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Immunometabolism in the Tumor Microenvironment: Dual
Role in Modulating Anti-Tumor Immunity and Tumor
Progression
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Abstract

Understanding the tumor microenvironment (TME) requires a comprehensive exploration of the interactions between
tumor cells and various stromal and immune cells, as these interactions significantly influence tumor growth and treatment
response. Immunometabolism, which examines the relationship between immune cell metabolic processes and their
behaviour, has become crucial in determining the effectiveness of anti-tumor immune responses. This review explores
the intricate relationship between immunometabolism and TME, highlighting how metabolic changes in immune cells
can either enhance or impair their capacity to fight cancer. It specifically investigates the metabolic reprogramming of
T cells, macrophages, and dendritic cells within the TME and how these alterations affect their anti-tumor roles. The
review also examines how tumors utilise metabolic pathways to establish an immunosuppressive environment that
fosters tumor growth. Understanding these processes reveals potential therapeutic targets in immunometabolism to
improve cancer treatment outcomes. By emphasising the dual role of immunometabolism in both aiding and inhibiting
the immune response to cancer, this review underscores the necessity of integrating metabolic strategies into cancer
immunotherapy research, which may lead to novel treatments that maximise the immune system’s ability to combat

cancer.
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Introduction

Immunometabolism explores how metabolic pathways
regulate immune cell function, differentiation, and
responses [ 1]. It has gained prominence in cancer research
due to the critical interplay between immune cells and the
tumor microenvironment (TME) [2]. This field connects
metabolism with immunology, focusing on how metabolic
shifts influence immune behaviour and activity [3].
Immune cells require metabolic reprogramming to support
functions like defence, inflammation, and homeostasis
[1,4]. In cancer, the rapid growth of tumor cells creates
a nutrient-depleted, hypoxic TME that hinders immune
cell activity, particularly T cells [5]. Tumor cells often
outcompete immune cells for key nutrients such as glucose
and amino acids, limiting effective antitumor responses
[6]. Meanwhile, immune cells themselves depend on
metabolic adaptation for activation and effector functions
[7].

The TME consists of cancer cells, immune and stromal
cells, vasculature, extracellular matrix (ECM), and
signalling molecules as illustrated in Figure 1 [8]. These
components interact intricately to promote tumor growth,

immune escape, and metastasis [9]. Metabolically, the
TME is harsh characterised by hypoxia, nutrient scarcity,
and acidosis which suppresses immune activity [10].
Hypoxia, for example, stabilises hypoxia-inducible factors
(HIFs) that promote glycolysis and angiogenesis [11]. In
addition, cancer cells’ metabolic demands deplete glucose
and amino acids, impairing immune effectors like T cells
and macrophages [12]. Accumulation of lactate and other
metabolic by-products also suppresses immune function
and favours immunosuppressive cells like regulatory
T cells (Tregs) and myeloid-derived suppressor cells
(MDSCs) [13]. Understanding immunometabolism in the
TME is key to developing therapies that restore immune
function and improve cancer outcomes. This review
explores how metabolic reprogramming of immune cells
within the TME can either promote or suppress anti-tumor
immunity, offering insights into potential therapeutic
targets.

The Role of Immunometabolism in Modulating Anti-Tumor
Immunity

Tumor immunosurveillance refers to the dynamic
process through which the immune system identifies and

Biochemistry Department at North-Eastern Hill University (NEHU), Shillong-792022, Meghalaya, India. *For Correspondence:

