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Dysregulation of lipid metabolism is a key characteristic of the tumor microenvironment, where tumor cells utilize lipids for
proliferation, survival, metastasis, and evasion of immune surveillance. Lipid metabolism has become a critical regulator of CD8+ T-
cell-mediated antitumor immunity, with excess lipids in the tumor microenvironment impeding CD8+ T-cell activities. Considering
the limited efficacy of immunotherapy in many solid tumors, targeting lipid metabolism to enhance CD8+ T-cell effector functions
could significantly improve immunotherapy outcomes. In this review, we examine recent findings on how lipid metabolic
processes, including lipid uptake, synthesis, and oxidation, regulate CD8+ T cells within tumors. We also assessed the impact of
different lipids on CD8+ T-cell-mediated antitumor immunity, with a particular focus on how lipid metabolism affects mitochondrial
function in tumor-infiltrating CD8+ T cells. Furthermore, as cancer is a systemic disease, we examined systemic factors linking lipid
metabolism to CD8+ T-cell effector function. Finally, we summarize current therapeutic approaches that target lipid metabolism to
increase antitumor immunity and enhance immunotherapy. Understanding the molecular and functional interplay between lipid
metabolism and CD8+ T cells offers promising therapeutic opportunities for cancer treatment.
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INTRODUCTION
Cancer is the second leading cause of death worldwide and is
expected to become the leading cause of mortality globally soon
after 2030 [1]. Decades of research have led to the realization that
cancer is a complex and systemic disease driven by a combination
of tumor-intrinsic, microenvironmental and systemic factors [2].
Tumors emerge and progress within a dynamic microenvironment
composed of diverse cell types, the extracellular matrix, growth
factors, cytokines, chemokines, and metabolites. Alterations in this
microenvironment significantly impact tumor growth and metas-
tasis. Additionally, systemic changes in the body, such as aging
and obesity, influence tumor progression.
CD8+ T cells are crucial for suppressing tumor growth and

metastasis, but their functions are often compromised in the
TME. This dysfunction is caused primarily by two factors:
immunosuppressive signals from tumor cells or other suppres-
sive cells, along with the limited availability of oxygen and
nutrients, which affect the metabolic features of CD8+ T cells
and their antitumor functions. CD8+ T cells are central to
immunotherapies such as immune checkpoint blockade (ICB)
and adoptive cell transfer (ACT), which enhance the immune
response against tumors. Despite the success of these therapies
in leukemia and certain solid tumors, their efficacy remains
limited in most solid tumors, particularly those that are
metastatic [3].

Metabolic reprogramming is a hallmark of cancer [4]. In the
tumor microenvironment, tumor cells preferentially convert
glucose to lactate even when oxygen is sufficient, a phenomenon
known as the Warburg effect. This metabolic shift facilitates rapid
ATP generation and supplies intermediates for biosynthetic
pathways, thereby supporting cell growth, proliferation, and
metastasis. While glucose is the primary metabolic substrate for
most cells in tumors, other substrates, including amino acids,
glycolytic metabolites, and lipids, are also utilized. Various lipid
species, such as cholesterol, fatty acids, and triacylglycerols, are
abundant in different tumor tissues. Lipids serve as energy
sources, membrane components, and signaling molecules and
play complex roles in tumor progression, including both tumor-
promoting and tumor-suppressive effects.
In this review, we aim to highlight the lipid metabolic features

of CD8+ T cells in tumor progression. By advancing our
understanding of lipid metabolism regulation in CD8+ T cells
within the context of cancer, we hope to inform the development
of metabolic therapies that could increase the efficacy of
immunotherapies for cancer patients.

LIPID HOMEOSTASIS REGULATION
Lipid metabolism is a complex physiological process crucial for
nutrient balance, hormonal regulation, and homeostasis. It
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includes the synthesis of various structural and functional lipids,
such as phospholipids, glycolipids, sphingolipids, cholesterol, and
prostaglandins, with some showing tissue-specific distribution
patterns [5]. This process also involves lipid breakdown to meet
the body’s metabolic demands, such as energy production (Fig. 1).
Lipid metabolism maintains a dynamic equilibrium, with some
lipids being oxidized to satisfy metabolic needs while others are
synthesized and stored [6]. Lipids are vital for ATP production and
are involved in synthesizing vitamins, hormones, bile salts,
eicosanoids, and cellular membranes. They also play a significant
role in regulating cellular signaling [7]. For example, cholesterol
and phospholipids are integral components of cellular mem-
branes and are crucial for maintaining their fluidity, permeability,
and structural integrity [8, 9]. Lipid anabolism and catabolism are
compartmentalized within the cell (Fig. 1). Anabolism, the
synthesis of lipids, primarily occurs in the cytosol and endoplasmic
reticulum (ER). In contrast, catabolism, the breakdown of lipids,
mainly takes place in the mitochondria. This compartmentalization
ensures that lipid metabolism is tightly regulated and efficiently
meets the body’s metabolic demands [10].

Lipogenesis and storage
Lipogenesis, the process of fatty acid and subsequent triglycer-
ide synthesis, occurs primarily in the liver and adipose tissue
[11, 12]. This process is highly sensitive to dietary changes. A
carbohydrate-rich diet stimulates lipogenesis in the liver and
adipose tissue, leading to elevated postprandial plasma trigly-
ceride levels [13]. Glucose, a key substrate for lipogenesis, is
converted glycolytically to acetyl-CoA, promoting fatty acid
synthesis [14]. Additionally, glucose induces the expression of
lipogenic genes, such as sterol regulatory element-binding
proteins (SREBPs) and peroxisome proliferator-activated recep-
tors (PPARs). The body stores fat in the form of adipose
triacylglycerols (TAGs), which are used for heat production,
energy, and insulation [15]. Fasting reduces lipogenesis in
adipocytes and, combined with increased lipolysis, results in a
net loss of triglycerides from fat cells [16].
De novo fatty acid synthesis (FAS) occurs in the cytosol (Fig. 1)

and is initiated by the activation of SREBP1 [17, 18]. During this
process, mitochondrial citrate acts as a precursor to generate
palmitate (16:0), which can then be desaturated to palmitoleic
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Fig. 1 Lipid metabolism in cells. This figure illustrates the pathways of lipid metabolism in cells. Fatty acids (FAs) enter the cell through lipid
translocases such as CD36, FABPs, and FATPs or via passive diffusion. Low-density lipoprotein (LDL) enters the cell through low-density
lipoprotein receptors (LDLRs). Inside the cell, FAs are esterified to acyl-CoAs by ACSL enzymes for metabolism. Acyl-CoAs destined for
catabolism are transported into mitochondria through CPTs to undergo fatty acid oxidation (FAO). Acetyl-CoA produced from FAO enters the
TCA cycle, with electrons from NADH and FADH2 used in oxidative phosphorylation (OXPHOS) for ATP generation and oxygen respiration.
Citrate from the TCA cycle can exit the mitochondria and be converted into acetyl-CoA by ACLY, initiating de novo fatty acid synthesis. Acetyl-
CoA can be used by HMGCR for cholesterol synthesis or by FASN, along with malonyl-CoA, to produce palmitate, which is then activated to
palmitoyl-CoA. Activated palmitate can be desaturated by SCDs to create monounsaturated and polyunsaturated fatty acids (MUFAs and
PUFAs) and elongated by ELOVLs. Fatty acyl-CoAs combine with glycerol to form monoacylglycerols (MAGs), diacylglycerols (DAGs), and finally
triacylglycerols (TAGs) via DGAT. TAGs are stored in lipid droplets, and lipases release FAs from TAGs, DAGs, and MAGs through hydrolysis. The
figure also highlights the main transcriptional programs for lipid catabolism (PPARs) and anabolism (SREBPs)
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acid (16:1) by stearoyl-CoA desaturase (SCD) and elongated by
members of the elongation of long-chain fatty acids (ELOVL)
family [19]. FAS is driven by several enzymes, including acetyl-CoA
citrate lyase (ACLY), acetyl-CoA carboxylase 1 (ACC1), and fatty
acid synthase (FASN). ACC1 plays a crucial role by carboxylating
carbohydrate-derived acetyl-CoA in the cytosol to produce
malonyl-CoA, the essential precursor for FAS. Through the
generation of malonyl-CoA, ACC1 initiates the first committed
step in fatty acid synthesis, thereby supporting the proliferation
and function of CD8+ T cells under both homeostatic and
inflammatory conditions [20]. Stimulation of the T-cell receptor
(TCR) activates the PI3K-Akt and mechanistic target of rapamycin
(mTOR) signaling pathways to induce fatty acid and mevalonate
synthesis [21–23].
Most mammalian cells acquire cholesterol from the blood-

stream via low-density lipoprotein (LDL) receptors (LDLRs). LDLs
are derived from very low-density lipoproteins (VLDLs) produced
by the liver, following the gradual release of their triglyceride
content [24]. In addition to being synthesized via dietary uptake,
cholesterol can be synthesized in most mammalian cells from
acetyl-CoA. Briefly, three molecules of acetyl-CoA condense to
form 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA), which is then
converted to mevalonate by the rate-limiting enzyme HMG-CoA
reductase (HMGCR) [8, 24, 25].

