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Abstract

Lipid metabolism in cancer cells has garnered increasing attention in recent decades. Cancer cells thrive in hypoxic
conditions, nutrient deficiency, and oxidative stress and cannot be separated from alterations in lipid metabolism.
Therefore, cancer cells exhibit increased lipid metabolism, lipid uptake, lipogenesis and storage to adapt to a pro-
gressively challenging environment, which contribute to their rapid growth. Lipids aid cancer cell activation. Cancer
cells absorb lipids with the help of transporter and translocase proteins to obtain energy. Abnormal levels of a series
of lipid synthases contribute to the over-accumulation of lipids in the tumor microenvironment (TME). Lipid repro-
gramming plays an essential role in the TME. Lipids are closely linked to several immune cells and their phenotypic
transformation. The reprogramming of tumor lipid metabolism further promotes immunosuppression, which leads
to immune escape. This event significantly affects the progression, treatment, recurrence, and metastasis of cancer.
Therefore, the present review describes alterations in the lipid metabolism of immune cells in the TME and examines
the connection between lipid metabolism and immunotherapy.
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Introduction
Lipids are composed of fatty acids, triglycerides, choles-
terol, cholesteryl esters, phospholipids and sphingolipids
and are widely distributed in cells. Lipids form cell mem-
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cells to preserve their stemness by activating the Wnt and
Notch signaling pathways [2, 3].

The unusually complex TME is composed of immune
cells, fibroblasts and tumor-associated endothelial cells.
Immune cells include tumor-associated macrophages
(TAMs), tumor-infiltrating T cells (TILs), dendritic
cells (DCs), myeloid-derived suppressor cells (MDSCs),
and natural killer (NK) cells [4]. Cancer cells survive in
an environment that changes as a result of altered lipid
metabolism. Different immune cells have different meta-
bolic preferences. For example, M1-TAMs prefer glycoly-
sis, whereas M2-TAMs prefer lipid peroxidation [5]. The
effect of lipids on immune cells is also complex. Exces-
sive fatty acid and cholesterol accumulation leads to a
functional decline in CD8+T cells. Cytokine levels are
decreased, and the anti-tumor effect of T cells is weak-
ened [6]. However, linoleic acid (LA) and short-chain
fatty acids (SCFAs) exert opposite effects. These factors
enhance T-cell activity and encourage CD8+T cells to
convert into memory T cells [7].

Immunotherapy, radiation therapy, and chemother-
apy are currently used to treat cancers. Numerous cell
signaling pathways lead to resistance to radiation and
chemotherapy, including cell survival, proliferation,
anti-apoptosis, invasion and metastasis pathways. Lipid
metabolites are responsible for malignant progression
and radiotherapy resistance [8]. For example, arachi-
donic acid produces enzymes, such as cytosolic phos-
pholipase A2, cyclooxygenase and lipoxygenase, which
cause tumor radiotherapy resistance. Many efforts have
been made to identify the machinery associated with
lipid metabolites and the radiation signals leading to
radiation resistance [9].

A number of cytokines and inflammatory mediators
are crucial for the development of tumors, autoimmune
disorders, infections, and other illnesses. These media-
tors are involved in information transmission, immune
cell activation and regulation, and T and B cell activation
[10]. For example, interleukin (IL)-11 aggravates autoim-
mune encephalomyelitis. IL-11 increases the number of
inflammatory foci in the spinal cord and the number of
IL-17 + CD4 + cells. It may be used as a therapeutic target
for multiple sclerosis [11]. IL-11 induces the secretion of
NLRP3 inflammasome-related genes and IL-1f in mono-
cytes. It also regulates monocyte migration to the central
nervous system in relapsing—remitting multiple sclero-
sis [12]. The innate and adaptive immune systems play
a role in host defense against cancer via various mecha-
nisms, which has driven an unprecedented development
of modern cancer immunotherapy. Immunotherapy is
the most promising anti-tumor medicine on the market.
Compared to patients receiving conventional medica-
tion, individuals who respond to immunotherapy have
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a greater probability of long-term survival with fewer
adverse effects [13]. Tumor-targeted monoclonal anti-
bodies, cytokine and immune checkpoint inhibitor (ICI)
therapies, chimeric antigen receptor-T (CAR-T) cells,
and cancer vaccines are examples of immunotherapies.
For example, antibodies against programmed cell death
protein 1 (PD-1) reverse the antitumor effects of T cells
in certain settings. However, only a few patients benefit
from this approach. Tumor cells that undergo metabolic
reprogramming in the TME are more likely to elude
immune surveillance, which results in a state of immuno-
suppression and decreased sensitivity to PD-1 antibodies
[14]. Tumor lipid reprogramming encourages immune
cell malfunction to defeat immune surveillance systems.
Small molecule drugs that target lipid metabolism in
combination with immunotherapy has achieved better
therapeutic effects. This combination therapy improves
sensitivity to radiotherapy and chemotherapy [15]. The
novelty of our review is the comprehensive description of
lipid metabolism reprogramming in the tumor microen-
vironment. We also mention the current drugs that tar-
get lipid metabolism, which provide novel approaches for
tumor treatment.

Lipid metabolism processes
Noticeable changes are often observed in lipid metabo-
lism in cells that have transitioned to a malignant pheno-
type. Fatty acid (FA) absorption, FA oxidation (FAO) and
de novo lipogenesis can all be increased by tumor cells in
order to accumulate lipids and generate energy [4].
Translocase proteins, such as CD36 and fatty-acid
transport proteins (FATPs), are one way that lipids can
enter cells. Lipids can also enter cells via passive diffusion
and FA translocation. Additionally, FA-binding proteins
(FABPs) contribute to the uptake of FA [5]. De novo syn-
thesis is the most important pathway of lipid synthesis.
Citrate is the starting material for cellular lipogenesis,
and the conversion of citrate to acetyl-CoA is catalyzed
by ATP-citrate lyase (ACLY). FAs are produced via the
synthesis of cytoplasmic acetyl-CoA, which may be
derived from glucose, glutamine or acetate [6]. Acetyl-
CoA forms malonyl-CoA in response to the action of
acetyl-CoA carboxylase (ACACA/B). One molecule of
acetyl-CoA and seven molecules of malonyl-CoA are
converted to one molecule of palmitic acid (C16:0) in the
presence of FA synthase (FASN). Palmitic acid can be
desaturated to palmitoleic acid (16:1) via stearoyl-CoA
desaturase (SCD). Palmitate can be further modified via
ELOVL enzymes and FA desaturase 2 (FADS2) to gener-
ate monounsaturated fatty acids (MUFAs). Palmitic acid
can also be modified by FADS2 to generate sapienate.
The length of the carbon chain is subsequently increased
by ELOVL enzymes. However, not all lipids can be
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synthesized de novo. For humans and other mammals,
a-linolenic acid (ALA) and linoleic acid (LA) are essential
FAs. After absorption, the FADS and ELOVL enzymes
transform LA and ALA into various polyunsaturated
fatty acids (PUFAs) [5].

FAO is a multistep catabolic process. Mitochon-
dria convert long-chain FAs (LCFAs) into acetyl-CoA.
To create ATP, acetyl-CoA is completely oxidized via
the electron transport chain (ETC) and the tricarbox-
ylic acid cycle (TCA). Before shuttling to mitochondria
for oxidation, FAs are activated by fatty acyl-CoA syn-
thase (ACSL) to form fatty acyl-CoA. Fatty acyl CoA is
converted to fatty acylcarnitine by carnitine palmitoyl
transferase 1 (CPT1) in the outer mitochondrial mem-
brane. The inner mitochondrial membrane is dedicated
to carnitine/acylcarnitine translocase, which trans-
ports acylcarnitine into the matrix of mitochondria.
CPT2 reconverts acylcarnitine to acyl-CoA. To create
ATP, acetyl-CoA undergoes oxidative phosphorylation
(OXPHOS) in the TCA cycle [7].

Acyl-coenzyme cholesterol acyltransferase (ACAT)
initiates the condensation of two acetyl-CoA molecules
to generate acetoacetyl-CoA, which is the first step in
the production of cholesterol. Acetyl-CoA is condensed
with acetoacetyl-CoA by HMG-CoA synthetase to syn-
thesize 3-hydroxy-3-methylglutaryl (HMG)-CoA. Meva-
lonate is produced by the rate-limiting enzyme involved
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in the production of cholesterol, HMG-CoA reductase
(HMGCR). It sequentially condenses substrates to form
isoprenoid farnesyl-pyrophosphate, which may be fur-
ther converted to squalene via the cholesterol biosynthe-
sis pathway and subsequently to cholesterol [8].

Glycerol is a common starting material for the pro-
duction of diacylglycerols (DAGs) and TGs. Glycerol-
3-phosphate acyltransferase, acylglycerol phosphate
acyltransferase, and lysophosphatidic acid (LPA) acyl-
transferase work together to create DAGs. LPA and PA
are the reaction intermediates. To create TGs, diacylglyc-
erol acyltransferase enriches DAGs with more FA-CoA.
Lipids are mostly stored as TGs, which are separated into
lipid droplets (LDs). PL-coated vesicles store and release
lipids [9] (Fig. 1).

Reprogramming of lipid metabolism in the tumor
microenvironment
Macrophages
The three types of macrophages are activated M1 mac-
rophages, alternatively activated M2 macrophages, and
nonpolarized MO macrophages. Although macrophages
exhibit anticancer properties in the TME, TAMs are a
significant subset of immune cells that promote tumor
growth [10-13].

Macrophages undergo polarization and adopt the M1
phenotype, which is aerobic glycolysis dependent. M1
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macrophages promote the inflammatory response and
are involved in killing pathogens. In contrast, M2-TAMs
are crucial for tissue regeneration, primarily via FAO and
oxidative phosphorylation. Lipid metabolism regulates
macrophage activation, alters macrophage phagocytosis,
and promotes inflammatory responses and tumor pro-
gression [14—16].