casmarbaniang@gmail.com

Asian Pacific Journal of Cancer Prevention, Vol 26 3881



Casterland Marbaniang et al

Figure 1. Major Cellular Components of the Tumour Microe
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eliminates cancer cells to prevent tumor development
and progression [14]. This defence mechanism is
orchestrated by specialised immune cells, notably
cytotoxic T lymphocytes (CTLs), natural killer (NK) cells,
and antigen-presenting cells (APCs) such as dendritic
cells (DCs), as illustrated in Figure 2 [15, 16]. When
neoplastic transformation occurs, cancer cells express
abnormal or mutated self-antigens that are recognised
by the immune system [17]. These tumor antigens are
presented by APCs through Major Histocompatibility
Complex (MHC) molecules MHC class I to CD8+ T
cells and MHC class II to CD4+ helper T cells [18, 19].
Effective T cell activation requires the recognition of the
antigen-MHC complex by the T cell receptor (TCR),
along with co-stimulatory signalling through molecules
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such as CD28 on T cells and CD80/CD86 on APCs [19].
This activation is further strengthened by cytokines such
as IL-2 and IL-12, which promote T-cell proliferation
and functional maturation [20]. Once activated, CD8+ T
cells undergo clonal expansion, producing a pool of CTLs
and memory T cells capable of targeting tumor cells, as
shown in Figure 2. These memory cells rely primarily
on oxidative phosphorylation (OXPHOS) to meet their
energy demands and ensure long-term persistence [21,
22]. Upon reencounter with their specific antigen, they
rapidly mount effective responses against tumor cells [21].
CTLs exert their cytotoxic effects through the secretion of
perforin and granzymes, where perforin forms membrane
pores that facilitate granzyme entry and trigger apoptosis
via caspase cascades [23, 24]. Additionally, CTLs can
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Figure 2. The Immune System's Role in Tumor Surveillance
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initiate apoptosis through the Fas-FasL pathway, where
FasL on CTLs binds to Fas receptors on tumor cells [25].

CD4+ T helper cells further enhance anti-tumor
immunity by differentiating into subsets such as Thl
and Th2, as depicted in Figure 2 [26]. Thl cells secrete
IFN-y and TNF-a, which potentiate immune responses
by activating CD8+ T cells and other innate immune
components [27]. IFN-y upregulates MHC class |
expression and enhances antigen presentation, while
TNF-a boosts immune cell proliferation, damages tumor
vasculature, and induces tumor apoptosis [28, 29]. TNF-a
also increases MHC class I and II molecule expression,
improving tumor recognition by the immune system [30,
31]. Th2 cells produce IL-4, IL-5, and IL-13, which aid in
B cell activation and antibody production, particularly IgG
and IgE [27]. These antibodies bind tumor antigens and
initiate immune responses via antibody-dependent cellular
cytotoxicity (ADCC) and complement activation, which
involves NK cell-mediated killing and the formation of
the membrane attack complex (MAC) [32]. In addition
to antibody production, B cells can function as APCs
and aid CD8+ T cell activation by providing necessary
co-stimulatory signals and cytokines [33].

Metabolic reprogramming is vital for immune cell
functionality, especially in the TME, where metabolic
constraints are common [34]. Upon activation, T cells shift
their metabolism from OXPHOS to aerobic glycolysis a
process known as the Warburg effect to meet increased
energetic and biosynthetic needs [35]. As shown in
Figure 2, glucose becomes the principal fuel source, and
its conversion to ATP via glycolysis provides essential
intermediates for cell growth and cytokine production
[36]. Enzymes like pyruvate kinase and hexokinase,
along with glucose transporters such as GLUT1, drive
this metabolic adaptation [36]. Beyond glucose, other
metabolites play critical roles. Acetate supports histone
acetylation and gene expression via acetyl-CoA; serine
contributes one-carbon units for nucleotide synthesis;
alanine supports glucose homeostasis; arginine enables
nitric oxide (NO) production essential for T cell
signalling; and glutamine provides carbon for the TCA
cycle and nucleotide biosynthesis while countering
oxidative stress [37—41]. These metabolic adaptations
enable T cells to sustain anti-tumor responses despite the
challenging TME.

Macrophages and dendritic cells also undergo
metabolic reprogramming upon activation. Macrophages
exhibit remarkable metabolic flexibility, allowing them to
switch functions depending on environmental cues [1].
Pro-inflammatory M1 macrophages, which are involved
in tumor surveillance and elimination, predominantly
utilise glycolysis to generate ATP and intermediates
necessary for producing inflammatory cytokines and
mediating phagocytosis and cytotoxicity [1, 42]. On the
other hand, M2 macrophages, associated with tissue repair
and immune suppression, utilise FAO and OXPHOS,
especially in the TME, where they promote angiogenesis
and suppress immune responses [43, 44]. This metabolic
reprogramming maintains the M2 phenotype and
contributes to tumor growth. Thus, reprogramming
macrophage metabolism toward an M1 phenotype may
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enhance anti-tumor immunity [34]. Figure 2 shows that
under physiological conditions, macrophages use glucose
and fatty acids for functions like phagocytosis and
cytokine production. Glycolysis supports inflammatory
responses, while FAO supports tissue remodelling
and inflammation resolution [4]. Arginase-1-mediated
L-arginine metabolism plays a role in tissue repair and
immunomodulation [45]. The TME alters the macrophage
metabolic landscape low oxygen and nutrients drive
macrophages to adopt glycolytic metabolism, favouring
an M2-like phenotype [46]. Tumor-induced activation of
arginase-1 and suppression of iNOS enhance L-arginine
metabolism, promoting tumor progression and impairing
anti-tumor immunity [47].