Lipid uptake and catabolism
Lipolysis is a metabolic process in which TAGs are broken down
through hydrolysis into glycerol and free fatty acids (FFAs) [15].
Fatty acid oxidation (FAO), also known as β-oxidation, is a
metabolic process in which long-chain fatty acids are broken
down in the mitochondria to produce acetyl-CoA, which is then
utilized for energy production in the tricarboxylic acid (TCA)
cycle and electron transport chain [26]. Fatty acid translocase/
cluster of differentiation 36 (CD36) is a crucial membrane
glycoprotein responsible for importing fatty acids into cells [27].
The family of fatty acid transport proteins (FATPs, also
collectively known as SLC27) and plasma membrane fatty acid-
binding proteins (FABPs) also regulate fatty acid import,
transport, and metabolism [27]. Elevated levels of FFAs have
been associated with breast cancer, promoting tumor growth
and metastasis [28–31].
The mitochondrial membrane is impermeable to acyl-CoAs.

Fatty acids are transported into the mitochondrial matrix through
the carnitine cycle, which involves the coordinated action of
carnitine acyltransferase I (CPT1), the rate-limiting enzyme of β-
oxidation located in the outer mitochondrial membrane, and
carnitine acyltransferase II (CPT2) and carnitine-acylcarnitine
translocase in the inner mitochondrial membrane [32]. Malonyl-
CoA regulates fatty acid β-oxidation by inhibiting CPT1 activity,
thereby preventing the import of fatty acids into the mitochon-
drial matrix for β-oxidation [33, 34].
Inside the mitochondria, acyl-CoAs undergo β-oxidation, a cyclic

process involving four steps: dehydrogenation to trans-2-enoyl-
CoA, hydration to (S)-3-hydroxyacyl-CoA, dehydrogenation to 3-
ketoacyl-CoA, and cleavage to acetyl-CoA and a shortened acyl-
CoA chain (Fig. 1). This process generates acetyl-CoA for the TCA
cycle and ketogenesis and produces flavin adenine dinucleotide
(FADH2) and reduces nicotinamide adenine dinucleotide (NADH)
for the electron transport chain. β-Oxidation enzymes are specific
to different chain lengths of fatty acids to ensure complete
degradation [35]. The acyl-CoA dehydrogenase family comprises
at least 11 enzymes predominantly involved in FAO. Each FAO
cycle is initiated by an acyl-coenzyme A dehydrogenase (ACAD)
enzyme. In humans, key ACAD enzymes include very long-chain,
medium-chain, and short-chain acyl-CoA dehydrogenases (VLCAD,
MCAD, and SCAD, respectively), each with specific roles in FAO
[36]. FAO is regulated by both transcriptional and posttranscrip-
tional mechanisms. PPARα, PPARβ/δ, and PPARγ are ligand-

activated nuclear receptors that form heterodimers with the
retinoid X receptor and regulate fatty acid metabolism transcrip-
tionally. PPARs are activated by fatty acids and play tissue-specific
roles [37]. PPARα governs hepatic FAO gene expression [37, 38],
while PPARα and PPARβ/δ together regulate FAO enzyme
expression in skeletal muscle and the heart, and PPARγ functions
primarily in adipocytes [39, 40].

METABOLIC FEATURES OF CD8+ T CELLS
CD8+ T cells, also known as cytotoxic T cells, are critical
components of the adaptive immune system. They play a pivotal
role in the body’s defense against intracellular pathogens and the
destruction of tumor cells. Naïve CD8+ T cells begin the activation
process upon encountering an antigen-presenting cell that
displays a specific viral or tumor antigen via major histocompat-
ibility complex class I (MHC I) molecules. Numerous studies have
indicated that nutrients and metabolic pathways are crucial
regulators of CD8+ T-cell activation. As key components of cell
membranes and sources of energy and signaling molecules, lipids
play a significant role in CD8+ T-cell activation and function
through lipid metabolism. In the tumor microenvironment,
elevated lipid levels can drive dysfunction in effector CD8+
T cells, leading to their exhaustion [41, 42].
Different lineages of CD8+ T cells exhibit distinct metabolic

features (Fig. 2). Naïve CD8+ T cells remain in a quiescent state
and take up minimal amounts of glucose and lipids from the
surrounding environment. With low energy demands for survival
and proliferation, they maintain slow metabolic activity. In
naïve CD8+ T cells, ATP production primarily results from the
oxidation of pyruvate in the TCA cycle, oxidative phosphoryla-
tion (OXPHOS), and fatty acid oxidation (FAO) [43]. Their
mitochondria are usually relatively small in size [44]. Upon
activation, naïve CD8+ T cells differentiate into effector CD8+
T cells. To meet the increased demands for activation and
proliferation, effector CD8+ T cells predominantly utilize
glycolysis. This metabolic shift allows them to quickly generate
the large amounts of energy and biomass required for their
rapid expansion and function [45]. They also increase OXPHOS to
produce additional ATP. Interestingly, while effector CD8+
T cells take up more lipids, they also need de novo lipogenesis
to achieve optimal T-cell function under both homeostatic and
inflammatory conditions [20]. In contrast to effector CD8+
T cells, memory CD8+ T cells rely less on the uptake of
extracellular fatty acids. Instead, they utilize extracellular glucose
to support FAO and OXPHOS for their development, which are
critical for their development [46]. In the tumor microenviron-
ment, effector CD8+ T cells can be exhausted through various
regulatory pathways. Owing to the limited availability of glucose
and other nutrients in the tumor microenvironment, exhausted
CD8+ T cells reduce their glycolytic activity. Mitochondrial
function is often impaired, leading to decreased OXPHOS.
Consequently, exhausted CD8+ T cells increasingly rely on
FAO for energy generation to maintain their effector function
[47]. Moreover, some studies have shown that most endogenous
tumor-infiltrating T cells (TILs) exhibit repressed mitochondrial
biogenesis and restricted capacity to utilize FAO [48–50], which
can further dampen T-cell effector function. Interestingly, a
subset of exhausted T cells known as precursors of exhausted
T (Tpex) cells, which retain memory-like characteristics and
progenitor potential [51, 52], exhibit high mitochondrial activity
and spare respiratory capacity [53]. These findings highlight the
complex interplay between energy metabolism and T-cell
differentiation. However, how lipid metabolism regulates the
metabolic and functional heterogeneity of exhausted T cells
remains unclear. Overall, lipid metabolism and homeostasis are
critical for maintaining CD8+ T-cell function during tumor
progression.
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CD8+ T CELLS AND LIPID METABOLISM
Lipid uptake in CD8+ T cells
The tumor microenvironment is enriched with various types of
lipids, which CD8+ T cells take up through different lipid
transporters. CD36, a scavenger receptor, is well known for
transporting fatty acids and oxidized lipids, such as oxidized low-
density lipoproteins (OxLDLs) and phosphocholine-containing
phospholipids (OxPLs) [54]. Studies in mouse models and human
samples have shown that CD36 expression increases in tumor-
infiltrating CD8+ T cells, dampening their function [42]. High CD36
expression in tumor tissues is correlated with poor survival in
various cancer types. Elevated cholesterol levels in the tumor
microenvironment upregulate CD36 expression in tumor-
infiltrating CD8+ T cells, inducing lipid peroxidation and
ferroptosis, thereby impairing their effector function. Genetic
deletion of CD36 or pharmacological inhibition of ferroptosis in
CD8+ T cells can restore their cytotoxicity and synergize with anti-
PD-1 immunotherapy [41].
FABPs are a family of transport proteins that facilitate the