Lipids are linked to tumor prognosis and are crucial
for macrophage polarization. Long-chain FAs help mye-
loid cells differentiate into M2-TAMs in the lipid-rich
TME, as shown by increases in CD206, IL-6, and MMP9
[17-19]. The loss of FABP5 causes macrophages to accu-
mulate more free long-chain unsaturated fatty acids,
which further enhances FAO and oxidative phosphoryla-
tion. It also activates PPAR-y signaling, which together
promote macrophage M2 polarization and aggravate
allergic airway inflammation [20]. Cancer-associated
fibroblasts secrete colony-stimulating factor 1 (CSEF-
1) to increase the ROS content in monocytes, which
induces an M2-type differentiation of macrophages.
The upregulation of FASN in specific mouse TAM sub-
sets due to the secretion of CSF1 by cancer cells sup-
ports in vivo lung tumorigenesis. In this case, TAMs
promote disease progression via the downstream release
of the immunosuppressive cytokine IL-10 activated by
PPAR-§ [21]. The levels of CD36 increase lipid uptake by
TAMs. In patients with liver metastases, CD36 preferen-
tially assigns lipid-containing vesicles to macrophages.
LCFAs can be transferred from LDs to macrophage
mitochondria under fluorescent conditions to provide
fuel for macrophages. The CD36 gene is upregulated in
metastasis-associated macrophages, and it promotes the
uptake of LDs and LCFAs. CDC36 enhances the polari-
zation of M2-TAMs via IL-4 to promote liver metastasis.
Therefore, CD36 may be used as a marker for identify-
ing liver metastasis progression in the future [22]. The
receptor-interacting protein kinase 3 (RIPK3) gene is
downregulated in HCC-associated macrophages, which
inhibits the production of ROS and the cleavage of PPAR
by caspase 1. RIPK3 stimulates FAO and PPAR activa-
tion, which causes M2-TAM production and immuno-
suppressive conditions. RIPK3 gene upregulation or the
targeting of FAO modifies TAM functions and inhibits
HCC progression [23].

Tumor cells promoted the efflux and depletion of
membrane cholesterol from TAMs in a mouse model of
metastatic ovarian cancer, which led to the disappearance
of lipid rafts. Cholesterol efflux promotes IL-4-mediated
macrophage activation and causes the disappearance of
interferon(IFN)-y signaling, which inhibits its anti-tumor
effect. The deletion of ABC transporter proteins makes
TAMs hyporesponsive to stimulation and promotes
tumor progression. These studies suggest that membrane
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cholesterol efflux promotes the tumor-promoting effects
of TAMs [24]. In glioblastoma, the cholesterol trans-
porter apolipoprotein E (ApoE) accumulates around the
tumor, leading to cholesterol accumulation in TAMs. It
leads to Siglec-10 or PD-1 enhancement, resulting in loss
of phagocytic capacity of TAMs. In addition, cholesterol
accumulation impaired mitochondrial function in TAMs,
and cholesterol-induced mitochondrial damage through
the oxidation product 7-ketocholesterol could inhibit
the phagocytosis of TAMs.ApoAl-mediated cholesterol
efflux from TAMs can reduce mitochondrial damage
and restore the phagocytosis of TAMs [25]. In summary,
tumor cells promote cholesterol accumulation in the
microenvironment. Excessive cholesterol accumulation
and cholesterol efflux impair the anti-tumor effect of
TAMs. Therefore, targeting cholesterol accumulation and
efflux may lead to new targets for anti-tumor therapy.

Tcells

OXPHOS and FAO are the primary energy sources for
T lymphocytes during their naive and resting stages,
respectively. Naive T cells undergo antigen-stimulated
differentiation into effector and memory T cells. Helper
T cells (Thl, Th2, and Th17), cytotoxic T cells (CTLs),
and regulatory T cells (Tregs) are examples of effector T
cells (TEFs). Th cells are associated with lipid synthesis
and uptake and meet their metabolic needs via glycolysis,
and Tregs are associated with FAO and OXPHOS. Lipids
are strongly linked to tumor stemness, metastasis, and
angiogenesis and are crucial for the transformation of
T-cell subpopulations. Therefore, targeting lipid metabo-
lism in T cells enhances sensitivity to chemotherapy and
immunotherapy [26].

Mature and inactivated CD8+T cells have moder-
ate metabolic needs, and these cells primarily produce
ATP via OXPHOS [27, 28]. To maintain rapid prolif-
eration and effector activity, activated cytotoxic T cells
enhance their metabolism of glucose, glutamine, and fat.
In contrast, memory CD8+ T cells increase glycolysis via
OXPHOS to support adipogenesis and FAO [29]. When
CD8+TEFs identify tumor-specific antigens, they use
effector molecules, such as granzymes and perforin, to
destroy cancer cells. Therefore, the presence of CD8+T
cells in tumors is associated with a better prognosis in
cancer patients [27, 28, 30].

Lipids have a bidirectional impact on CD8+ T lympho-
cytes. CD36 levels increase in tumor-infiltrating CD8+T
cells, which induces the uptake of FAs, particularly ara-
chidonic acid (AA), to increase FAO and ferroptosis. The
production of toxic cytokines (PRF1, GZMB, TBX21, and
IFN-y) is inhibited by CD36, which decreases the capac-
ity of CD8+T cells to fight tumors. Better anti-tumor
effects are obtained when CD8+T cells with the CD36
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gene deletion are combined with an anti-PD-1 anti-
body [31]. CD36 gene expression in CD8+ TILs gradu-
ally increases with tumor growth. OxLDL is taken up
by T lymphocytes via CD36, which promotes FAO and
P38 activation and inhibits tumor necrosis factor(TNF)
and IFN-y secretion and eventually leads to CD8+ TIL
dysfunction. Glutathione peroxidase 4 (GPX4) restores
lipid peroxidation, rescues TNF and IFN-y secretion,
and enhances the antitumor effects of CD8+ TILs [32].
CD8+T cells in the pancreas decrease the expression of
very long-chain acyl-CoA dehydrogenase, which subse-
quently exacerbates very long-chain FA (VLCFA) accu-
mulation. VLCFAs mediate lipotoxicity and impairs the
mitochondrial function of CD8+ T cells in the pancreas.
The frequency of abnormal mitochondria with regular
cristae, a dilated intercristae space (swelling) and ultra-
concentrated mitochondria with a distinct electron-
dense matrix was greater in CD8+T cells infiltrated
with advanced pancreatic intraepithelial neoplasia. These
changes triggered major transcriptional reprogramming
in lipid metabolism and reduced FA catabolism [29, 33].
Increased lipid levels, decreased mitochondrial func-
tions, and FAO toxicity to pancreatic CD8+ T cells led to
increased cell death [34]. In summary, the excessive accu-
mulation of lipids in CD8+T cells impairs their antitu-
mor properties.

Cholesterol is closely related to T-cell functions. Tumor
tissues in the B16 and MC38 tumor models were rich in
cholesterol. CD8+T cells take up cholesterol after hom-
ing to tumor tissues. Cholesterol lowers GZMB, IEN-y,
and TNF-a levels and inhibits CD8+ T-cell proliferation
in a dose-dependent manner by elevating ER stress in
cells. Cholesterol causes immunosuppressive conditions
and T-cell depletion, and it promotes an increase in PD-1,
which suggests that cholesterol metabolism is a target for
immunotherapy [35]. An increase in the CHOL concen-
tration in the CD8+ T-cell plasma membrane disrupts
CHOL esterification, and it may promote CD8+ T-cell
proliferation. Interference with CHOL esterification
using the steroid O-acyltransferase 1 inhibitor avasimibe
increased the CHOL proportion in the plasma membrane
of CD8+ tumor-infiltrating lymphocytes and improved
effector T-cell function and proliferation [36, 37].

However, LA plays an opposite role. By promoting the
development of ER-mitochondrial connections and lim-
iting T-cell fatigue, LA improves the activity and anti-
tumor potential of CTLs by converting CD8+ T cells into
memory T cells [38]. Two SCFAs, butyric acid and valeric
acid, increase mTOR activity in CD8+ T cells and inhibit
histone deacetylase class I enzymes. SCFAs enhance
the anti-tumor characteristics of CTLs by promot-
ing the production of effector molecules, such as IFN-y
and TNF-a. A pancreatic cancer model was constructed
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using Panc02 pancreatic tumor cells with the type I
receptor tyrosine kinase-like orphan receptor (RORI)
(Panc02/ROR1), which showed that valeric acid therapy
increased the anti-tumor effectiveness of CAR-T cells in
a pancreatic cancer model [39].

CD4+T cells are multifaceted and categorized as
immunosuppressive Th2 cells, ambiguous Th17 cells,
pro-inflammatory and antitumor type 1 T helper (Thl)
cells, or immunoregulatory T cells (Tregs) [40]. Tregs are
CD4+T cells that express FoxP3, which promotes Treg
development, FA absorption, OXPHOS, and FAO [41].
Tregs prefer lipid oxidation, and lipids promote Treg pro-
duction. Tregs are divided into three types: Foxp3low-
CD25lowCD45RA +cells, called naive or resting Tregs;
Foxp3highCD25highCD45RA —cells, called effector
Tregs (eTregs); and FOXP3lowCD25lowCD45RA — cells,
called non-Tregs, which do not exhibit suppressive func-
tions but secrete pro-inflammatory cytokines. eTregs
express various markers, including CTL-associated anti-
gen 4 (CTLA-4), PD-1, T-cell immunoglobulin and the
ITIM domain, on their surfaces and exhibit increased
inhibitory and proliferative abilities [41].

Inhibiting the mitochondrial lipid transporter CPT1A
inhibits FAO and selectively blocks Treg differentiation.
The de novo FA enzyme ACC1 controls Th17-cell devel-
opment and TEF quantity and activity [42]. CD36 medi-
ate increased Treg lipid metabolism in tumor cells, which
increases Treg mitochondrial adaptability to changes in
the TME and systemic metabolic demands. Although
spleen Tregs were unaffected, genetic ablation of CD36
in Tregs drastically reduced lipid uptake and content
in intratumor Tregs, which suggests that Tregs sup-
port increased lipid uptake by expressing CD36 [40]. I
Increased lipid absorption mediated by CD36 activates
the PPAR- pathway, which improves mitochondrial fit-
ness and the NAD/NADH ratio in Tregs [43]. Stimula-
tion of the PPAR-B pathway may further accelerate the
metabolic adaptation of intra-tumoral Tregs by increas-
ing CD36 levels. These results suggest that CD36-—
PPAR-f signaling coordinates metabolic programs to
support Treg persistence in the TME [44]. FABP5 defi-
ciency reduces IL-17 production and shifts the T-cell
phenotype toward the Treg phenotype FABP5 inhibition
in Tregs promotes cGAS-STING-dependent type I IFN
signaling, induces IL-10 production, and promotes Treg
inhibitory activity. FABP5 inhibition causes changes in
Treg mitochondria, decreases OXPHOS, and impairs
lipid metabolism, which suggests that lipid metabolism
is the target of enhanced Treg anti-tumorigenicity [45].
SREBP activity is upregulated in tumor Tregs and inhib-
its FASN-dependent FA synthesis. FASN is closely asso-
ciated with the functional maturation of Tregs, which
ultimately leads to impaired Treg activation. SREBP
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mediates a decrease in PD-1 in Tregs, which reduces cho-
lesterol metabolism. Simvastatin, which targets HMGCR,
inhibits PD-1 gene expression in Tregs. In summary,
SREBP and FASN ultimately lead to the impaired matu-
ration of Tregs, and SREBP inhibition promotes anti-
tumor responses in Tregs [46].