Dendritic cells (DCs), as depicted in Figure 2, are
essential for linking innate and adaptive immunity through
antigen capture, processing, and presentation to T cells
[19, 48]. Upon activation by danger signals, DCs enhance
glycolytic flux to meet energetic demands and support
antigen presentation and cytokine production [4, 49]. DCs
present antigens via MHC molecules and secrete IL-12
and IL-6 to guide T-cell differentiation [50]. They can
also promote immune tolerance by presenting antigens
in a non-inflammatory context to prevent autoimmunity
[51]. Effective T cell activation relies on DC migration
to lymph nodes, where they present processed antigens
to naive T cells [50]. However, in the TME, DCs often
remain immature, with low expression of co-stimulatory
molecules such as CD80 and CD86, impairing their ability
to activate T cells [52]. Tumor-derived factors suppress
DC maturation and function, while cytokines like IL-
10 and TGF-f induce a tolerogenic DC phenotype that
favours immune escape [53, 54]. Poor migration of DCs
to lymph nodes and interaction with other suppressive
cells like Tregs and MDSCs further diminishes their
effectiveness in mounting anti-tumor immunity [55, 56].

As illustrated in Figure 2, NK cells play a central
role in anti-tumor immunity through direct cytotoxicity,
antibody-dependent cellular cytotoxicity (ADCC),
cytokine release, and immune modulation [19]. They
kill tumor cells by releasing perforin and granzymes and
can bind to antibodies on tumor cells via Fc receptors to
mediate ADCC [57]. NK cells secrete [IFN-y, enhancing
CTL responses and antigen presentation, thus linking
innate and adaptive immunity [58]. However, NK cell
function is significantly impaired within the TME,
where tumors produce immunosuppressive cytokines
like TGF-B and IL-10, and express ligands for immune
checkpoints such as Programmed Death-Ligand 1 (PD-
L1) [59]. These factors reduce NK cell cytotoxicity
and cytokine production [60]. Therapeutic strategies,
including cytokine therapy, checkpoint blockade, and
TME modulation, aim to restore NK cell activity for
effective cancer treatment [61]. Tregs, a subset of CD4+
T cells, are essential for maintaining immune homeostasis
and preventing autoimmunity by suppressing excessive
immune responses [62]. These cells, marked by FoxP3
expression, utilise OXPHOS for energy to support long-
term survival and suppressive function [63, 64]. Tregs
maintain immune equilibrium by preventing prolonged
immune activation and collateral tissue damage [62]. As

Asian Pacific Journal of Cancer Prevention, Vol 26 3883



Casterland Marbaniang et al

shown in Figure 2, Tregs suppress immune responses by
secreting IL-10 and TGF-f, which inhibit the activation
of T cells, macrophages, and DCs [65]. They can directly
kill effector immune cells via granzyme and perforin-
mediated cytolysis [66]. Tregs also deplete IL-2 from
the environment, depriving other immune cells of this
critical growth factor, and release adenosine and cyclic
AMP to inhibit immune functions [67]. Additionally,
Tregs modulate DC function by engaging LAG-3 with
MHC class IT and inducing IDO expression via Cytotoxic
T-Lymphocyte Antigen 4 (CTLA-4), which degrades
tryptophan to suppress T cell activation [68, 69]. By
keeping immune activation in check, Tregs prevent
excessive responses that could lead to tissue damage and
autoimmunity. Their role is vital in preserving the delicate
balance of the immune system, ensuring it can distinguish
between self and non-self, and preventing harmful attacks
on the body’s tissues [65].