transport and utilization of fatty acids within cells [55]. In
hepatocellular carcinoma (HCC), CD137 expression identifies a
subset of exhausted T cells with superior effector function and
proliferation capacity. These CD137+ exhausted T cells expressed
elevated levels of FABP5 and displayed increased mitochondrial
OXPHOS. The presence of FABP5-high CD8+ T cells in tumors is
associated with better overall and recurrence-free survival.
Inhibiting FABP5 expression and mitochondrial FAO promotes
apoptosis and reduces the proliferation of CD137-enriched

exhausted CD8+ T cells [56]. Interestingly, tissue-resident memory
(TRM) CD8+ T cells express different isoforms of FABP depending
on their location [57, 58]. Skin CD8+ TRM cells upregulate FABP4/5
to take up fatty acids after infection [59], whereas liver CD8+ TRM
cells express high levels of FABP1 [57]. Without FABP1, T cells are
unable to accumulate in the liver, although this does not affect
their distribution in the spleen [57]. These findings suggest that
fatty acid metabolism might play a key role in enabling T cells to
adapt to tissue-specific environments, supporting their survival
and persistence in tissues with abundant fatty acids, such as the
liver or skin. Moreover, CD8+ T cells infiltrating skin tumors also
take up and metabolize fatty acids, resulting in increased
expression of FABP4/5 [47]. Thus, targeting the FABP family could
represent a promising therapeutic strategy for enhancing
antitumor immunity and improving cancer treatment outcomes.
FATPs are a family of transmembrane proteins that increase

long-chain fatty acid (LCFA) uptake and are expressed in all fatty
acid-utilizing tissues [60]. In multiple myeloma, decreased
mitochondrial mass and markedly elevated LCFA uptake reduce
bone marrow CD8+ T-cell function. High FATP1 expression in
bone marrow CD8+ T cells is responsible for increased LCFA
uptake, and FATP1 blockade rescues CD8+ T-cell function [61].
LDLR mainly mediates the uptake of LDL cholesterol. LDLR was
significantly increased in activated CD8+ T cells but not in CD4+
T cells. LDLR knockout in CD8+ T cells significantly decreases cell
proliferation and cytokine production [62]. LDLR not only plays a
role in T-cell priming and clonal expansion but also interacts with
the TCR to regulate TCR cycling and signaling. This interaction
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Fig. 2 Metabolic features of different CD8+ T cells. This figure depicts the distinct metabolic characteristics of CD8+ T cells in different states.
Naïve CD8+ T cells are metabolically quiescent and take up minimal amounts of glucose and lipids to maintain their slow metabolic activities.
These cells primarily derive their energy from the TCA cycle, with OXPHOS playing a significant role. Upon activation, effector CD8+ T cells
become highly metabolically active and increase their mitochondrial activities. To meet the increased energy demands for proliferation and
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energy production, sustaining their rapid growth and cytotoxic activities. In the tumor microenvironment, CD8+ T cells often become
exhausted, resulting in impaired metabolism. Exhausted CD8+ T cells have reduced activities in both the TCA cycle and OXPHOS, relying
predominantly on FAO to meet their energy needs
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enhances the cytotoxicity of CD8+ T cells in tumors. Proprotein
convertase subtilisin/kexin type 9 (PCSK9) regulates cholesterol
metabolism by binding to LDLR, preventing the recycling of LDLR
and TCR to the plasma membrane and thus inhibiting CD8+ T-cell
effector function. Genetic deletion or pharmacological inhibition
of PCSK9 in tumor cells enhances the antitumor activity of CD8+
T cells, indicating that the PCSK9/LDLR axis is a potential
therapeutic target for cancer immunotherapy [63].

Lipid synthesis in CD8+ T cells
CD8+ T cells can also synthesize lipids de novo, primarily via
acetyl-CoA. Enzymes involved in lipid synthesis are critical for
maintaining CD8+ T-cell function in nutrient-deficient environ-
ments [64]. IL-12-stimulated CD8+ T cells maintain high levels of
IFNγ in an ACLY-dependent manner. ACLY increases the level of
intracellular acetyl-CoA, improving metabolic and functional
fitness by increasing histone acetylation and lipid synthesis.
Inhibiting ACLY severely impairs IFNγ production and CD8+ T-cell
viability under nutrient-restricted conditions [65]. Tumor-
infiltrating CD8+ T cells exhibit elevated lipid storage due to
increased ACC activity. Restricting ACC activity rewires T-cell
metabolism, enhances survival and polyfunctionality, and sup-
presses tumor growth [50]. FASN, the key enzyme in fatty acid
synthesis, plays an essential role in the function and survival of
memory CD8+ T cells. These cells rely on fatty acid synthesis for
their long-term persistence, and inhibition of FASN results in
decreased survival of memory CD8+ T cells, while effector CD8+
T cells are largely unaffected [46]. However, the specific role of
FASN in tumor-infiltrating CD8+ T cells remains poorly under-
stood and warrants further investigation to determine its impact
on their antitumor function. SREBPs activate genes encoding
enzymes required for cholesterol and unsaturated fatty acid
synthesis [66]. SREBPs coordinate TCR signaling with lipid-anabolic
programs necessary for rapid membrane biosynthesis and cellular
growth. Inhibiting SREBP signaling reduces CD8+ T-cell prolif-
erative capacity in vitro and clonal expansion during viral infection
[21]. Tumor regulatory T cells (Tregs) promote M2-like tumor-
associated macrophages by suppressing IFNγ production by
CD8+ T cells, which blocks SREBP1-dependent fatty acid
metabolism in macrophages. Inhibiting SREBP1 augments the
efficacy of anti-PD-1 immunotherapy [67]. However, the exact role
of SREBP signaling in CD8+ T cells under tumor conditions
remains largely unknown and requires further investigation.

Lipid oxidation in CD8+ T cells
In response to nutrient limitations in the tumor microenvironment,
CD8+ T cells, despite their ability to take up more glucose than
tumor cells [68], can also utilize lipids as alternative energy sources
through fatty acid oxidation. Increasing lipid oxidation can
enhance the efficacy of adoptively transferred CD8+ effector
T cells or PD-1 blockade therapies [69]. PPARs are ligand-activated
transcription factors belonging to the nuclear hormone receptor
superfamily that are involved in the regulation of energy home-
ostasis. PPARα, the major isoform expressed in lymphocytes,
activates fatty acid oxidation pathways and is the target of
hypolipidemic fibrate drugs [70]. Interestingly, while both skin
CD8+ TRM cells and CD8+ T cells infiltrating skin tumors share
similarities in terms of lipid uptake, they differ in their FAO
regulation ability because of the expression of different PPARs. Skin
CD8+ TRMs express PPARγ [59], whereas CD8+ T cells infiltrating
skin tumors express PPARα [47]. In response to conditions such as
hypoglycemia and hypoxia, tumor-infiltrating CD8+ T cells
increase PPARα signaling and fatty acid catabolism to maintain
energy production and effector functions. PPARα agonists, such as
fenofibrate and bezafibrate, improve CD8+ T-cell functions and
synergize with PD-1 blockade to inhibit tumor growth [47, 71].
Signal transducer and activator of transcription 3 (STAT3) is a