Tregs interact with other immune cells to perform
their tasks. Tregs prevent CD8+T cells from secreting
IEN-y, protect mitochondrial integrity, and reduce oxi-
dative stress, which help drive macrophage polarization
toward the M2 phenotype. Treg inhibition enhances the
release of CD8+T cells, which activates AMPK signal-
ing and SREBP inhibition. SREBP inhibition improves
CD8+ T-cell capabilities, which improves anti-PD-1 anti-
tumor functions [47].

Dendritic cells (DCs)

DCs are crucial for acquired immune responses because
of their ability to enhance antigen presentation to T cells.
Although immature DCs depend on mitochondrial bio-
genesis, Toll-like receptor (TLR) activation increases gly-
colysis and FA synthesis, and prolonged TLR survival is
often associated with decreased OXPHOS and increased
glycolysis [48, 49]. TLR4 agonists include saturated FAs
and polyunsaturated fatty acids (PUFAs). High- and low-
density lipoproteins disrupt TLR4 signaling in mature
DCs. Docosahexaenoic acid suppresses DC maturation,
and lauric acid promotes T-cell activation and lipopoly-
saccharide-induced DC maturation [50].

DCs in the TME exhibit reduced immunological acti-
vation. The accumulation of lipids in DCs is the main
cause of DC dysfunction. Reduced T-cell responsiveness
and defective DCs due to diminished antigen presenta-
tion may be caused by increased LDL in tumor-associ-
ated DCs. Macrophage scavenger receptor 1 (MSRI)
and CD204 are two macrophage clearance receptors
[51]. DC lipid levels were reduced to normal levels, and
DC functional activities were restored when DCs were
treated with the ACC inhibitor 5-tetradecyloxy-2-fu-
roic acid [52]. FA-containing tumor-derived exosomes
(TDEs) promote immune dysfunction in DCs, which
led to immune escape. TDE-derived FAs (not TDE-
induced FA de novo synthesis) activated PPAR-«, which
led to LD accumulation in DCs. It changes the meta-
bolic preference of DCs from glycolysis to OXPHOS,
which ultimately lead to immune dysfunction in DCs.
Targeting PPAR-a enhanced the antitumor efficacy of
PD-1 antibodies in a B16/F10 melanoma model [53].
CD36 gene expression was upregulated in Atg5-deficient
DCs, which increased lipid accumulation and enhanced
phagocytosis by DCs. Targeting CD36 inhibited tumor
growth. Blockade of CD36 increased CD4+ T-cell
initiation in Atg5-deficient DCs but did not affect
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CD8 + T-cell initiation or major histocompatibility com-
plex-I presentation in DCs [54, 55].

FASN gene upregulation resulted in increased FA syn-
thesis in ovarian cancer. High FA concentrations in the
TME lead to FA accumulation in DCs, which affects their
functions. The inability of DCs to elicit anti-tumor T-cell
responses is caused by LD buildup. Ovarian cancer cells
are generally rich in LPA, which induces PGE2 activa-
tion. DCs may be inhibited by the production of type I
IEN via the PTGER4/EP4 pathway [56, 57]. DCs produce
scavenging receptors in HCC and encourage the buildup
of intracellular lipids, which is likely to lower T-cell acti-
vation and cytokine production [58]. DCs upregulate the
expression of the CPT1A FA transporter protein in mela-
noma via the Wnt5a-p-catenin-PPAR-y signaling path-
way. The pathway also enhances FAO and promotes Treg
development. Blockade of this pathway enhances the effi-
cacy of anti-PD-1 antibody immunotherapy and inhibits
disease progression [51]. The process of aerobic glycoly-
sis in malignant mesothelioma cells results in high levels
of lactic acid production, and high concentrations of LDs
accumulate in DCs, which reduces the ability of DCs to
stimulate T cells [59].

Natural-killer (NK) cells

NK cells are the first quick responders to fundamental
immune responses. Pro-inflammatory cytokines in the
TME attract NK cells, which can be stimulated to attract
other immune cells [60]. Their activation is consistent
with increased ACLY levels and the transport of citric
acid into the cytoplasm. These phenomena may be asso-
ciated with epigenetic regulation and acetylation. Previ-
ous studies demonstrated that exogenous lipids impaired
this metabolic process, weakened its effector function,
and reduced its receptivity to stimuli, particularly in obe-
sity [61]. The levels of additional lipid transporters and
enzymes increase when NK cells take up FAs and store
them in LDs to prevent lipid toxicity. This factor may
limit the production of granase B and interferon pro-
duction via mTORC1-mediated glycolysis, which result
in diminished NK effects and insufficient function [62].
The impaired cytotoxicity of postoperative NK cells may
cause recurrence and metastasis in melanoma, breast
cancer, and colorectal cancer patients. Patients with colo-
rectal cancer have two subpopulations of NK cells after
surgical treatment, one of which contains high levels of
the lipid transporters MSR1, CD68, and CD36, which
lead to lipid accumulation [63, 64]. These NK cells cannot
attack cancer cells.

Lipid-rich lung-resident mesenchymal cells transfer
lipids into NK-cell exosome-like vesicles, which lead to
NK-cell dysfunction and promotion of breast cancer pro-
gression and lung metastasis [65]. Cholesterol is closely
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related to NK cell functions, and excess cholesterol in
SREBP2-driven hepatocytes induces FAO in NK T cells,
which lead to NK T-cell dysfunction and suppression of
their immune surveillance functions. Resulvastatin is a
cholesterol inhibitor that restores NK T-cell activities
[66]. CD1d-restricted invariant NK T (iNK-T) cells exert
anti-tumor effects. Long-chain acylcarnitine, particularly
stearoyl and palmitoyl forms, suppress immune surveil-
lance processes, telomere damage, cell cycle arrest, and
senescence in iNK-T cells in HBV-associated HCC [67].

In summary, excessive lipid accumulation in the TME
exacerbates dysfunction in NK cells, which weakens their
immune surveillance functions and promotes tumor
progression.

Neutrophils and myeloid-derived suppressor cells (MDSCs)
Neutrophils are recruited to the TME, where they act as
macrophages and exert immunosuppressive or antitu-
mor effects. Neutrophils promote ROS generation and
increase T-cell inhibition via FAO when the glucose sup-
ply is inadequate, similar to what occurs in the TME [68].
Neutrophil-mediated tumor development, metastasis,
and immunosuppression are frequently encouraged by
neutrophils, despite their lethal nature. Pathologically
activated neutrophils (PMNs) are called PMN-MDSCs.
MDSCs undergo a metabolic reprogramming that shift
their metabolic preference from glycolysis to FAO dur-
ing tumorigenesis and exhibit OXPHOS during lipid
accumulation in tumors. With the increased uptake of
exogenous FAs by MDSCs in tumors, their immunosup-
pressive activities against T cells also increase [69]. Sev-
eral studies showed that PMN-MDSCs in the TME died
spontaneously because of ferroptosis and lipid peroxi-
dation induced by ferroptosis-mediated suppression of
T-cell functions [70].

ApoE secreted by prostate tumor cells binds to the
triggering receptor expressed on myeloid cells 2 and
promotes neutrophil senescence. It enhances immuno-
suppressive functions and promotes tumor progression
[71]. Although polymorphonuclear myeloid-derived
suppressor cells (PMN-MDSCs) perform immuno-
suppressive tasks comparable to monocyte MDSCs,
they primarily block immune responses to particular
antigens by nitrifying ROS on T-cell receptors [72].
Increased FATP2 expression and fat accumulation have
been observed in PMN-MDSCs derived from colon,
pancreas, and lymphatic system cancers. FATP2 knock-
down inactivated PMN-MDSCs by suppressing CD8 + T
cells, which indicated that PMN-MDSCs used FAs from
the TME [73, 74]. The number of total TGs, especially
TGs carrying AA, in PMN-MDSCs isolated from the
spleens of FATP2-knockout mice was reduced. This
phenomenon was recently observed in PMN-MDSCs
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via other FA transporters, such as CD36. FAO may
immunosuppress PMN-MDSCs via ROS-producing T
cells [73, 74]. X-box binding protein 1 (XBP1) promotes
cholesterol synthesis and secretion, and this choles-
terol is internalized by MDSCs in the form of small-cell
vesicles to cause immunosuppression. Lowering choles-
terol levels or targeting XBP1 enhances the antitumor
responses of MDSCs [75] Fig. 2.

Cancer-associated fibroblasts (CAFs)

As a heterogeneous and plastic population, CAFs are
crucial for tumor development, survival, and metastasis.
CAFs produce several growth factors, chemokines, and
cytokines that promote tumor growth, angiogenesis, and
immunosuppression and are involved in the metabolism
of tumor cells. CAFs also modify the TME to provide the
nutrients required for tumor metabolism via lactic acid,
amino acid, and lipid metabolism [76, 77]. A noteworthy
metabolic change occurs in CAFs when they move from
lipid synthesis to lipid secretion [78]. By delivering lipids
to surrounding tumor cells, CAFs feed cancer cells, which
contributes to their growth and metastasis. Astrocytic
conversion to CAFs in pancreatic cancer cells triggers
the release of lysophosphatidylcholine (LPC), alterations
in intracellular lipids, and the subsequent stimulation
of phosphatidylcholine production and cell membrane
construction [79]. Autologous chemokines and extracel-
lular enzymes hydrolyze LPC to create lysophosphatidic
acid, which is a potent pro-mitotic and wound-healing
agent that accelerates tumor growth. FATP1 expression
is upregulated in cancer cells after exposure to CAF-con-
ditioned media, which lead to increased FA absorption.
CAFs induced FATP1 upregulation in human triple-neg-
ative breast cancer cells, which increased the intake of
exogenous FAs in the TME [60]. CAFs also transfer lipids
to cancer cells via the extracellular space, which pro-
motes cancer cell proliferation [77]. Ox-LDL promoted
lipid peroxidation of CD36+ CAFs, p38 phosphoryla-
tion, and CEBPA/D binding to the migration inhibitory
factor (MIF) promoter in HCC. It ultimately promoted
macrophage MIF secretion in a CD36-dependent man-
ner. MIF enhances the immunosuppressive effect and
tumor stemness of MDSCs, which together promote
the progression of HCC. Palmitic acid-induced lipid
accumulation in HCC cells promotes the immunosup-
pressive phenotype of co-cultured macrophages and
fibroblasts [80]. PDAC cells directly targeted ACSL4 after
the uptake of miR-3173-5p and reduced lipid ROS levels.
Although miR-3173-5p controlled GEM chemoresistance
in PDAC tumors, it did not stimulate tumor develop-
ment in vivo [81]. Hypoxia-inducible factor-1a (HIF-1a)
induces SCD1 to increase the number of lipid droplets
inside CAFs. The inhibition of SCD1 reduces the number
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Fig. 2 Lipid reprogram in the TME: Immune cells in tumor microenvironment showed different degrees of enhanced lipid metabolism

of lipid droplets and inhibits lung tumor growth. The
HIF-1a/SCD1 axis controls the buildup of LDs in CAFs
[82] (Table 1).

