phase —MM

Daratumumab (NCT04280328)

Indeed, the dynamic metabolic crosstalk between cancer cells and the TME, in particular the immune system, adds

further layers of complexity to cancer therapy. Various immunosuppressive strategies are exerted by the tumour

cells on the immune system, partially accounting for the reduced effectiveness of ICB therapies 28, Nevertheless,

important strides have been made toward the clinical application of metabolic inhibition to synergize with immune

anti-tumour activity.
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