transcription factor with broad effects on controlling tumor

growth and the immune response [72]. STAT3 signaling is
essential for promoting the development of intratumor-
terminally exhausted CD8+ T cells by enhancing their effector
functions and survival, leading to better tumor control [73]. Both
PD-1 ligation and enrichment of leptin in mammary tissues can
activate STAT3 signaling in tumor-infiltrating CD8+ T cells, driving
increased FAO, which is critical for obesity-associated breast tumor
progression [74]. IL-9/STAT3-mediated FAO contributes to IL-9-
producing CD8+ T-cell (Tc9) longevity and enhanced antitumor
activity. IL-9 activates STAT3, which increases FAO and mitochon-
drial activity, protecting CD8+ T cells from tumors or reactive
oxygen species (ROS)-induced ferroptosis [75].
CPT regulates the β-oxidation of long-chain fatty acids and

catalyzes the transfer of the acyl group from coenzyme A to
carnitine to form palmitoylcarnitine. The CPT1 family has three
isoforms that are distributed in different tissues [76], and CPT1A is
the major isoform in lymphocytes. Ex vivo treatment with the
CPT1 inhibitor etomoxir significantly reduces FAO but increases
the expression of glycolytic genes in CD8+ T cells. Additionally,
another CPT1 inhibitor, perhexiline, has been shown to inhibit
breast tumor growth in obese mice. More tumor-infiltrating CD8+
T cells produce IFNγ and Granzyme B in perhexiline-treated
groups [74]. However, etomoxir has off-target effects on T-cell
metabolism, which may limit its application. Using genetic mouse
models, researchers have demonstrated that CPT1A mediates
long-chain fatty acid oxidation but is not required for effector and
memory T-cell responses [77]. Further characterization in genetic
mouse and tumor models is needed to understand the role of
CPT1A-mediated FAO in the CD8+ T-cell-regulated antitumor
response.
In summary, lipid metabolism plays an essential role in

regulating the function and efficacy of CD8+ T cells within the
TME. Understanding the mechanisms of lipid uptake, synthesis,
and oxidation in these cells provides valuable insights into
potential therapeutic strategies to enhance antitumor immunity.
Targeting specific lipid metabolic pathways offers promising
avenues for improving cancer immunotherapy outcomes.

SPECIFIC LIPIDS IN THE REULATION OF CD8+ T CELLS
Lipids are structurally diverse and functionally varied. In the
context of cancer, understanding the specific function of
individual lipids or lipid types is crucial for designing therapeutic
strategies aimed at enhancing CD8+ T-cell effector function in
tumors. This section explores the impact of different lipid types on
CD8+ T-cell function within the tumor microenvironment, high-
lighting their potential as therapeutic targets to enhance
antitumor immunity.

Fatty acids
Fatty acids are categorized by their chain length: short-chain fatty
acids (SCFAs), medium-chain fatty acids (MCFAs), long-chain fatty
acids (LCFAs), and very-long-chain fatty acids (VLCFAs). Addition-
ally, they are classified as saturated fatty acids (SFAs) or
unsaturated fatty acids (UFAs), which include both monounsatu-
rated (MUFAs) and polyunsaturated (PUFAs) fatty acids. The
composition and specific characteristics of these fatty acid classes,
along with their degree of saturation, play critical roles in
regulating the proliferation, survival, and antitumor functions of
tumor-infiltrating CD8+ T cells.
The gut microbiota profoundly influences the cytotoxicity of

tumor-infiltrating CD8+ T cells and impacts the clinical efficacy of
immune checkpoint therapies [78]. Butyrate, an SCFA secreted by
the gut microbiota, enhances mTOR function and inhibits class I
histone deacetylase activity in CD8+ T cells or chimeric antigen
receptor (CAR) T cells, leading to elevated effector cytokine
production and improved antitumor immunity [79]. Additionally,
microbial butyrate directly enhances the CD8+ T-cell-mediated
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antitumor immune response through the inhibition of DNA
binding 2 (ID2)-dependent IL-12 signaling [80]. Moreover, butyrate
enhances the memory potential of activated CD8+ T cells by
promoting metabolic adaptations, such as uncoupling the TCA
cycle from glycolytic inputs [81].
In pancreatic tumors, CD8+ T cells progressively accumulate

LCFAs, impairing mitochondrial function and reducing fatty acid
catabolism. In vitro treatment with palmitic acid (a common LCFA)
dampens CD8+ T-cell proliferation and effector cytokine produc-
tion [82]. The desaturase SCD1 converts stearic acid and palmitic
acid into UFAs, such as oleic acid and palmitoleic acid,
respectively. SCD1 deficiency in CD8+ T cells drives their
differentiation into effector T cells, although this can be partially
reversed by supplementation with oleic acid [83]. Oleic acid (a
MUFA) and linoleic acid (a PUFA) are both common in dietary oils.
However, only a linoleic acid-rich high-fat diet (HFD) has been
shown to promote breast tumor growth, despite both oleic and
linoleic acids inducing similar obesity in mouse models, high-
lighting the distinct effects of MUFAs and PUFAs on tumor
progression. Epidermal fatty acid binding protein (E-FABP)
expression in naïve CD8+ T cells facilitates linoleic acid transport
via mitochondria and its incorporation into cardiolipin, which
induces lipid peroxidation and mitochondrial ROS production,
leading to apoptosis and reduced TNFα production [84]. Interest-
ingly, linoleic acid has also been shown to redirect tumor-
infiltrating CD8+ T cells from an exhausted phenotype toward a
memory-like state, enhancing their effector functions. These
findings suggest that linoleic acid treatment could serve as a
potential booster for adoptive T-cell transfer therapies [85].
Arachidonic acid (a PUFA), derived from linoleic acid, regulates

calcium signaling in CD4+ T cells and promotes synovial
inflammation in rheumatoid arthritis patients [86]. In the tumor
microenvironment, arachidonic acid, in combination with IFNγ
produced by CD8+ T cells, induces tumor ferroptosis in an ACSL4-
dependent manner [87]. However, arachidonic acid can also
induce ferroptosis in tumor-infiltrating CD8+ T cells via CD36
expression [41]. In addition to these effects, fatty acids also
support the fitness and functionality of tumor-resident CD8+
T cells by maintaining SCML4 (scm polycomb group protein like 4)
expression, increasing the therapeutic effect of anti-PD-1 treat-
ment [88].
Prostaglandins are a group of PUFAs derived from arachidonic

acid, with prostaglandin E2 (PGE2) being a key lipid compound
that exerts broad immune regulatory functions by binding to EP2/
4 receptors. PGE2 levels are elevated in human tumor tissues and
impair IL-2 sensing in human CD8+ T cells by downregulating the
IL-2 receptor gamma chain (IL-2Rgc), leading to oxidative stress
and ferroptosis in tumor-reactive lymphocytes. Pharmacological
inhibition of PGE2 signaling during TIL expansion for adoptive cell
transfer enhances the proliferation of tumor-reactive TILs and
improves tumor control [89]. Tumor-derived PGE2 also restricts
the proliferation and effector differentiation of TCF1+ stem-like
CD8+ T cells by suppressing the IL-2 signaling pathway. Genetic
ablation of the PGE2 receptors EP2/EP4 in CD8+ T cells restores
their effector functions, eliminating tumor growth in mouse
models [90]. In addition to prostaglandins, other PUFAs, including
eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and
docosapentaenoic acid (DPA), can also modulate T-cell activity in
the tumor microenvironment [91]. For example, dietary SFAs can
promote tumor progression, whereas dietary PUFAs generally do
not impact tumor growth [92]. Further research is needed to fully
understand the mechanisms by which SFAs and UFAs influence
CD8+ T-cell-mediated antitumor immunity.
Collectively, these insights emphasize the nuanced role of

different fatty acids in fine-tuning CD8+ T-cell activity and
shaping immune responses in cancer, suggesting potential
therapeutic avenues for targeting lipid metabolism to increase
immunotherapy efficacy.