Lipid metabolism and cancer therapy

Lipid metabolism and chemotherapy, radiotherapy
Chemoresistance in cancer cells is characterized by
reduced fluidity of lipid bilayers in the membrane,
which results in impaired uptake of drugs via passive
diffusion or endocytosis. For example, CPT1B mRNA
levels are elevated in recurrent breast cancer tissues,
and CPT1B expression is elevated in chemotherapy-
resistant breast cancer patients. The number of lipid
droplets is increased in chemotherapy-resistant breast
cancer cells [85]. Methyl-B-cyclodextrin (MCD), a
cholesterol-depleting agent, has a sensitizing effect
on a variety of chemotherapeutic drugs. MCD acti-
vates the FasR/FasL pathway via p53 and increases the
entry of doxorubicin into the nucleus to promote cell
death. MCD combined with adriamycin slowed the
growth of tumors in mice. MCD enhanced tamoxifen-
induced anticancer effects by causing cell cycle arrest
and inducing apoptosis. Exogenous cholesterol supple-
mentation abrogated the combined anticancer effects

of tamoxifen and MCD [86, 87]. Resistin is secreted pri-
marily by adipocytes. It induces colorectal cancer cells
to arrest in the G1 phase, and cells exposed to resistin
become resistant to 5-fluorouracil chemotherapy [88].

Exogenous supplementation of monounsaturated and
bisounsaturated fatty acids improved the radiosensi-
tivity of cervical cancer cells. This effect upregulated
PPAR-y and P53 signaling, which promoted increased
fatty acid uptake by tumor cells [89]. Targeting CPT1A
activated mitochondrial apoptosis in vitro and in vivo
in NPC patients. It promoted sensitivity to radiother-
apy in NPC patients [3]. Arachidonic acid produced
enzymes, such as cytosolic phospholipase A2, cycloox-
ygenase and lipoxygenase, which caused tumor resist-
ance to radiotherapy and led to the failure of tumor
treatment [90].

In summary, the role of lipids in tumor radiotherapy
and chemotherapy is complex. In general, tumor lipid
reprogramming often leads to tolerance to chemother-
apy and radiotherapy so the tumor can escape the disap-
pearance of lipids. There are also many lipid inhibitors
in clinical practice, and their combination with chem-
otherapy and radiotherapy often results in improved
therapeutic effects.
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Table 1 Reprogramming of lipid metabolism in the TME and it plays an important role in diseases
Immune cells Indicators of lipid metabolism Mechanisms Diseases References
TAM FABP5 Enhance FAQ, oxidative phosphoryla-  Allergic airway inflammation [20]
tion and activate PPAR-y signaling
FASN Promote PPAR-6 activation and IL-10 Lung cancer [21]
release
CD36 Promote the uptake of LDs and LCFAs.  Liver metastases [22]
Enhance the polarization of M2-TAMs
PPAR Promote FAO and the synthesis HCC [23]
of M2-TAMs
25-hydroxycholesterol Activate TLR4 and nuclear factor-kB Atherosclerosis [83]
signaling
APOA1 Promote cholesterol efflux Atherosclerosis [84]
ABCGT
Asprosin Activate the p38/Elk-1 axis. Promote Atherosclerosis [84]
cholesterol efflux and inhibit lipid
accumulation
CD8+T CD36 Promote uptake of FAs and FAQ. Inhibit - [31,32]
the release of IFN-y, PRF1, GZMB,
and TBX21
Promote uptake of oxLDL and P38
activation
very long-chain acyl-CoA dehydro- Increases the very long-chain FA accu-  PDAC [39]
genase mulation and FAO
Cholesterol Increasing ER stress and decrease B16 and MC38 tumor models [35]
GZMB, IFN-y, and TNF-a levels
LA Enhance the formation of ER-mito- - [38]
chondrial contacts
SCFAs Promote the production of CD25, IFN-y Pancreatic cancer model [39]
and TNF-a
Treg CPT1A Promote FAO and Treg differentiation - [42]
CD36 Activate the PPAR-( pathway and pro- - [40]
mote lipid uptake
FABP5 increase OXPHOS and promote lipid - [45]
metabolism
SREBP ~ FASN inhibit FA synthesis and reduce choles- - [46]
terol metabolism
DC cells ACC Increase the amount of DC lipids - [52]
TDE » PPAR-a Promote OXPHOS B16/F10 melanoma model [53]
CD36 Increase lipid accumulation - [54, 55]
and phagocytosis by DCs
FASN ~ LPA Increased FA synthesis and lead to FA  Ovarian cancer [56, 57]
accumulation in DCs
Scavenging receptors Promote lipid accumulation HCC [58]
and decrease cytokine levels
CPT1A Enhance FAO and promotes Treg Melanoma [51]
development
LDs Decrease the ability of DCs to activate ~ Malignant mesothelioma [59]

T cells
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Table 1 (continued)
Immune cells Indicators of lipid metabolism Mechanisms Diseases References
NK cells lipid transporters and enzymes Inhibit granase B and interferon pro- - [62]
duction. Diminish NK effects
MSR1 lipid accumulation Melanoma, breast, colorectal cancer [63, 64]
[@s
CD36
lipids Transfer lipids into NK-cell exosome- Breast cancer and lung metastasis [65]
like vesicles and lead to NK cell
dysfunction
Cholesterol Induce FAO - [66]
SREBP2
long-chain acylcarnitine Promote iNK T-cell senescence, cell HBV-associated HCC [67]
cycle arrest, and telomere damage
MDSCs Apok Promotes neutrophil senescence Prostate tumor [71]
PMN-MDSCs ~ FATP2 Increase lipid accumulation Colon, pancreas, and lymphatic system  [73, 74]
cancers
XBP1 Promotes cholesterol synthesis - [75]
and secretion
CAFs LPC Create lysophosphatidic acid PDAC [79]
and accelerate tumor growth
FATP1 Increase the intake of exogenous FAs  Triple-negative breast cancer [60]
CD36 promotes lipid peroxidation and p38 ~ HCC [80]

phosphorylation,

Lipid metabolism and immunotherapy

Tumor-infiltrating CD8+T lymphocytes absorb FA via
CD36, which also causes ferroptosis and lipid peroxida-
tion in the TME. Immunotherapy with anti-PD-1 anti-
bodies is more effective against tumors when combined
with CD36 blockade. CD36 enhances mitochondrial
adaptation by activating the PPAR-B pathway, which
allows Tregs to adapt to a lactic acid-rich TME [91]. The
quantity of CD36+ CAFs was inversely associated with
PD-1 sensitivity in a mouse model of HCC. When cou-
pled with anti-PD-1 therapy, CD36 inhibitors had greater
anti-tumor effects than when used alone. Combination
therapies also change the type of immune cells. The pro-
portions of Tregs and MDSCs decreased, and the propor-
tion of CD8+T cells increased [82]. Research indicated
that FABP5 diminished the pace of B-oxidation, which
resulted in the buildup of LDs in monocytes and encour-
aged the production of the IL-10 gene. IL-10 upregulates
PD-1 gene expression on Tregs via the JNK-STAT1 path-
way [92]. Tissue-resident memory T (Trm) cells indicate
a better prognosis in gastric cancer patients. Target-
ing PD-L1 lowered the expression of FABP4 and FABP5
in gastric cancer cells, and Trm cells express greater
amounts of PD-1. These changes promotes lipid uptake
by Trm cells, which increase the number of Trm cells.
This finding suggested that lipid metabolism promotes
Trm cell survival and contributes to the sensitivity of gas-
tric adenocarcinoma to immunotherapy [93]. MSI and

tumor mutational load strongly correlated with FASN
in a previous study. The expression of FASN exhibited a
negative correlation with the levels of PD-1 and PD-L1,
which suggest that FASN is a target for anti-PD-1 ther-
apy. FASN was associated with immune cell infiltration
in bladder cancer, and FASN inhibition promoted the
sensitivity of tumors to ICI therapy [94]. SCD1 inhibi-
tion promoted CCL4 gene expression by downregulating
Wnt/B-linked protein signaling, enhancing CD8+ TEF
production and lipid accumulation, and promoting DC
recruitment. Anti-PD-1 antibodies and SCDI1 inhibi-
tors work together to improve anti-tumor effects [95].
ACAT]1 inhibition promoted the proliferation of CD8+T
cells and increased plasma membrane cholesterol lev-
els. Together, anti-PD-1 antibodies and ACAT1 inhibi-
tors have shown increased anti-tumor effectiveness [96].
Anti-PD-1 immunotherapy is not highly effective at
treating nasopharyngeal cancer, despite the reality that
CD8+T cells are prevalent in the immune environment.
Recent studies showed that nasopharyngeal carcinoma
cells promoted Treg cell development via CD20-CD70.
CD70 knockout inhibited cholesterol homeostasis and
fatty acid metabolism in Treg cells. CD70 blockade syn-
ergized with an anti-PD-1 antibody to further enhance
the immunotherapy efficacy in nasopharyngeal carci-
noma [97]. Benzofibrate is an agonist of the PGC-1la/
PPAR complex, and it enhanced the tumoricidal effect of
PD-1 blockers. It also increased FAO and mitochondrial
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respiratory capacity and upregulated CPT1 and Bcl2,
which prevented CTL apoptosis and further increased
the anti-tumor effects of PD-1 blockade [98]. I In tumor-
infiltrating (TI) Treg cells, the PD-1 signaling pathway
can promoted lipid metabolism. Inhibition of PD-1
reduced the metabolic fitness of Tregs and enhanced the
anti-tumor effect [99]. MiR-21-3p promotes lipid per-
oxidation by enhancing ROS generation, which promotes
IFN-mediated ferroptosis in melanoma. The combination
of miR-21-3p overexpression and an anti-PD-1 antibody
was used in combination [100]. Gut bacteria that pro-
duce SCFAs are positively associated with anti-PD-1/
PD-L1 responses in gastrointestinal cancers [101]. Type I
IFNs enhance the exhaustion of terminal CD8+T cells in
tumors. IFN-I disrupted CD8+ T-cell lipid metabolism,
which resulted in the aberrant accumulation of lipids and
oxidative stress. IFN-I stimulation is associated with a
poor response to anti-PD-1 therapy [102].