The Dual Role of Immunometabolism in Tumor Progression

Understanding the complex interaction between
cellular metabolism and the tumor microenvironment
(TME) is essential, as metabolic alterations in both
immune and cancer cells significantly influence tumor
development and progression [2]. Figure 3 illustrates how
these metabolic changes result in immunosuppression
through multiple pathways [12]. This immunosuppressive
environment favours tumor growth and compromises
effective anti-tumor immune responses [70]. The TME
orchestrates this suppressive milieu through several
mechanisms involving various immune and stromal cell
populations.
Macrophage Polarisation and Metabolism

As illustrated in Figure 3, Tumor-associated
macrophages (TAMs) polarise toward an M2-like,

Axrobic glycolysis
FA oxidation

Lactate, Low
Nutrients and
Oxygen

GM-CSF,
IL-6, and
VEGF

proliferation, reduces cytokine
production, and induces T cell

Inhibits T cell activation and
exhaustion and apoptosis.

Immature DO

CD8D and CDgs  Glu

PDL-1

MMPs, GFs
angiogenesis

2 Extracellular

immunosuppressive phenotype under the influence of
hypoxia, nutrient deprivation, and high lactate levels in
the TME [71]. Hypoxia activates transcriptional programs
via hypoxia-inducible factors (HIFs), which promote
vascular endothelial growth factor (VEGF) expression,
facilitating angiogenesis and the recruitment and
polarisation of macrophages into TAMs [72]. Genes such
as Arginase 1 (ARG1), CD206 (mannose receptor), and
IL-10 are upregulated in this process, enhancing the anti-
inflammatory and immunosuppressive characteristics of
TAMs [46, 73, 74]. Other hypoxia-driven factors, such as
TGF-p and CXCL12 (SDF-1, Stromal-Derived Factor-1),
contribute to further recruitment and polarisation of
macrophages [73, 75]. CCL2 (MCP-1, Monocyte
Chemoattractant Protein-1) plays an additional role
in attracting monocytes to the tumor site, where they
differentiate into M2-like TAMs [76]. Elevated lactate
levels, a byproduct of aerobic glycolysis (Warburg
effect), enhance the production of IL-10 and TGF-,
further suppressing T-cell function [77]. Nutrient
deprivation within the TME forces TAMs to rely on lipid
metabolism, which reinforces their pro-tumorigenic and
immunosuppressive activities [78]. TAMs also secrete
matrix metalloproteinases (MMPs) and growth factors that
support tumor invasion and progression [79]. Moreover,
TAMs express immune checkpoint molecules like PD-L1,
which, by binding to PD-1 on T cells, facilitates immune
evasion [80]. These collective features reinforce TAM-
mediated immunosuppression, contributing to tumor
progression and resistance to therapy.

Myeloid-Derived Suppressor Cells (MDSCs)

MDSCs are heterogeneous populations of immature
myeloid cells that suppress immune responses and are
expanded in pathological conditions like cancer [81].
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Figure 3. Immune Evasion through Immunosuppressive Mechanisms and Metabolic Alterations in the TME.
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Under homeostatic conditions, MDSCs are rare, but in
the TME, their numbers rapidly increase in response to
stress, inflammation, and tumor-derived signals [81].
They prevent excessive immune activation and maintain
homeostasis but are co-opted by tumors to suppress
anti-tumor immunity [82]. Growth factors such as GM-
CSF (Granulocyte-Macrophage Colony-Stimulating
Factor), G-CSF (Granulocyte Colony-Stimulating
Factor), and M-CSF (Macrophage Colony-Stimulating
Factor), along with pro-inflammatory cytokines like
IL-6, IL-10, and TNF-0, promote MDSC proliferation
and immunosuppressive capacity [82-84]. SI00A8/A9
proteins also support their recruitment and activation [85].
Activation of STAT3 (Signal Transducer and Activator of
Transcription 3) and NF-kB (Nuclear Factor kappa-light-
chain-enhancer of activated B cells) signalling pathways
in response to tumor-derived signals drives expression
of ARG, iNOS (Inducible Nitric Oxide Synthase), and
COX-2 (Cyclooxygenase-2), key enzymes involved in
MDSC-mediated suppression [82]. Figure 3 demonstrates
that MDSCs inhibit T cells through multiple mechanisms,
including IDO-mediated tryptophan catabolism into
immunosuppressive kynurenine [86]. They also deplete
L-arginine and cysteine via upregulation of arginase-1 and
iNOS, and the resultant reactive oxygen species (ROS)
further impair T-cell signalling [87]. MDSCs secrete IL-10
and TGF-, promoting Treg differentiation and inhibiting
dendritic cell (DC) maturation, thereby hampering antigen
presentation and immune activation [82, 88]. They also
modulate DC function via IL-10 and prostaglandin E2
(PGE2), secretion [82]. Additionally, MDSCs accumulate
lactate and other metabolites that suppress effector
immune functions [89]. Their ability to promote Treg
expansion and sustain a suppressive environment within
the TME positions MDSCs as critical targets for enhancing
anti-tumor immunity [90, 91].