Cholesterol and derivatives
Cholesterol plays a critical role in maintaining the structural
integrity of cell membranes and the plasma compartment. It
directly binds to the transmembrane domain of the TCR-beta
chain, facilitating TCR clustering on the T-cell surface, which
enhances TCR signaling avidity toward foreign antigens and
amplifies TCR signaling [93]. Tumor cells can modulate cholesterol
metabolism in CD8+ T cells through PCSK9, which inhibits LDLR-
mediated recycling of the TCR, thereby impairing TCR signaling
[63]. PCSK9 also suppresses CD8+ T effector function by down-
regulating MHC I expression on tumor cells, independent of its
role in cholesterol regulation [94]. Acetyl-CoA acetyltransferase 1
(ACAT1), an enzyme involved in cholesterol esterification, is crucial
for regulating cholesterol levels [95]. Inhibiting ACAT1 increases
plasma membrane cholesterol levels in CD8+ T cells, leading to
increased TCR clustering and signaling, which boosts CD8+ T-cell
effector function and proliferation. Therefore, ACAT1 inhibition
has been shown to enhance antitumor immunity and improve the
efficacy of anti-PD-1 therapy [96]. Cholesterol also plays a role in
suppressing the differentiation and function of Tc9 cells by
inhibiting IL-9 expression through the activation of liver X
receptors (LXRs). This activation leads to LXR sumoylation,
reducing the binding of p65 to the IL-9 promoter and thereby
dampening the Tc9 cell-mediated antitumor immune response
[97]. The cholesterol derivative 27-hydroxycholsestrerol, produced
primarily by the enzyme CYP27A1, promotes tumor progression
by increasing the number of polymorphonuclear neutrophils
and γδ-T cells while decreasing the number of cytotoxic CD8+
T cells, which facilitates breast cancer metastasis. Inhibition of
CYP27A1 significantly suppresses metastasis [98].
Cholesterol levels vary significantly across different cell types

within the tumor microenvironment. While tumor cells and
immunosuppressive myeloid cells tend to accumulate cholesterol
[99, 100], tumor-infiltrating CD8+ T cells often face cholesterol
deficiency, potentially due to competition for cholesterol or
altered metabolic pathways [96]. This imbalance creates a dual
challenge: excess cholesterol in CD8+ T cells can induce
exhaustion through ER stress and the upregulation of immune
checkpoints such as PD-1 [101]. Conversely, oxysterols mediate
reciprocal alterations in the LXR and SREBP2 pathways, leading to
cholesterol deficiency in CD8+ T cells. This deficiency contributes
to CD8+ T-cell dysfunction and induces autophagy-mediated
apoptosis, further impairing their antitumor activity [102]. Thus,
within the TME, cholesterol dysregulation can simultaneously lead
to CD8+ T-cell exhaustion via accumulation and impaired T-cell
survival via deficiency, exacerbating immune suppression and
promoting tumor progression. This complex interplay highlights
the need for targeted metabolic interventions to restore
cholesterol homeostasis and improve T-cell functionality in cancer
immunotherapy.

Other lipids
Ceramide, a sphingolipid family member, is a major component of
cell membrane lipid bilayers and serves as a signaling molecule
[103]. Acid sphingomyelinase (Asm) hydrolyzes sphingomyelin to
ceramide, which is further metabolized to sphingosine by acid
ceramidase (Ac). T-cell-specific knockout of Asm, which reduces
ceramide levels in T cells, results in enhanced melanoma tumor
progression and an impaired T-cell immune response. Conversely,
T-cell-specific Ac-deficient mice presented the opposite results.
Ceramide colocalizes with the TCR and CD3 on the membrane of
stimulated T cells, increasing the phosphorylation of TCR signaling
molecules [104].
Lysophosphatidic acid (LPA), a bioactive lysophospholipid,

contributes to tumorigenesis. LPA regulates diverse functions
through binding to G protein-coupled receptors (GPCRs), includ-
ing LPA receptor 1-6 (LPAR1-6). LPA inhibits CD8+ T-cell function
via the LPAR5 receptor, regulating CD8+ T-cell respiration, proton
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leakage, and reactive oxygen species, reprogramming T-cell
metabolism to modulate antitumor immunity [105]. Additionally,
LPA levels predict the response to immunotherapy and can serve
as a lipid-regulated immune checkpoint [106].
In conclusion, specific lipids play critical roles in regulating CD8+

T-cell function, suggesting potential targets for enhancing antitumor
immunity and improving immunotherapy outcomes. Understanding
the complex interplay between different lipids and CD8+ T cells is
essential for developing effective cancer treatments.

LIPID REGULATION ON MITOCHONDRIA IN CD8+ T CELLS
Mitochondria, the metabolic hubs of cells, play crucial roles in
regulating lipid metabolism. A proteomics study of 116 melanoma
patients undergoing immunotherapy indicated that a positive
response to treatment was associated with enriched mitochon-
drial lipid metabolism in tumor cells. High mitochondrial
metabolism in tumor cells leads to increased antigen presentation
and interferon signaling, increasing T-cell cytotoxicity against
tumor cells [107]. Mitochondrial metabolism supports T-cell
anabolism by providing key metabolites for macromolecule
synthesis and generating energy for T-cell function [108].
However, the lipid-enriched tumor microenvironment can impair
mitochondrial function in infiltrated CD8+ T cells, leading to
reduced OXPHOS, increased ROS production, and even cell death.
This section discusses how lipids in the tumor microenvironment
modulate mitochondrial function in CD8+ T cells (Fig. 3).

Lipid accumulation
Excessive lipid accumulation is frequently observed in tumor-
infiltrating CD8+ T cells, contributing to their dysfunction and
exhaustion. To adapt to the lipid-enriched tumor microenviron-
ment, CD8+ T cells upregulate lipid transporters to obtain lipids as
an energy source under nutrient stress. For example, the
upregulation of CD36 and LDLR increases the uptake of
extracellular fatty acids, oxidized lipids and cholesterol
[42, 62, 63]. The tumor microenvironment also enhances ACC
activity to promote lipid biogenesis and storage. Inhibition of the
ACC in CD8+ T cells facilitates FAO and decreases lipid
accumulation, thereby restoring their effector function [50]. In
intrapancreatic CD8+ T cells, lipid accumulation impairs mito-
chondrial function, but enforced expression of the very-long-chain
acyl-CoA dehydrogenase enzyme (ACADVL) can rescue mitochon-
drial function and protect T cells from lipotoxicity, thereby
increasing intratumor T-cell survival and persistence [82].

Shifts in energy metabolism
Lipid accumulation in CD8+ T cells causes a shift in energy
metabolism. Tumor-infiltrating exhausted CD8+ T cells rely more
on FAO for energy than on glycolysis and OXPHOS. Therefore,
maintaining FAO activity in CD8+ T cells is crucial for controlling
tumor growth. In a melanoma model, CD8+ TILs enhanced PPARα
signaling and fatty acid catabolism, partially preserving their
effector functions. Promoting FAO with a PPARα agonist further
improved the ability of CD8+ TILs to slow tumor progression [47].
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The STAT3-CPT1A axis is an important FAO regulator, but its role in
tumor-infiltrating CD8+ T-cell function is unclear. IL-9-mediated
STAT3 activation increases FAO in tumor Tc9 cells, increasing their
longevity and antitumor ability. IL-9 signaling deficiency, STAT3
inhibition, or increased lipid peroxidation result in impaired Tc9
function [75]. Conversely, in obesity tumor models, activated
STAT3 promotes FAO while inhibiting glycolysis and IFNγ
production in CD8+ effector T cells. Genetic ablation of STAT3
in T cells or CPT1A inhibitor treatment in obese tumor-bearing
mice suppresses breast tumor progression by reducing FAO,
increasing glycolysis, and enhancing CD8+ T-cell functions [74].