In summary, the targeting of crucial enzymes involved
in lipid metabolism impacts T-cell and DC activities,
which further influences the sensitivity to ICB treatment.
Lipid metabolism also plays an essential role in PD-1/
PD-L1 sensitivity.

Lipid metabolism and inhibitors

Many drugs target lipid reprogramming. However, only a
few drugs have reached clinical trials. We summarize the
common drugs that target fatty acid metabolism.

The CD36 inhibitors include JC61.3, FA6.152, and
SSO. CD36 inhibitors improve the antigen presentation
capacity of DCs. The inhibition of the PPAR pathway
also decreases the number of Treg cells and upregulates
PD-1, which improve the function of CD8+T cells [103].
JC61.3 inhibited FA and LDL protein uptake, impeded
the progression and dissemination of gastric and oral
cancer [104]. The oleic acid analog sulfo-n-succinimidyl
oleate (SSO) irreversibly bound to CD36. It also effec-
tively inhibited the progression of cervical cancer [105].
FABP is also an important target for lipid uptake. The
FABP inhibitors SBFI-26 and BMS3094013 inhibited
prostate cancer and ovarian cancer. The sensitivity of
breast cancer to doxorubicin may be increased by target-
ing FABP. BMS309403 improved the effectiveness of car-
boplatin by preventing tumor spread in an in vivo model
of ovarian cancer [106].

FASN is an important target of lipid metabolism. The
FASN inhibitors used included orlistat, TVB-3166,
TVB3664, TVB2640 and Fasnall. FASN inhibitors can
decrease ROS, IL-10, and TNF-a production while pre-
venting Treg cell activation [1]. Orlistat effectively inhib-
ited the progression of prostate cancer in mice. Orlistat
caused ferroptosis and lipid peroxidation in lung cancer
cells [107]. TVB-3166 and TVB-3664 promote tumor cell
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apoptosis and inhibit tumor progression via the PI3K-
Akt-mTOR pathway and (-catenin signal transduction.
The combination of these two inhibitors with chemo-
therapy achieved better anti-tumor effects. It played
an anti-tumor role in colon cancer, lung cancer, liver
cancer and oral squamous cell carcinoma [108]. Clini-
cal trials of TVB-2640 in astrocytoma and nonalcoholic
fatty liver disease have been completed (NCT03808558,
NCT02223247, NCT02980029, NCT03179904,
NCT03032484, and NCT03938246). TVB-2640 had anti-
tumor effects in high-grade astrocytoma, ovarian cancer
and breast cancer. Fasnall promoted apoptosis and inhib-
ited tumor progression in the MMTV-Neu breast cancer
mouse model [109].

ETC-1002 is a small molecule inhibitor of ACLY.
ECT-1002 inhibits lipogenesis by activating the AMPK
pathway, which plays an important role in liver can-
cer. ETC-1002 is currently undergoing clinical trials for
the treatment of hypercholesterolemia (NCT05687071,
NCT05683340, and NCT04784442). SB-204990 attenu-
ates cisplatin resistance by inhibiting ACLY to activate
the AMPK-ROS pathway. Therefore, this approach has
become an effective strategy for the treatment of ovarian
cancer [110].

AThe ACC inhibitors include PF-05221304, ND-646,
and ND-654. PF-05221304 effectively reduced liver fat
and played a role in non-alcoholic fatty liver disease.
ND-646 inhibited fatty acid synthesis and tumor growth
in non-small cell lung cancer. ND-646 alone or in combi-
nation with carboplatin inhibited the progression of non-
small-cell lung cancer(NSCLC) in a mouse model [111].
ND-654 inhibited the progression of hepatocellular car-
cinoma and increased the survival rate of tumor-bearing
mice when combined with sorafenib [112].

SCD1 has been clearly associated with a variety of
tumors, and inhibitors against SCD1 are very popular in
clinical practice. A939572 effectively induced endoplas-
mic reticulum stress in renal clear cell carcinoma and
inhibited tumor progression [113]. A939572 combined
with temsirolimus inhibited tumor growth. A939572
inhibit3e epithelial-mesenchymal transition and EGFR/
PI3K/AKT signaling in lung cancer and inhibited its pro-
gression. MF-438 effectively downregulated YAP/TAZ.
MF-438 combined with a MAPK inhibitor effectively
reduced tumor drug resistance MK-8245 is a potent liver-
targeted SCD inhibitor with antidiabetic and antidyslipi-
demic effects. It has been tested in type 2 diabetes clinical
trials (NCT00972322) [1]. CAY10566 is a specific SCD
inhibitor that reduces hepatic steatosis and hepatic lipid
accumulation via activation of the AMPK pathway and
lipophagocytosis [114].

DGATs play an important role in fatty acid stor-
age. The known inhibitors of DGAT1 include A922500,
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AZD3988 and AZD7687. A922500 reduces postpran-
dial triglycerides and cardiovascular risk. A922500 also
inhibited triglyceride synthesis in plays a therapeutic role
in prostate cancer. [115]. AZD7687 successfully reduced
the number of circulating TAG in clinical trials. Clini-
cal trials for type 2 diabetes and obesity have been com-
pleted (NCT01217905). [116]. The inhibitors of DGAT?2
include PF-06424439, INJ-DGAT2-A and JNJ-DGAT2-B.
PF-06424439 reduced LD formation in gastric cancer. It
also enhanced the sensitivity of breast cancer to cispl-
atin and doxorubicin chemotherapy. Breast cancer cells

Table 2 Drugs targeting lipid metabolism and their mechanisms
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treated with PF-06424439 exhibited radiosensitivity [1]
(Table 2).

Lipid nanoparticles are great delivery systems

Lipids are polar and fat soluble, which makes them
excellent drug carriers. Lipid nanoparticles (LNPs) are
generally composed of ionizable lipids, cholesterol, phos-
pholipids and polyethylene glycol lipids. LNPs are crucial
for the use of vaccines and cancer treatment. Liposomes
are among the most widely used drug delivery systems.
These nanoparticles are currently the only nanoparticle

Target Drugs Tumors mechanisms Clinical trials
D36  JC613 oral cancer inhibit FA and LDL protein uptake; prevents lipid droplet formation  N/A [104]
gastric cancer
FA6.152 oral cancer prevent lipid droplet formation N/A 1]
SSO cervical cancer inhibit FA uptake N/A [105]
FABP SBFI-26 prostate cancer inhibit lipogenesis N/A (1]
BMS3094013 ovarian cancer inhibit lipogenesis N/A [106]
FASN Orlistat prostate cancer induce lipid peroxidation and ferroptosis N/A[107]
NSCLC
TVB-3166 lung cancer promote tumor cell apoptosis N/A[108]
ovarian cancer
prostate cancer
HCC
TVB-3664 colon cancer promote tumor cell apoptosis N/A[108]
lung cancer
TVB2640 ovarian cancer reduce hepatic fat NCT03808558
breast cancer NCT02223247
NCT02980029
NCT03179904
NCT03032484
NCT03938246 [109, 117]
Fasnall breast cancer promote apoptosis N/A[109]
ACLY ECT-1002 HCC inhibit lipogenesis NCT05687071
NCT05683340
NCT04784442 [110]
SB-204990 ovarian cancer inhibiting ACLY and activate the AMPK-ROS pathway N/A[110]
ACC PF-05221304 - reduce liver fat N/A[111]
ND-646 NSCLC inhibite fatty acid synthesis N/A[111]
ND-654 HCC inhibit lipogenesis N/A[112]
SCD1 A939572 lung cancer induce endoplasmic reticulum stress; inhibit epithelial-mesenchy- ~ N/A[113]
ovarian cancer mal transition; inhibit EGFR/PI3K/AKT signaling
MF-438 NSCLC downregulate YAP/TAZ N/A [1]
ovarian cancer melanoma
MK-8245 - - NCT00972322 [117]
CAY10566 - activate the AMPK pathway and lipophagocytosis N/A[114]
DGAT1  A922500 cervical cancer inhibit triglyceride synthesis N/A[115]
HCC
AZD3988 prostate cancer decrease TAG synthesis N/A [1]
AZD7687 - reduced circulating TAG NCT01217905 [116]
DGAT2  PF-06424439 gastric cancer prevents LD formation N/A 1]

INJ-DGAT2-A/B

breast cancer

inhibit TG synthesis

N/A 1]
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systems approved by the FDA for clinical use [118]. The
advantage of LNPs is that they can change the pharma-
cokinetics to increase the drug concentration in tumor
tissues and improve the anti-tumor effects [119]. IVTIL-
15 mRNA may be introduced into colorectal cancer cells
via a liposome/protamine system (CLPP) nano-delivery
method. This system significantly reduced tumor forma-
tion and metastasis. It also enhanced lymphocyte activ-
ity and promoted the number of CD8+T cells, which
further plays a role in immunotherapy [120]. The com-
bination of PTEN mRNA nanoparticles (nPTEN@NPs)
successfully promoted the infiltration of CD8+T and
CD3+T cells in a Pten-deficient mouse model of pros-
tate cancer. It also promoted anti-tumor effects. Several
researchers developed a therapy called CATCH that
combines lipid nanoparticle-mRNA formulations with
dendritic cell therapy. This therapy promotes the release
of a variety of cytokines and chemokines and activates
dendritic cells. It also promotes the anti-tumor capacity
of T cells. The downregulation of CCL5 by the immu-
noregulatory factor 5 (IRF5) mRNA/C-C chemokine
ligand 5 (CCL5) siRNA (LPR) nanoparticle combina-
tion (LPR@CHG) significantly increased M1-TAMs and
modified the immune microenvironment in pancreatic
cancer [121]. In summary, LNPs increase the drug con-
centration in tumor tissue and reduce adverse reactions.
It also further changes the immune microenvironment
and promotes the formation of an anti-tumor immune
microenvironment.