Regulatory T Cells (Tregs)

Tregs are crucial mediators of immune tolerance
and are often co-opted by tumors to suppress anti-tumor
immune responses, thereby facilitating tumor progression
[92]. They secrete immunosuppressive cytokines such
as IL-10 and TGF-B, which inhibit effector T cells and
antigen-presenting cells [93]. Although Tregs rely on
oxidative phosphorylation (OXPHOS) under homeostatic
conditions, their metabolism adapts within the TME
to support glycolysis under hypoxic conditions for
ATP production and suppressive function [64, 94-96].
Tregs also utilise fatty acid oxidation (FAO) and lipid
droplet formation to sustain their suppressive phenotype
and support biosynthesis [67, 97]. Metabolites such as
arginine and glutamine modulate Treg activity; arginase-
I-mediated arginine breakdown and glutamine uptake
promote Treg survival and suppressive capabilities [98,
99]. Lactate accumulation in the TME further enhances
Treg function by upregulating immune checkpoint
molecules such as PD-L1 and CTLA-4 [100-102]. Tregs
express CD39 and CD73, which convert extracellular
ATP into immunosuppressive adenosine, inhibiting
effector T cell activity [103]. Additional checkpoints,
including CTLA-4, PD-1, and LAG-3, function to inhibit
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T cell activation through competitive ligand binding or
inhibitory signalling [65, 104, 105]. These mechanisms
enable Tregs to maintain a suppressive microenvironment,
impairing effective anti-tumor immune responses as
illustrated in Figure 3.

Cancer-Associated Fibroblasts (CAFs)

Fibroblasts, which normally support tissue structure
by producing extracellular matrix (ECM) components
such as collagen and elastin, are reprogrammed in the
TME into CAFs that contribute to tumor progression
[106]. In physiological states, fibroblasts use OXPHOS to
generate ATP and regulate ECM remodelling and cytokine
secretion to aid tissue repair [107]. However, CAFs in
tumors display enhanced glycolysis and lactate secretion,
which acidify the TME, impair immune cell function, and
facilitate tumor invasion [108, 109]. These fibroblasts
produce high levels of ECM components and remodelling
enzymes like MMPs and collagen, creating a dense stroma
conducive to tumor migration and metastasis [108].
CAFs also upregulate lipid and glutamine metabolism
to fuel ECM remodelling and tumor support [109]. By
secreting VEGF and TGF-f, CAFs promote angiogenesis
and stromal remodelling [110, 111]. Additionally, they
release factors that attract Tregs and MDSCs, amplifying
local immunosuppression as illustrated in Figure 3 [112,
113]. These features underscore CAFs’ role in shaping a
TME that favours tumor immune evasion and therapeutic
resistance [114].

Metabolic Competition and Nutrient Depletion

Cancer cells reprogram their metabolism to prioritise
glycolysis, glutaminolysis, and lipogenesis, fostering an
environment of intense nutrient competition [115]. This
leads to a depletion of key substrates such as glucose,
amino acids, and fatty acids, which impairs the effector
functions of T cells and NK cells [116, 117]. Tryptophan
and arginine, essential for T cell proliferation and
activation, are metabolised by tumor cells and suppressive
myeloid populations to induce immune suppression [118].
Upregulation of IDO by tumor and stromal cells catalyses
the conversion of tryptophan into kynurenine, which
inhibits T-cell responses and promotes Treg differentiation
[119, 68]. Arginine metabolism by MDSCs and TAMs, via
arginase, further depletes this critical nutrient, weakening
TCR signalling and T cell expansion [87, 73]. Deficiency
in these amino acids ultimately impairs anti-tumor immune
responses and facilitates tumor survival and proliferation
[120, 121]. Fatty acid metabolism also plays a key role in
the TME. While tumor cells and suppressive immune cells
like Tregs and MDSCs rely on FAO for energy, effector T
cells predominantly depend on glycolysis, making them
particularly vulnerable in nutrient-depleted conditions
[122-124]. This metabolic asymmetry, as illustrated in
Figure 3, creates a TME that strongly favours tumor
progression over immune surveillance [5, 124].