Disruptions in mitochondrial dynamics
Mitochondrial dynamics encompass fusion and fission processes, as
well as mitochondrial mobility, biogenesis and autophagy. Dis-
ordered mitochondrial dynamics can affect CD8+ T-cell function.
Tumor-infiltrating CD8+ T cells exhibit decreased mitochondrial
function and mass. Proliferator-activated receptor gamma coacti-
vator 1-alpha (PGC-1α), the master regulator of mitochondrial
biogenesis, is progressively lost in tumor-infiltrating CD8+ T cells.
Akt-mediated inhibition of PGC-1α represses T-cell mitochondrial
biogenesis [49]. Forced PGC-1α expression maintains increased
mitochondrial activity and promotes CD8+ T-cell fitness, memory
formation and antitumor immunity [109]. Moreover, rapamycin-
treated human CAR-T cells exhibit superior mitochondrial metabo-
lism and intertumoral motility in 3D spheroid assays and multiple
solid tumor models [110]. These results reinforce the important role
of mitochondria in maintaining antitumor activity in CD8+ T cells.
Furthermore, mitochondria‒endoplasmic reticulum contact sites
(MERCs) are highly structured regions that control lipid homeostasis
and mitochondrial metabolism [111]. Compared with those of
effector T cells, enhanced MERCs have been observed in memory
T cells [112]. Linoleic acid treatment promotes the formation of
MERCs, enhancing mitochondrial energetics and CD8+ T-cell
effector function [85]. The profound effects of MERCs on tumor-
infiltrating CD8+ T cells require further investigation.

Increased ROS production and cell death
Oxidative stress is tightly regulated by mitochondria in CD8+ T cells
through development and activation. In the lipid overload tumor
microenvironment, this equilibrium is skewed toward an oxidative
state via lipid peroxidation and the formation of reactive lipid
aldehydes. Increased lipid uptake in tumor-infiltrating CD8+ T cells
promotes lipid peroxidation, inducing ROS-mediated apoptosis and
ferroptosis [113]. High ROS levels are major factors that inhibit T-cell
activation and proliferation in the tumor microenvironment [114]. To
increase inherent resistance to oxidative stress in tumors, CD8+
T cells activate antioxidant systems (glutathione and thioredoxin
systems) to maintain oxidative balance [115]. ROS scavengers can
restore CD8+ TIL activation in human renal cell tumors by activating
mitochondrial superoxide dismutase 2 (SOD2) [116]. Therefore,
reducing lipid uptake or using cell death inhibitors can enhance
CD8+ T-cell function and suppress tumor growth [41, 56, 75, 84].
Moreover, pharmacological activation of nuclear factor E2-related
factor 2 (Nrf2) by auranofin can restore the activity of TILs, including
NK cells, T cells, and engineered CAR-T cells, even under conditions
of high ROS stress [117].
In summary, the lipid-enriched TME significantly impacts

mitochondrial function in CD8+ T cells, affecting their metabo-
lism, dynamics, and survival. Understanding these interactions is
important for developing strategies to increase the efficacy of
CD8+ T cells in antitumor immunity.

EFFECTS OF SYSTEMIC LIPID METABOLISM CHANGES ON
CD8+ T CELLS
The nutrients supplied by the host influence tumor cell growth
and survival. Therefore, systemic metabolic changes in the body

modulate tumor progression and metastasis. Clinical observations
have indicated that the nutritional or metabolic state of patients is
correlated with cancer therapeutic efficacy. The metabolic state
can be altered by many environmental factors, such as obesity,
aging, diet, and stress. This section discusses how systemic lipid
metabolism changes impact tumor progression, especially by
affecting the function of tumor-infiltrating CD8+ T cells (Fig. 4).

Obesity and high-fat diet
Obesity is not merely an issue of excess body fat or being
overweight; it is a complex medical condition that significantly
elevates the risk of numerous other diseases and health
complications. According to reports from the World Health
Organization, in 2016, there were over 650 million obese adults
globally, with 36% of U.S. adults classified as obese [118]. Obesity
drives systemic perturbations, including the expansion of white
adipose tissue (WAT), dyslipidemia, hypercholesterolemia, insulin
resistance, altered hormones, and inflammatory changes. Dysfunc-
tion of these metabolic processes can affect tumor initiation,
progression and metastasis [119]. Epidemiological evidence has
established a strong link between obesity and an increased risk of
cancer development, as well as adverse outcomes and poorer
prognoses in many cancer types, such as breast cancer and liver
cancer [120, 121]. However, the impact of systemic metabolic
changes associated with obesity on antitumor immunity within
the local tumor microenvironment remains poorly understood.
Studies using HFD-induced obesity models have indicated that

obesity can induce an immunosuppressive tumor microenviron-
ment characterized by the accumulation of myeloid-derived
suppressor cells (MDSCs) [122], macrophages [123, 124] and
neutrophils [125, 126] and the dysfunction of dendritic cells [127],
natural killer (NK) cells [128] and T cells [74, 129, 130]. In MC38
(colorectal cancer), EO771 (breast cancer), and B16 (melanoma)
but not LLC (lung cancer) tumor models, HFD-induced obesity
accelerated tumor growth in a CD8+ T-cell-dependent manner.
Single-cell RNA sequencing (scRNA-seq) analysis revealed that
tumor-infiltrating CD8+ T cells from HFD-fed tumors presented
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enriched lipid metabolic signatures, exclusion from GLUT1-high
regions, and increased expression of exhaustion markers. Inter-
estingly, a HFD causes opposing metabolic changes in CD8+
T cells and tumor cells. A HFD promotes fatty acid uptake in tumor
cells, while tumor-infiltrating CD8+ T cells cannot efficiently take
up fatty acids, resulting in impaired effector function [129]. In a
related study using the PyMT breast tumor model, which develops
tumors in the lipid-rich environment of the mammary gland,
obesity impaired CD8+ T-cell function by upregulating FAO and
inhibiting glycolysis [74]. Obesity can also induce exhaustion of
adipose tissue-residential T cells [131]. However, whether obesity
affects the function of adipose tissue-residential CD8+ T cells,
thereby impacting mammary tumor growth, remains to be further
investigated. Moreover, obesity decreases the expression of
CXCR3 and CD49d, which are crucial for attracting T cells to
tumor sites, resulting in reduced T-cell infiltration in obese
tumors [130].
The composition of dietary fats can influence CD8+ T-cell-

mediated antitumor immunity. For example, a diet enriched with
saturated fatty acids promotes mammary tumor cell growth,
whereas a diet rich in omega-3 polyunsaturated fatty acids does
not impact tumor growth. A mechanistic study indicated that
omega-3 fatty acids increase ROS production and induce
apoptosis in macrophages [92]. As omega-3 fatty acids have been
shown to affect CD8+ T-cell function in other studies [132, 133],
their effects on tumor-infiltrating CD8+ T cells need further
elucidation. Additionally, a diet enriched with linoleic acid, but not
oleic acid, promotes mammary tumor growth by dampening
CD8+ T-cell function and inducing apoptosis [84]. This evidence
suggests that being overweight is not the sole factor driving
tumor progression in obese individuals; rather, the composition
and levels of specific lipids may be more critical. Determining
which lipids are healthier than others is of great interest, as these
lipids could serve as diagnostic factors or predictors for the
efficacy of ICB therapy. The most recent American Dietary
Guidelines (2020–2025) recommend shifting dietary fats from
saturated to unsaturated [84], and incorporating specific fats into
the diet may serve as an adjuvant for cancer treatment.
Glucagon-like peptide-1 receptor (GLP-1R) agonists are a class

of drugs that target incretin hormone action and have shown
great efficacy in treating obesity by promoting weight loss [134].
However, semaglutide, an FDA-approved GLP-1R agonist, does not
improve antitumor immunity in obese mice, although it sig-
nificantly induces weight loss. In contrast, diet restriction-induced
weight loss can rescue CD8+ TIL effector function [135]. Recent
studies have shown that GLP-1R is expressed in CD8+ T cells and
acts as a T-cell-negative costimulatory molecule. GLP-1R antagon-
ism enhances antitumor immunity, inhibiting colorectal tumor
growth [136]. Investigating the mechanism behind the different
effects of diet restriction and GLP-1R agonist/antagonist treatment
in tumor models would be an interesting direction for future
investigations.
Although obesity has been shown to suppress antitumor

immunity in both animal mouse models and clinical observations
[119, 137], paradoxically, it increases the efficacy of PD-1/PD-L1
blockade therapies [135, 138]. ICB reprograms immunosuppressive
splenic immune cells induced by obesity, and a potential microbial
signature has been identified as a biomarker for ICB therapeutic
efficacy in obesity [124]. Leptin, which is present at high levels in
obese individuals, is positively correlated with PD-1 expression in
CD8+ T cells in obese individuals. High leptin levels in obese mice
drive PD-1-mediated T-cell exhaustion in melanoma, and a lack of
leptin signaling restores T-cell function [138]. A previous meta-
analysis also suggested that leptin levels could serve as a
diagnostic tool for breast cancer [139]. However, recent studies
suggest that obesity selectively induces PD-1 expression in tumor-
associated macrophages. PD-1 expression in these macrophages is
induced by obesity-related factors, including IFNγ, TNF, leptin,

insulin and palmitate. PD-1 signaling in macrophages suppresses
glycolysis, phagocytosis, and T-cell stimulatory potential [140]. A
deeper investigation into the factors influencing the obesity
paradox will enhance the application of ICB therapies.