Strengths and limitations

The advantages of this review are as follows: 1. The lipid
metabolism reprogramming of immune cells in the
tumor microenvironment is systematically illustrated.
It indicates that the changes of lipid metabolism in the
immune microenvironment provide favorable conditions
for the survival of tumor cells and promote the formation
of immunosuppressive microenvironment during tumor
development. 2. A comprehensive description of the rela-
tionship between lipid metabolic reprogramming and
tumor treatment. We explored the mechanisms by which
reprogramming of lipid metabolism promotes tumor
resistance to radiotherapy, chemotherapy, and immuno-
therapy. 3. Different agents targeting tumor lipid metabo-
lism are described. We also describe the roles of LNPs in
different tumors, the specific mechanisms and clinical tri-
als. Besides, lipid is a good carrier and the important role
of LNPs is also described. In summary, we summarize
the reprogramming of lipid metabolism in the immune
microenvironment and its implications for tumor ther-
apy, and describe drugs that target lipid metabolism. Of
course, our study also has some limitations: 1. The lack
of changes in tumor cell lipid metabolism. Although the
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immune microenvironment is critical for tumor progres-
sion, the direct metabolic alterations of tumor cells have
a direct role in tumor initiation and progression, which
we did not mention. 2. Although we have described the
drugs targeting lipid metabolism, many drugs do not
work in the human body. The reasons for this are compli-
cated and lack of mature conclusions.

Summary

Lipids are involved in diverse fundamental processes of
cell biology, such as proliferation, differentiation, migra-
tion, stress response, and cell death. With the increase in
the global obesity rate, research on the increase in micro-
environmental fatty acids and adipokines has increased.
Obesity is a metabolic disease that is characterized by
"systemic lipid metabolism reprogramming”. Obese
cancer patients have reduced survival and are resistant
to treatment. Cancer cells promote the absorption and
oxidation of fatty acids by adipocytes via lipolysis and
the transfer of fatty acids to their own cells. Adipokines
released by adipocytes, such as IL-6 and leptin, are cru-
cial for the promotion of chemotherapeutic resistance
in cancer cells. Obesity affects the efficacy of anti-PD-1
therapy in cancer patients. Obesity causes an increase
in PD-1 expression and tumor dysfunction by hastening
T-cell senescence [122]. Chemotherapy is still the first-
line therapy for cancer treatment. Chemoresistance is
related to a variety of factors, including cell proliferation,
apoptosis, DNA damage and epithelial-mesenchymal
transition [123, 124]. A number of studies have shown
that lipid droplets and phospholipids play an important
role in tumor chemotherapy resistance in breast cancer
and other tumors. The crosstalk between breast can-
cer and its microenvironment can further affect tumor
growth and metastasis [125, 126].

Lipids significantly influence tumor metastasis and
developments. Novel approaches for the treatment of
tumors may be found by focusing on lipid metabolism.
A variety of inhibitors and drugs have been developed
to target lipid uptake, lipogenesis, fatty acid oxidation
and lipid storage. These inhibitors have clear anti-tumor
effects, and some of these agents have entered clinical
trials [127]. Immunotherapy has changed the traditional
model of cancer treatment via the application of PD-1/
PD-L1 and CTLA4 in many cancer patients. However,
only a portion of these patients benefited from these
inhibitors. An increasing number of clinical studies
demonstrated that a large proportion of first responders
eventually developed recurrence after several months or
years and exhibited fatal disease resistance. Tumor cells
can evade T-cell immune monitoring due to the many
alterations inside the tumor. Immune cells that infiltrate
tumors typically experience metabolic stress as a result of
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the dysregulation of the metabolic activity of tumor cells,
which impairs anti-tumor immune responses [128].

Although many inhibitors targeting lipid metabolism
have been developed, few of these agents have been
tested in preclinical trials. This lack of testing may be
attributed to the low membrane penetration efficiency
and difficulty in achieving an effective blood concentra-
tion near the tumor. However, targeting lipid metabo-
lism combined with immunotherapy remain the focus of
our continued exploration. Excessive lipid accumulation
causes immune cell dysfunction, which is why immuno-
therapy rarely benefits people. A number of studies have
shown that the targeting of lipid metabolism enzymes,
such as FASN and CD36, restored the anti-tumor effect
of CD8+T cells and enhanced the effect of immuno-
therapy. These findings may lead to new ideas for tumor
treatment [129, 130].

Lipids are excellent drug carriers due to their polarity
and lipid solubility. Liposomes and exosomes are good
drug carriers. Liposomes are among the most widely
used drug delivery systems and are currently the only
nanoparticle system approved by the FDA for clinical
use. Liposome-encapsulated drugs promote efficient tar-
get gene silencing during glycolysis and chemotherapy.
It enhances the antiproliferative ability of cells and has
a better anti-tumor effect on non-small cell lung cancer
[131]. In addition, extracellular vesicles secreted by TME
promote communication between tumor cells and play
an important role in breast cancer metastasis and chem-
otherapy resistance [132].

In summary, lipid metabolism is an important met-
abolic pathway for tumor development. It is worth
exploring the crosstalk between lipids and the immune
microenvironment. Targeting lipid metabolism com-
bined with immunotherapy also provides a new direction
for tumor treatment.

Abbreviations

TG Triglycerides

VLDL Very low-density lipoprotein
LPL Lipoprotein lipase

FA Fatty acid

LDs Lipid droplets

FABPs FA-binding proteins

FASN FA synthase

ACC Acetyl-CoA carboxylase
SCD Stearoyl-CoA desaturase
MUFAs Monounsaturated fatty acids
ALA a-Linolenic acid

LA Linoleic acid

PUFAs Polyunsaturated fatty acids
LCFAs Long-chain FAs

ACSL Fatty acyl-CoA synthase
OXPHOS  Oxidative phosphorylation

TNF Tumor necrosis factor
MSR1 Macrophage scavenger receptor 1
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ACC Acetyl-CoA carboxylase
SM Squalene monooxygenase
CcPT Carnitine palmityl transferase 1

ACLY ATP citrate lyase

FAO Fatty acid oxidation

TAMs Tumor-associated macrophages
PPP Pentose phosphate pathway
ECM Extracellular matrix

HA Hyaluronic acid

CSF1 Colony stimulating factor 1
PPAR Peroxisome proliferator activated receptor
FABP4 Fatty acid binding proteins 4
PGE2 Prostaglandin E2

CTLS Cytotoxic T lymphocytes

Thi Pro-inflammatory T cells 1

Th2 Immunosuppressive T cells 2
Th17 Ambiguous T cells 17

Tregs Immunoregulatory T cells
CPT1A Carnitine palmitoyltransferase-1A
TLR Toll-like receptor

XBP1 X-box binding protein 1

CAF Cancer-associated fibroblasts
LPC Lysophosphatidylcholine

FATP1 Fatty acid transporter 1

ECs Endothelial cells

VEGF Vascular endothelial growth factor
GBM Glioblastoma

GPX4 Glutathione peroxidase 4

IFN-y Interferon-y

LTB4 Leukotriene B4

PGE2 Prostaglandin E2

25-HC 25-Hydroxycholesterol

ABCG1 ABC protein G1

LXRs Liver X receptors

HCC Hepatocellular carcinoma

RIPK3 Receptor-interacting protein kinase 3
CAR-T Chimeric antigen receptor-T

ICl Immune checkpoint inhibitor

PD-1 Programmed cell death protein 1
LNPs Lipid nanoparticles

NSCLC Non-small-cell lung cancer

Acknowledgements
We would like to thank AJE (www.aje.com) for English language editing.

Authors’ contributions

YTW and XP conceived the idea and wrote the manuscript. XW and MX (cor-
responding author) revised and edited the manuscript. The author(s) read and
approved the final manuscript.

Funding

This study was supported by the National Natural Science Foundation of
China (No. 82072754 and 32170910), Jiangsu Provincial Key Research and
Development Program (No. BE2018689).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.


http://www.aje.com

Wu et al. Lipids in Health and Disease

(2024) 23:35

Received: 22 October 2023 Accepted: 18 January 2024
Published online: 01 February 2024

References

1.

20.

21

22.

23.

Broadfield LA, Pane AA, Talebi A, Swinnen JV, Fendt SM. Lipid metabo-
lism in cancer: New perspectives and emerging mechanisms. Dev Cell.
2021;56(10):1363-93.

Hoy AJ,Nagarajan SR, Butler LM.Tumour fatty acid metabolism in the context
of therapy resistance and obesity. Nat Rev Cancer. 2021,21(12):753-66.
Muhammad N, Bhattacharya S, Steele R, Phillips N, Ray RB. Involve-
ment of c-Fos in the promotion of cancer stem-like cell proper-

ties in head and neck squamous cell carcinoma. Clin Cancer Res.
2017,23(12):3120-8.

Butler LM, Perone Y, Dehairs J, Lupien LE, de Laat V, Talebi A, et al. Lipids
and cancer: Emerging roles in pathogenesis, diagnosis and therapeutic
intervention. Adv Drug Deliv Rev. 2020;159:245-93.

Snaebjornsson MT, Janaki-Raman S, Schulze A. Greasing the wheels of
the cancer machine: the role of lipid metabolism in cancer. Cell Metab.
2020;31(1):62-76.

Pietrocola F, Galluzzi L, Bravo-San Pedro JM, Madeo F, Kroemer G. Acetyl
coenzyme A: a central metabolite and second messenger. Cell Metab.
2015;21(6):805-21.

Ma'Y, Temkin SM, Hawkridge AM, Guo C, Wang W, Wang XY, et al. Fatty
acid oxidation: an emerging facet of metabolic transformation in
cancer. Cancer Lett. 2018;435:92-100.

Luo J, Yang H, Song B-L. Mechanisms and regulation of cholesterol
homeostasis. Nat Rev Mol Cell Biol. 2020;21(4):225-45.

Bian X, Liu R, Meng Y, Xing D, Xu D, Lu Z. Lipid metabolism and cancer. J
Exp Med. 2021;218(1):220201606.

Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M,
Esmaeili SA, Mardani F, et al. Macrophage plasticity, polarization, and
function in health and disease. J Cell Physiol. 2018,;233(9):6425-40.
Biswas SK, Mantovani A. Macrophage plasticity and interaction with lympho-
cyte subsets: cancer as a paradigm. Nat Immunol. 2010;11(10):889-96.
Mills CD. M1 and M2 Macrophages: Oracles of Health and Disease. Crit
Rev Immunol. 2012;32(6):463-88.

Rodriguez D, Silvera R, Carrio R, Nadji M, Caso R, Rodriguez G, et al.
Tumor microenvironment profoundly modifies functional status of
macrophages: peritoneal and tumor-associated macrophages are two
very different subpopulations. Cell Immunol. 2013;283(1-2):51-60.

Noy R, Pollard JW. Tumor-associated macrophages: from mechanisms
to therapy. Immunity. 2014;41(1):49-61.

Yuan A, Hsiao YJ, Chen HY, Chen HW, Ho CC, Chen YY, et al. Opposite
Effects of M1 and M2 Macrophage Subtypes on Lung Cancer Progres-
sion. Sci Rep. 2015;5:14273.

Pearce EL, Pearce EJ. Metabolic pathways in immune cell activation and
quiescence. Immunity. 2013;38(4):633-43.

Wu H, Han Y, Rodriguez Sillke Y, Deng H, Siddiqui S, Treese C, et al.

Lipid droplet-dependent fatty acid metabolism controls the immune
suppressive phenotype of tumor-associated macrophages. EMBO Mol
Med. 2019;11(11):210698.

Wu L, Zhang X, Zheng L, Zhao H, Yan G, Zhang Q, et al. RIPK3 Orches-
trates Fatty Acid Metabolism in Tumor-Associated Macrophages and
Hepatocarcinogenesis. Cancer Immunol Res. 2020;8(5):710-21.

Ma, Zhang S, Jin Z, Shi M. Lipid-mediated regulation of the cancer-
immune crosstalk. Pharmacol Res. 2020;161:105131.

HouY,Wei D, Zhang Z, Guo H, Li S, Zhang J, et al. FABP5 controls macrophage
alternative activation and allergic asthma by selectively programming
long-chain unsaturated fatty acid metabolism. Cell Rep. 2022;41(7):111668.
Drieu A, Du S, Storck SE, Rustenhoven J, Papadopoulos Z, Dykstra T,

et al. Parenchymal border macrophages regulate the flow dynamics of
the cerebrospinal fluid. Nature. 2022;611(7936):585-93.

Yang P, Qin H, LiY, Xiao A, Zheng E, Zeng H, et al. CD36-mediated
metabolic crosstalk between tumor cells and macrophages affects liver
metastasis. Nat Commun. 2022;13(1):5782.

Wu L, Zhang X, Zheng L, Zhao H, Yan G, Zhang Q, et al. RIPK3 Orches-
trates Fatty Acid Metabolism in Tumor-Associated Macrophages and
Hepatocarcinogenesis. Cancer Immunol Res. 2020;8(5):710-21.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 150f 17

Goossens P, Rodriguez-Vita J, Etzerodt A, Masse M, Rastoin O,
Gouirand V, et al. Membrane cholesterol efflux drives tumor-asso-
ciated macrophage reprogramming and tumor progression. Cell
Metab. 2019;29(6):1376-89 e4.

Wang S, Yan W, Kong L, Zuo S, Wu J, Zhu C, et al. Oncolytic viruses
engineered to enforce cholesterol efflux restore tumor-associated
macrophage phagocytosis and anti-tumor immunity in glioblastoma.
Nat Commun. 2023;14(1):4367.

Chapman NM, Boothby MR, Chi H. Metabolic coordination of T cell
quiescence and activation. Nat Rev Immunol. 2020;20(1):55-70.
Pearce EL, Poffenberger MC, Chang CH, Jones RG. Fueling immunity:
insights into metabolism and lymphocyte function. Science (New
York, NY). 2013;342(6155):1242454.

Liu X, Hartman CL, Li L, Albert CJ, Si F, Gao A, et al. Reprogramming
lipid metabolism prevents effector T cell senescence and enhances
tumor immunotherapy. Sci Transl Med. 2021;13(587):eaaz6314.
Manzo T, Prentice BM, Anderson KG, Raman A, Schalck A, Codreanu
GS, et al. Accumulation of long-chain fatty acids in the tumor micro-
environment drives dysfunction in intrapancreatic CD8+ T cells. J Exp
Med. 2020;217(8):20191920.

Wang R, Liu Z, Fan Z, Zhan H. Lipid metabolism reprogramming of CD8+ T
cell and therapeutic implications in cancer. Cancer Lett. 2023;567:216267.
Ma X, Xiao L, Liu L, Ye L, Su P, Bi E, et al. CD36-mediated ferroptosis
dampens intratumoral CD8(+) T cell effector function and impairs
their antitumor ability. Cell Metab. 2021;33(5):1001-12 e5.

Xu S, Chaudhary O, Rodriguez-Morales P, Sun X, Chen D, Zappasodi R,
et al. Uptake of oxidized lipids by the scavenger receptor CD36 pro-
motes lipid peroxidation and dysfunction in CD8+ T cells in tumors.
Immunity. 2021;54(7):1561-1577.e7.

Field CS, Baixauli F, Kyle RL, Puleston DJ, Cameron AM, Sanin DE,

et al. Mitochondrial integrity regulated by lipid metabolism is a
cell-intrinsic checkpoint for treg suppressive function. Cell Metab.
2020;31(2):422-37.e5.

Raud B, McGuire PJ, Jones RG, Sparwasser T, Berod L. Fatty acid
metabolism in CD8(+) T cell memory: Challenging current concepts.
Immunol Rev. 2018;283(1):213-31.

Ma X, Bi E, LuY, Su P, Huang C, Liu L, et al. Cholesterol Induces CD8+
T Cell Exhaustion in the Tumor Microenvironment. Cell Metab.
2019;30(1):143-156.€5.

van der Windt GJ, Everts B, Chang CH, Curtis JD, Freitas TC, Amiel E,
et al. Mitochondrial respiratory capacity is a critical regulator of CD8+
T cell memory development. Immunity. 2012;36(1):68-78.

Chapman NM, Boothby MR, Chi H. Metabolic coordination of T cell
quiescence and activation. Nat Rev Immunol. 2020;20(1):55-70.
Nava Lauson CB, Tiberti S, Corsetto PA, Conte F, Tyagi P, Machwirth
M, et al. Linoleic acid potentiates CD8+ T cell metabolic fitness and
antitumor immunity. Cell Metab. 2023;35(4):633-650.e9.

Luu M, Riester Z, Baldrich A, Reichardt N, Yuille S, Busetti A, et al. Microbial
short-chain fatty acids modulate CD8(+) T cell responses and improve
adoptive immunotherapy for cancer. Nat Commun. 2021;12(1):4077.
Dirat B, Bochet L, Dabek M, Daviaud D, Dauvillier S, Majed B, et al.
Cancer-associated adipocytes exhibit an activated phenotype and
contribute to breast cancer invasion. Cancer Res. 2011;71(7):2455-65.
Matias MI, Yong CS, Foroushani A, Goldsmith C, Mongellaz C, Sezgin
E, et al. Regulatory T cell differentiation is controlled by aKG-induced
alterations in mitochondrial metabolism and lipid homeostasis. Cell
Rep. 2021;37(5):109911.

Shan J, Jin H, Xu Y. T Cell Metabolism: A New Perspective on Th17/
Treg Cell Imbalance in Systemic Lupus Erythematosus. Front Immu-
nol. 2020;11:1027.

Almeida L, Dhillon-LaBrooy A, Carriche G, Berod L, Sparwasser T.
CD4(+) T-cell differentiation and function: Unifying glycolysis, fatty
acid oxidation, polyamines NAD mitochondria. J Allergy Clin Immu-
nol. 2021;148(1):16-32.

Ladanyi A, Mukherjee A, Kenny HA, Johnson A, Mitra AK, Sundaresan

S, et al. Adipocyte-induced CD36 expression drives ovarian cancer
progression and metastasis. Oncogene. 2018;37(17):2285-301.

Field CS, Baixauli F, Kyle RL, Puleston DJ, Cameron AM, Sanin DE, et al.
mitochondrial integrity regulated by lipid metabolism is a cell-intrinsic
checkpoint for Treg suppressive function. Cell Metab. 2020;31(2):422-
437.e5.



Wu et al. Lipids in Health and Disease

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

(2024) 23:35

Lim SA, Wei J, Nguyen TM, Shi H, Su W, Palacios G, et al. Lipid signalling
enforces functional specialization of T(reg) cells in tumours. Nature.
2021,591(7849):306-11.

Lim SA, Wei J, Nguyen TLM, Shi H, Su W, Palacios G, et al. Lipid signalling
enforces functional specialization of Treg cells in tumours. Nature.
2021,;591(7849):306-11.

Di Sabatino A, Pickard KM, Gordon JN, Salvati V, Mazzarella G, Beat-

tie RM, et al. Evidence for the role of interferon-alfa production by
dendritic cells in the Th1 response in celiac disease. Gastroenterology.
2007;133(4):1175-87.

Merad M, Salmon H. Cancer: A dendritic-cell brake on antitumour
immunity. Nature. 2015;523(7560):294-5.

Zhao C, Zhou J, Meng Y, Shi N, Wang X, Zhou M, et al. DHA Sensor
GPR120 in Host Defense Exhibits the Dual Characteristics of Regulating
Dendritic Cell Function and Skewing the Balance of Th17/Tregs. Int J
Biol Sci. 2020;16(3):374-87.

Weulek SK, Cueto FJ, Mujal AM, Melero |, Krummel MF, Sancho D.
Dendritic cells in cancer immunology and immunotherapy. Nat Rev
Immunol. 2020;20(1):7-24.

Qiu CC, Atencio AE, Gallucci S. Inhibition of fatty acid metabolism

by etomoxir or TOFA suppresses murine dendritic cell activation
without affecting viability. Immunopharmacol Immunotoxicol.
2019;41(3):361-9.

Hosseini R, Asef-Kabiri L, Yousefi H, Sarvnaz H, Salehi M, Akbari ME, et al.
The roles of tumor-derived exosomes in altered differentiation, matura-
tion and function of dendritic cells. Mol Cancer. 2021;20(1):83.