Hypoxia and HIFs

Rapid tumor expansion outpaces angiogenesis,
leading to hypoxic zones within the TME [125]. Under
such conditions, HIF-1o and HIF-2a are stabilised
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and function as transcriptional regulators of genes that
promote adaptation to hypoxia, angiogenesis, and immune
modulation [126]. HIFs enhance glucose uptake and
lactate production to meet energetic demands despite
oxygen availability, further promoting the Warburg
effect [11]. VEGF expression is also induced by HIFs,
which stimulate neovascularisation, though the resulting
vasculature is often disorganised and leaky [127, 128].
Hypoxia-driven expression of PD-L1 on both tumor and
immune cells diminishes T cell activation and contributes
to T cell exhaustion [129, 130]. Moreover, hypoxia
enhances the accumulation and suppressive function
of Tregs and MDSCs, reinforcing immune evasion as
illustrated in Figure 3 [131, 132].

Adenosine Accumulation

In hypoxic tumors, as illustrated in Figure 3,
extracellular ATP is released and hydrolysed by CD39
and CD73 into adenosine [133]. Adenosine acts on A2A
receptors in immune cells, resulting in the suppression of
T cell and NK cell effector functions, including cytokine
production and cytotoxicity [134, 135]. As mentioned
earlier, adenosine also enhances the activity of Tregs
and MDSCs, which suppress effector T cell responses
and promote immune tolerance [103]. Understanding the
adenosine-A2A receptor axis is crucial in comprehending
how it contributes to the creation of an immunosuppressive
TME, protecting tumors from immune destruction [135].
A study by Hatfield et al. [136] showed that combining
PD-1 checkpoint inhibition with A2A receptor blockade
significantly enhanced anti-tumor responses in mice. This
combination reduced adenosine’s immunosuppressive
effects, increased T cell activity, and promoted tumor
regression, highlighting the potential of targeting the
adenosine pathway to enhance the effectiveness of existing
immunotherapies in cancer treatment [136].

Lactate Production and Acidic Microenvironment
Lactate production is elevated in the TME due to
enhanced glycolysis in both tumor and immune cells [137,
138]. LDH catalyses the conversion of pyruvate to lactate,
fueling the acidic milieu [139]. As depicted in Figure
3, this acidification suppresses T cell receptor (TCR)
signalling, reduces IFN-y production, and impairs T and
NK cell activity [ 140, 141]. Furthermore, lactate promotes
Treg expansion and shifts macrophage polarisation toward
the M2 phenotype, exacerbating immune suppression [71,
72]. This creates a feedback loop that maintains immune
suppression and tumor progression. Inhibiting LDH has
been shown to reduce lactate production and improve the
efficacy of immune checkpoint blockade [13, 142].

The Balance Between Immunometabolism and Anti-Tumor
Immunity

Achieving effective cancer control depends on
maintaining a delicate balance between immunometabolism
and anti-tumor immunity. Sustaining this equilibrium
requires an understanding of how immune cell metabolism
responds to suppressive and nutrient-deprived conditions
within the TME. As established, the TME is characterised
by hypoxia, acidosis, and nutrient scarcity, which
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collectively impair the metabolic activity and function of
immune effector cells while simultaneously supporting
the metabolic reprogramming of tumor cells to evade the
immune attack and drive tumor progression [115].