Aging and other systemic factors
Cancer is an age-related disease, with most cancers occurring in
elderly individuals. Aging involves widespread metabolic changes
and is usually accompanied by harmful lipid storage and
peroxidation [141]. One reason for dysregulated lipid metabolism
in aging is decreased mitochondrial function [142]. T-cell-
mediated immune responses are compromised in aged indivi-
duals, with aged CD4+ T cells generating smaller mitochondria
with lower respiratory capacity and defective one-carbon meta-
bolism. Supplementation with one-carbon metabolites can restore
aged T-cell activation and survival [143]. Interestingly, ICB
therapies exhibit great efficacy in some aged animal tumor
models and human cancer patients. Responsiveness to anti-PD-1
therapy is increased in aged human melanoma patients and aged
mice and is associated with increased CD8+ T-cell infiltration
[144]. Senescence is a cellular response implicated in age-related
disease [145]. T-cell senescence in tumor cells is a general feature
of cancers. Senescent T cells display unbalanced lipid metabolism,
leading to alterations in lipid species and the accumulation of lipid
droplets in CD8+ T cells. Reprogramming lipid metabolism can
prevent T-cell senescence and enhance antitumor immunity and
immunotherapy efficacy in melanoma and breast cancers [146].
Further investigations are needed to explore the relationships
among aging, lipid metabolism, and CD8+ T cells within the
tumor context.
Cachexia is a wasting syndrome characterized by increased

catabolism, weight loss, decreased skeletal muscle mass, and
inflammation. Cachexia commonly occurs in various cancers and
significantly contributes to cancer-related mortality [147]. In
cancer-associated cachexia (CAC), increased catabolism of white
adipose tissue (WAT) leads to lipotoxicity and an increase in
circulating free fatty acids. In addition, reduced lipid production
and the interaction between adipose tissue and the immune
system aggravate the progression of CAC [148]. In patients with
CAC, circulating levels of recent thymic migrants and effector
memory CD8+ T cells are associated with increased muscle mass
[149], suggesting that an efficient antitumor CD8+ T-cell response
may protect against muscle catabolism. CD8+ T cells modulate
adipose tissue lipid metabolism during chronic viral infection in a
type I IFN-dependent manner, with mice lacking CD8+ T cells
showing minimal weight loss following infection [150].
Systemic metabolism can also be influenced by exercise, stress

and the circadian clock. Aerobic exercise training reduces the
incidence and mortality of several cancer types. Multiple studies in
animal models have shown that proper excision can restrict tumor
growth by increasing CD8+ T-cell-mediated antitumor immunity.
Exercise training changes the metabolites in the body and alters
the effector function of CD8+ T cells [151]. Moderate-intensity
aerobic exercise training can reduce mitochondrial loss, thereby
improving the effector function of CD8+ T cells [152]. Moreover,
exercise training sensitized ICB-refractory breast cancer patients to
treatment [153].
Psychological stress affects inflammation and metabolism [154],

promoting cancer progression and metastasis [155]. Chronic stress
increases lung metastasis in patients with breast cancer by
modulating neutrophil function [156]. Stress also impairs vaccine-
specific CD8+ T-cell generation and tumor protection [157].
Stress-associated catecholamines promote T-cell exhaustion
through β1-adrenergic receptor signaling, and blocking this
pathway can increase the efficacy of ICB therapy [158]. The
circadian clock regulates daily physiological rhythms, with
circadian disruption enhancing tumor formation and metastasis
[159]. Fatty acid oxidation senses circadian disruption in sleep
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deficiency-enhanced tumorigenesis, with ACSL1 expression in
tumors promoting lung tumorigenesis [160]. CD8+ TILs are also
regulated by the circadian clock, and timing of treatment during
the day can improve CAR-T-cell and ICB therapy efficacies [161].
In summary, systemic factors such as obesity, aging, and other

metabolic changes significantly influence lipid metabolism and
CD8+ T-cell function in the TME. Exploring these interactions
could open new avenues for developing more effective cancer
treatments.

REPROGRAMMING LIPID METABOLISM IN CD8+ T CELLS TO
IMPROVE IMMUNOTHERAPY
Immunotherapy has achieved remarkable advancements in cancer
treatment. However, owing to the complexity of the tumor
microenvironment and macroenvironment, its efficacy remains
limited in most solid tumors, especially metastatic ones [3].
Activated T cells with PD-1 ligation increase the FAO of
endogenous lipids but are unable to engage in glycolysis or
amino acid metabolism. In contrast, CTLA-4 signaling inhibits
glycolytic reprogramming without increasing FAO [162]. These
findings indicate that metabolic regulation plays a crucial role in
the PD-1-mediated blockade of T-effector cell differentiation.
Furthermore, Tpex cells, known for their metabolic fitness, are key
players in generating effector T cells during anti-PD-1 therapy by
undergoing a proliferative burst. Thus, rewiring lipid metabolism
in tumor CD8+ T cells could be a promising therapeutic strategy
to increase immunotherapy efficacy (Table 1).
Lipid uptake from the tumor environment is crucial for

maintaining CD8+ T-cell effector function, as tumors often lack
glucose as an energy source. However, excessive lipid uptake can
result in lipotoxicity and trigger ferroptosis in tumor-infiltrating T
cells. The lipid transporter CD36 is highly expressed in tumor
CD8+ T cells, impairing their function. Genetic knockout of CD36
in CD8+ T cells significantly suppresses tumor growth in colorectal
cancer and melanoma [41, 42]. The use of an anti-CD36-blocking
antibody alone restores CD8+ T-cell function and inhibits
melanoma growth [42]. Interestingly, an anti-CD36-blocking
antibody can also target metastasis-initiating cells to inhibit
metastasis in immunodeficient or immunocompetent mouse
models without side effects [163]. Consequently, CD36 presents
a promising drug target, and the development of novel CD36
inhibitors, especially in combination with immunotherapy, holds
significant potential for advancing cancer treatment.
Compared with other cell states, tumor CD8+ T cells are highly

dependent on FAO for energy generation. Enhancing the FAO
pathway could increase the cytotoxicity of CD8+ T cells in tumors.
The serine/threonine kinase Akt is involved in regulating CD8+
T-cell differentiation and memory formation by modulating
metabolic pathways [164]. Akt inhibition is associated with
increased FAO in human TILs. In ACT therapy, pharmacologic
inhibition of Akt enables the expansion of TILs and enhances T-cell
persistence in vivo [165]. The PPAR family of transcription factors
broadly regulates FAO. In an ACT model, CD8+ T cells treated with
the PPARα agonist fenofibrate improved CD8+ TIL function and
synergized with PD-1 blockade to delay tumor growth [47].
Bezafibrate enhances mitochondrial function by activating the
PGC-1a/PPAR complex. Combining Bezafibrate with anti-PD-L1
enhances the survival and proliferation of tumor-reactive cytotoxic
CD8+ T cells [48, 71]. GW501516, a PPARδ agonist that also
activates PPARα/β, increases FAO in CD8+ T cells, increasing IFNγ
production and T-bet expression. In ACT mouse models,
GW501516-treated CD8+ T cells show enhanced persistence
in vivo and superior tumor-killing efficacy [166]. However,
overactivation of FAO in CD8+ T cells in HFD-induced obese
models contributes to tumor promotion. Targeting CPT1 with
etomoxir or perhexiline to inhibit FAO can restore effector T-cell
function and restrict tumor growth [74]. Given the strong efficacy

of anti-PD-1 therapy in obese tumor models [138], testing the
combination of CPT1 inhibitors and anti-PD-1 therapy in these
models would be interesting.
Abnormal cholesterol synthesis is closely related to tumor

development, growth, and progression. Most therapeutic targets
for cholesterol metabolism focus on tumor cells. Statins, which
selectively inhibit HMG-CoA reductase, a rate-limiting enzyme in
the mevalonate biosynthesis pathway, suppress non-small lung
cancer (NSCLC) progression and shape an inflamed tumor
microenvironment. Statins can transcriptionally inhibit PD-L1
expression in tumor cells and enhance the response to ICB
therapy [167]. Statins have also shown efficacy in improving ICB
therapies in advanced renal cell carcinoma and head and neck
cancer [168, 169]. PCSK9 has emerged as an attractive target for
cancer therapy, as its expression in both tumor cells and CD8+
T cells can suppress tumor progression by modulating cholesterol
metabolism. Treatment with the PCSK9 inhibitor PF-06446846 can
effectively potentiate the antitumor immunity of CD8+ T cells
and suppress tumor growth [63]. Clinically approved PCSK9-
neutralizing antibodies synergize with anti-PD-1 therapy to inhibit
tumor growth [94]. Avasimibe, an ACAT inhibitor previously used
as a lipid-lowering agent for atherosclerosis treatment, shows
better therapeutic efficacy in controlling tumor progression when
combined with an anti-PD-1 antibody [96]. The mevalonate (MVA)
pathway, which controls cholesterol biosynthesis, is a core
metabolic pathway and a druggable target for vaccine adjuvant
discovery. In multiple mouse models, MVA pathway inhibitors,
such as lipophilic statins and lipophilic bisphosphonates, have
demonstrated robustness in cancer vaccinations and synergy with
anti-PD-1 antibodies [170]. Targeting various aspects of choles-
terol metabolism is highly important for increasing antitumor
immunity.
Ferroptosis, a type of programmed cell death characterized by

iron accumulation and lipid peroxidation [171], is influenced
by altered lipid metabolism in the TME. IFNγ released by
immunotherapy-activated CD8+ T cells downregulates SLC3A2
and SLC7A11 expression, enhancing ferroptosis-specific lipid
peroxidation in tumor cells. Cyst(e)inase, an engineered enzyme
that induces oxidative stress and promotes ferroptosis, synergizes
with anti-PD-L1 treatment to increase antitumor immunity [172].
Subsequent studies indicated that IFNγ and arachidonic acid from
the tumor microenvironment jointly induce tumor cell ferroptosis
through ACSL4. Thus, IFNγ signaling paired with selective
fatty acids naturally facilitates CD8+ T-cell-induced tumor killing.
Arachidonic acid treatment or genetic deletion of ACSL4 sensitizes
tumors to PD-1/PD-L1 blockade treatment [87]. Ferroptosis
inducers can elicit ferroptosis not only in tumor cells but also in
tumor CD8+ T cells. Pharmacologic screening has shown that
CD8+ T cells are more sensitive to ferroptosis inducers than B16
and MC38 cancer cells, but inhibiting ferroptosis in CD8+ T cells
impairs the antitumor response [173]. Paradoxically, another study
revealed that CD36-mediated ferroptosis dampens intratumor
CD8+ T-cell effector function and impairs antitumor immunity. In
adoptive T-cell transfer models, CD8+ T cells treated with the
ferroptosis inhibitor ferrostatin-1 can suppress tumor growth,
whereas T cells treated with the ferroptosis inducer RSL-3 promote
tumor growth [41]. Similarly, ferrostatin-1–treated Tc9 cells display
reduced iron levels and lipid peroxidation, resulting in increased
antitumor ability in vivo [75]. Overall, targeting ferroptosis via
different strategies can augment antitumor immunity and control
tumor growth.

CONCLUDING REMARKS AND FUTURE DIRECTIONS
Cancer is widely recognized as a systemic disease [2]. Tumor
cells obtain and utilize nutrients from nutrient-poor microenvir-
onments to meet their demands for survival and growth.
Moreover, the nutrient-poor microenvironment also creates an
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immunosuppressive environment that allows tumor cells to
escape immune surveillance. Recent studies have indicated that
lipids are abundant in tumor interstitial fluids and have emerged
as suppressors of antitumor immunity [174]. Factors causing
systemic lipid metabolism changes may impact antitumor
immunity.
Dietary interventions have been proven to be efficient in

controlling tumor growth. For example, low-glycemic diets can
alter lipid metabolism to suppress pancreatic cancer growth [175].
Clinically, fasting-mimicking diets have shown a complete or
partial response to neoadjuvant chemotherapy in breast cancer
patients [176]. Although some lipid-containing diets have shown
efficacy in facilitating CD8+ T-cell-mediated antitumor responses,
the impact of dietary restriction of specific lipids on CD8+ T-cell
antitumor function remains unknown. Moreover, systemic lipid
metabolism changes affect tumor growth, and tumors can
conversely influence systemic lipid metabolism. For example,
distant tumor cells secrete extracellular vesicles and particles
containing fatty acids, generating a proinflammatory microenvir-
onment, promoting fatty liver formation, and limiting chemother-
apy tolerance [177]. In another study, HFD-induced fatty liver
increased the production of hepatocyte-derived extracellular
vesicles, promoting a metastatic tumor microenvironment [178].
Since the liver is the major organ regulating systemic lipid
metabolism, studying the metabolic interaction between the liver
and distant tumors is highly important. Lipid metabolism
dysfunction in the liver may also influence CD8+ T-cell function
in tumor progression. Another important aspect is the molecular
mechanisms by which lipids impact mitochondrial function in
tumor-infiltrating CD8+ T cells. Targeting mitochondria to restore
CD8+ T-cell function has been shown to increase the efficacy of
immunotherapy [71, 166, 179]. Moreover, a high OXPHOS CD8+
T-cell subset is predictive of immunotherapy resistance in
melanoma patients [180].
As CD8+ T cells at different stages exhibit distinct metabolic

characteristics, careful evaluation of the role of specific lipids in
tumor-infiltrating CD8+ T cells within various contexts is crucial.
Identifying key genes involved in specific lipid metabolism and
using genetically modified mice as tools will be very helpful for
further studies. Advanced mass spectrometry technology is
essential for identifying novel lipids involved in the regulation of
tumor-infiltrating CD8+ T cells. The development of novel lipid
tracers for isotopic labeling would provide valuable information
on lipid metabolic fluxes in vivo. Matrix-assisted laser desorption/
ionization (MALDI) is a mass spectrometry-based technique that
can detect tissue metabolites in situ. Combining MALDI with
immunofluorescence staining has shown that long-chain fatty
acids are enriched in tumors and drive CD8+ T-cell dysfunction
[82]. Recently, integrating MALDI imaging with spatial transcrip-
tomics has been used to visualize intratumor metabolic hetero-
geneity and cell metabolic interactions in the same gastric cancer
sample [181]. The application of spatial omics would provide
spatiotemporal information on lipid metabolism and its impacts
on tumor-infiltrating CD8+ T cells. Overall, the development of
new methods and the application of novel technologies are
urgently needed to better understand lipid metabolism regulation
in tumor-infiltrating CD8+ T cells.
In this review, we comprehensively review the current knowl-

edge concerning lipid metabolism regulation in tumor-infiltrating
CD8+ T cells. Moreover, we speculated that tumors are systemic
diseases that can be modulated by systemic factors that are
involved in lipid metabolism regulation. These new findings
highlight lipids as promising targets for enhancing the effective-
ness of immunotherapy. However, more detailed studies on the
regulation of lipid metabolism in tumor-infiltrating CD8+ T cells at
both the cellular and genetic levels are necessary to expedite
clinical applications.
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