Targeting Metabolic Pathways

One of the central strategies to restore immune
function is by targeting the metabolic pathways that cancer
cells heavily rely upon. Tumor cells upregulate aerobic
glycolysis (the Warburg effect) and glutaminolysis to
sustain their rapid proliferation and biosynthetic needs
[115, 143]. Targeting enzymes such as hexokinase 2 and
glutaminase can reduce the metabolic fitness of tumor
cells. For example, 3-bromopyruvate, a pyruvate analogue,
inhibits glycolysis and has been shown to kill tumor
cells effectively [144]. Inhibiting lactate dehydrogenase
(LDH) reduces lactate production, thereby mitigating
the immunosuppressive acidic microenvironment.
LDH inhibitors have also been reported to restore T
and natural killer (NK) cell functions [13]. Similarly,
inhibition of indoleamine 2,3-dioxygenase (IDO), an
enzyme responsible for catabolizing tryptophan into
immunosuppressive kynurenine, using agents like
indoximod has shown promise in reversing immune
suppression in preclinical and early clinical studies
[145, 146]. Additionally, adenosine accumulation in the
hypoxic TME activates A2A receptors on immune cells
and contributes to immunosuppression. Blocking A2A
receptors has been demonstrated to enhance T cell and
NK cell activity in tumor models [136, 147]. Histone
deacetylase (HDAC) inhibitors like vorinostat can further
modulate gene expression in immune cells, boosting their
anti-tumor functions and showing efficacy in certain
malignancies such as cutaneous T-cell lymphoma [148].

Modulating Nutrient Availability

Immune cells rely on nutrients such as arginine,
glutamine, and glucose to maintain their effector functions,
proliferation, and cytokine production [149]. However,
within the TME, tumor cells compete with immune cells
for these resources, often resulting in nutrient depletion
and immune dysfunction [118]. Supplementation of
specific amino acids may restore immune activity. Arginine
supplementation, for example, has been shown to promote
T cell survival and expansion, supporting stronger immune
responses against tumors [150]. Glutamine, another key
nutrient, enhances the function of activated immune
cells, although care must be taken due to the potential for
glutamine to also fuel tumor cell metabolism [151]. Efforts
to modulate glucose availability through analogues like
2-deoxyglucose have demonstrated the ability to impair
tumor glycolysis while preserving immune cell function,
thereby favouring anti-tumor immunity [152].

Immune Checkpoint Inhibition

Immune checkpoint blockade is a transformative
approach in cancer immunotherapy. The PD-1/PD-L1
axis is frequently exploited by tumor cells to inactivate
T cells. Therapeutic antibodies such as pembrolizumab
and nivolumab block this interaction and reinvigorate
T-cell responses, and have shown significant efficacy in



cancers such as melanoma, non-small cell lung cancer
(NSCLC), and bladder cancer [153—155]. Similarly,
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
is another checkpoint that negatively regulates T-cell
activation. The monoclonal antibody ipilimumab blocks
CTLA-4 and enhances T-cell proliferation, showing
success, particularly in metastatic melanoma [156, 157].

Adoptive Cell Therapy

Adoptive cell therapy (ACT) involves the ex vivo
manipulation of immune cells to enhance their anti-tumor
potential. Chimeric antigen receptor (CAR) T cell therapy
modifies T cells to express synthetic receptors that target
tumor-associated antigens, improving the recognition
and destruction of cancer cells [158]. CAR-T cells have
produced durable responses in hematologic malignancies
such as acute lymphoblastic leukaemia (ALL) and diffuse
large B-cell lymphoma (DLBCL) [159]. Another ACT
strategy, tumor-infiltrating lymphocyte (TIL) therapy,
involves harvesting lymphocytes from tumors, expanding
them in vitro, and reinfusing them to boost immune
responses [160]. This method has proven particularly
effective in treating melanoma and is being explored
in other solid tumors [161-163]. Despite its promise,
challenges remain due to the suppressive TME and tumor
antigen heterogeneity.

Cytokine Therapy

Cytokine therapy enhances immune cell proliferation
and activation. Interleukin-2 (IL-2) is a key cytokine
that promotes the expansion of CTLs and NK cells.
High-dose IL-2 therapy has been effective in metastatic
melanoma and renal cell carcinoma, eliciting durable
clinical responses [164, 165]. Interferons such as IFN-a
and IFN-B play additional roles by increasing antigen
presentation, enhancing MHC expression, and promoting
tumor apoptosis. [FN-a has been used successfully in the
treatment of several cancers, including melanoma and
renal cell carcinoma [166, 167].

Vaccine-Based Approaches

Therapeutic cancer vaccines aim to initiate targeted
immune responses by presenting tumor-specific antigens.
Sipuleucel-T, for instance, is an FDA-approved vaccine
for prostate cancer that targets prostatic acid phosphatase
(PAP) and has shown survival benefits [168]. Dendritic
cell (DC)-based vaccines involve pulsing patient-derived
DCs with tumor antigens ex vivo and reinfusing them to
enhance T cell priming and activation. These vaccines aim
to enhance immune surveillance and anti-tumor activity
through improved antigen presentation [169].

Targeting Tumor Vasculature

Angiogenesis, driven largely by vascular endothelial
growth factor (VEGF), supports tumor growth and immune
evasion. Anti-angiogenic agents such as bevacizumab
inhibit VEGF and normalise tumor vasculature, improving
oxygenation and immune cell infiltration into the tumor
[170]. This strategy has been shown to enhance the
efficacy of chemotherapy and immunotherapy in cancers
such as colorectal cancer and NSCLC [171]. Vascular
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normalisation also alleviates hypoxia, thereby reducing
HIF-induced immunosuppressive mechanisms [172].

Combining Metabolic and Immune Checkpoint Inhibitors
Combining metabolic inhibitors with immune
checkpoint inhibitors (ICIs) offers a synergistic strategy
to reverse immune suppression. For example, combining
PD-1 blockade with CB-1158, an arginase inhibitor, has
been shown to increase T-cell infiltration and anti-tumor
activity in preclinical models [70, 173, 174]. Similarly,
combining LDH inhibition with PD-1 blockade mitigates
lactate accumulation and promotes T cell-mediated
cytotoxicity [175]. Co-targeting IDO and CTLA-4
has also shown improved tumor control by restoring
tryptophan availability and enhancing T-cell responses
[175]. Further, combination strategies involving cancer
vaccines and adoptive cell therapies such as CAR T
cells have demonstrated improved antigen-specific
responses and the potential to overcome tumor immune
evasion [38, 176]. Despite these promising results,
clinical optimization regarding dosing, scheduling, and
patient selection remains necessary to minimize adverse
effects and maximize therapeutic efficacy. In summary,
rebalancing immunometabolism in the TME requires a
multifaceted therapeutic approach. By correcting nutrient
competition, targeting immunosuppressive enzymes and
metabolites, and enhancing immune cell function through
checkpoint blockade, vaccines, and cellular therapies, it is
possible to overcome tumor-induced immune dysfunction
and achieve more durable responses in cancer therapy.

Conclusion

The TME represents a complex and dynamic
ecosystem where cancer cells and immune cells coexist
in a metabolically hostile and immunosuppressive milieu.
Within this environment, immunometabolism emerges as a
critical determinant of immune cell fate, function, and anti-
tumor efficacy. The reprogramming of metabolic pathways
not only allows tumor cells to thrive under hypoxic and
nutrient-depleted conditions but also actively impairs
immune surveillance by altering the metabolic preferences
and activities of key immune cell populations. Effector
immune cells, including CTLs, DCs, and NK cells,
require sufficient metabolic substrates such as glucose,
amino acids, and fatty acids to execute their tumor-killing
functions. However, the tumor’s heightened metabolic
demand often results in nutrient competition, leading to
immune cell exhaustion and dysfunction. Conversely,
regulatory immune cells such as MDSCs and regulatory
T cells (Tregs) are better adapted to the metabolically
stressed TME, further tipping the balance toward immune
evasion and tumor progression. A nuanced understanding
of these metabolic shifts has opened new avenues
for therapeutic intervention. Targeting tumor-specific
metabolic pathways, modulating nutrient availability, and
inhibiting immunosuppressive metabolites such as lactate,
adenosine, and kynurenine have demonstrated promising
preclinical outcomes. Furthermore, the integration of
metabolic inhibitors with immunotherapies, such as
immune checkpoint blockade and adoptive cell transfer,
offers a synergistic strategy to restore immune competence
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and reshape the TME in favour of anti-tumor immunity.
It is increasingly clear that immunometabolism serves as
both a barrier and a lever in cancer immunotherapy. The
dual role it plays—supporting immune cell function while
also facilitating tumor-mediated immune suppression
necessitates a careful, context-dependent therapeutic
approach. Personalised interventions that consider tumor
metabolic profiles, immune cell metabolic states, and
patient-specific factors will likely be required to optimise
treatment outcomes. As research continues to uncover the
intricate connections between metabolism and immune
regulation, future strategies must aim not only to inhibit
tumor metabolism but also to empower immune cells
metabolically. Such approaches hold great promise in
shifting the balance within the TME toward durable and
effective anti-tumor responses, thereby improving clinical
outcomes for cancer patients.
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