Kallergi E, Daskalaki A-D, Kolaxi A, Camus C, loannou E, Mercaldo V, et al.
Dendritic autophagy degrades postsynaptic proteins and is required for
long-term synaptic depression in mice. Nat Commun. 2022;13(1):680.
Oh DS, Lee HK. Autophagy protein ATG5 regulates CD36 expression
and anti-tumor MHC class Il antigen presentation in dendritic cells.
Autophagy. 2019;15(12):2091-106.

Jiang L, Fang X, Wang H, Li D, Wang X. Ovarian cancer-intrinsic fatty acid
synthase prevents anti-tumor immunity by disrupting tumor-infiltrating
dendritic cells. Front Immunol. 2018;9:2927.

Chae CS, Sandoval TA, Hwang SM, Park ES, Giovanelli P, Awasthi D, et al.
Tumor-derived lysophosphatidic acid blunts protective type | interferon
responses in ovarian cancer. Cancer Discov. 2022;12(8):1904-21.

Santos PM, Menk AV, Shi J, Tsung A, Delgoffe GM, Butterfield LH.
Tumor-derived a-fetoprotein suppresses fatty acid metabolism and
oxidative phosphorylation in dendritic cells. Cancer Immunol Res.
2019;7(6):1001-12.

Fennell DA, Dulloo S, Harber J. Immunotherapy approaches for malig-
nant pleural mesothelioma. Nat Rev Clin Oncol. 2022;19(9):573-84.
Rockenfeller P, Koska M, Pietrocola F, Minois N, Knittelfelder O, Sica V,

et al. Phosphatidylethanolamine positively regulates autophagy and
longevity. Cell Death Differ. 2015;22(3):499-508.

Huang Y, Kim BYS, Chan CK, Hahn SM, Weissman IL, Jiang W. Improving
immune-vascular crosstalk for cancer immunotherapy. Nat Rev Immu-
nol. 2018;18(3):195-203.

Kuo A, Lee MY, Sessa WC. Lipid droplet biogenesis and function in the
endothelium. Circ Res. 2017;120(8):1289-97.

Liu S, GalatV, Galat Y, Lee YKA, Wainwright D, Wu J. NK cell-based cancer
immunotherapy: from basic biology to clinical development. J Hematol
Oncol. 2021;14(1):7.

Terrén |, Orrantia A, Vitallé J, Zenarruzabeitia O, Borrego F. NK cell metab-
olism and tumor microenvironment. Front Immunol. 2019;10:2278.
Gong Z, Li Q, Shi J, Liu ET, Shultz LD, Ren G. Lipid-laden lung
mesenchymal cells foster breast cancer metastasis via metabolic
reprogramming of tumor cells and natural killer cells. Cell Metab.
2022;34(12):1960-1976.€9.

Ghaffari S, Jang E, Naderinabi F, Sanwal R, Khosraviani N, Wang C, et al.
Endothelial HMGB1 Is a Critical Regulator of LDL Transcytosis via an
SREBP2-SR-BI Axis. Arterioscler Thromb Vasc Biol. 2021:41(1):200-16.
Sousa MEP, Gonzatti MB, Fernandes ER, Freire BM, Guereschi MG, Basso
AS, et al. Invariant Natural Killer T cells resilience to paradoxical sleep
deprivation-associated stress. Brain Behav Immun. 2020;90:208-15.
Jiang J, Tu H, Li P. Lipid metabolism and neutrophil function. Cell Immu-
nol. 2022;377:104546.

Giese MA, Hind LE, Huttenlocher A. Neutrophil plasticity in the tumor
microenvironment. Blood. 2019;133(20):2159-67.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Page 16 of 17

Kim R, Hashimoto A, Markosyan N, Tyurin VA, Tyurina YY, Kar G, et al. Fer-
roptosis of tumour neutrophils causes immune suppression in cancer.
Nature. 2022;612(7939):338-46.

Tavazoie MF, Pollack |, Tanqueco R, Ostendorf BN, Reis BS, Gonsalves
FC, et al. LXR/ApoE activation restricts innate immune suppression in
cancer. Cell. 2018;172(4):825-840.e18.

Bancaro N, Cali B, Troiani M, Elia AR, Arzola RA, Attanasio G, et al.
Apolipoprotein E induces pathogenic senescent-like myeloid cells in
prostate cancer. Cancer cell. 2023;41(3):602-619.e11.

Veglia F, Tyurin VA, Blasi M, De Leo A, Kossenkov AV, Donthireddy L, et al.
Fatty acid transport protein 2 reprograms neutrophils in cancer. Nature.
2019;569(7754):73-8.

Corn KC, Windham MA, Rafat M. Lipids in the tumor microenvironment:
From cancer progression to treatment. Prog Lipid Res. 2020;80:101055.
Yang Z,HuoY, Zhou S, Guo J, Ma X, Li T, et al. Cancer cell-intrinsic

XBP1 drives immunosuppressive reprogramming of intratumoral
myeloid cells by promoting cholesterol production. Cell Metab.
2022;34(12):2018-2035.€8.

Mhaidly R, Mechta-Grigoriou F. Role of cancer-associated fibroblast
subpopulations in immune infiltration, as a new means of treatment in
cancer. Immunol Rev. 2021;302(1):259-72.

Chen X, Song E. Turning foes to friends: targeting cancer-associated
fibroblasts. Nat Rev Drug Discovery. 2019;18(2):99-115.

Song M, He J, Pan QZ, Yang J, Zhao J, Zhang YJ, et al. Cancer-associated
fibroblast-mediated cellular crosstalk supports hepatocellular carci-
noma progression. Hepatology. 2021;73(5):1717-35.

Auciello FR, Bulusu V, Oon C, Tait-Mulder J, Berry M, Bhattacharyya S,

et al. A stromal Lysolipid-Autotaxin signaling axis promotes pancreatic
tumor progression. Cancer Discov. 2019;,9(5):617-27.

Tian'Y,Yang B, Qiu W, Hao Y, Zhang Z, Yang B, et al. ER-residential
Nogo-B accelerates NAFLD-associated HCC mediated by metabolic
reprogramming of oxLDL lipophagy. Nat Commun. 2019;10(1):3391.
Qi R, BaiY, LiK, LiuN, XuY, Dal E, et al. Cancer-associated fibroblasts
suppress ferroptosis and induce gemcitabine resistance in pancreatic
cancer cells by secreting exosome-derived ACSL4-targeting miRNAs.
Drug Resist Updat. 2023;68:100960.

Zhu G-Q, Tang Z, Huang R, QuW-F, Fang Y, Yang R, et al. CD36+ cancer-
associated fibroblasts provide immunosuppressive microenvironment
for hepatocellular carcinoma via secretion of macrophage migration
inhibitory factor. Cell Discov. 2023;9(1):25.

Canfrdn-Duque A, Rotllan N, Zhang X, Andrés-Blasco |, Thompson BM,
Sun J, et al. Macrophage-Derived 25-Hydroxycholesterol Promotes Vas-
cular Inflammation, Atherogenesis, and Lesion Remodeling. Circulation.
2023;147(5):388-408.

Nguyen MA, Hoang HD, Rasheed A, Duchez AC, Wyatt H, Cottee ML,

et al. miR-223 Exerts Translational Control of Proatherogenic Genes in
Macrophages. Circ Res. 2022;131(1):42-58.

Wang T, Fahrmann JF, Lee H, Li Y-J, Tripathi SC, Yue C, et al. JAK/STAT3-
regulated fatty acid 3-oxidation is critical for breast cancer stem cell
self-renewal and Chemoresistance. Cell Metab. 2018;27(1):136-150.e5.
Mohammad N, Singh SV, Malvi P, Chaube B, Athavale D, Vanuopadath
M, et al. Strategy to enhance efficacy of doxorubicin in solid tumor cells
by methyl-B-cyclodextrin: Involvement of p53 and Fas receptor ligand
complex. Sci Rep. 2015;5:11853.

Mohammad N, Malvi P, Meena AS, Singh SV, Chaube B, Vannuruswamy
G, et al. Cholesterol depletion by methyl-3-cyclodextrin augments
tamoxifen induced cell death by enhancing its uptake in melanoma.
Mol Cancer. 2014;13:204.

Singh S, Chouhan S, Mohammad N, Bhat MK. Resistin causes G1

arrest in colon cancer cells through upregulation of SOCS3. FEBS Lett.
2017;591(10):1371-82.

Muhammad N, Ruiz F, Stanley J, Rashmi R, Cho K, Jayachandran K,

et al. Monounsaturated and diunsaturated fatty acids sensitize cervical
cancer to radiation therapy. Can Res. 2022;82(24):4515-27.

Singh SV, Ajay AK, Mohammad N, Malvi P, Chaube B, Meena AS, et al.
Proteasomal inhibition sensitizes cervical cancer cells to mitomycin
C-induced bystander effect: the role of tumor microenvironment.
Cell Death Dis. 2015;6(10):e1934.

Ma X, Xiao L, Liu L, Ye L, Su P, Bi E, et al. CD36-mediated ferroptosis
dampens intratumoral CD8+ T cell effector function and impairs
their antitumor ability. Cell Metab. 2021;33(5):1001-1012.e5.



Wu et al. Lipids in Health and Disease

92.

93.

94.

95.

96.

97.

98.

99.

101.

102.

103.

104.

105.

106.

107.

109.

110.

(2024) 23:35

Liu J, Sun B, Guo K, Yang Z, Zhao Y, Gao M, et al. Lipid-related FABP5
activation of tumor-associated monocytes fosters immune privilege
via PD-L1 expression on Treg cells in hepatocellular carcinoma.
Cancer Gene Ther. 2022;29(12):1951-60.

Lin R, Zhang H, Yuan Y, He Q, Zhou J, Li S, et al. Fatty Acid Oxidation
Controls CD8+ Tissue-Resident Memory T-cell Survival in Gastric
Adenocarcinoma. Cancer Immunol Res. 2020;8(4):479-92.

Zhang M, Yu L, Sun'Y, Hao L, Bai J, Yuan X, et al. Comprehensive
Analysis of FASN in tumor immune infiltration and prognostic value
for immunotherapy and promoter DNA methylation. Int J Mol Sci.
2022,23(24):15603.

Katoh Y, Yaguchi T, Kubo A, Iwata T, Morii K, Kato D, et al. Inhibition

of stearoyl-CoA desaturase 1 (SCD1) enhances the antitumor T cell
response through regulating 3-catenin signaling in cancer cells and
ER stress in T cells and synergizes with anti-PD-1 antibody. J Immu-
nother Cancer. 2022;10(7):e004616.

LiL, Chao Z, Waikeong U, Xiao J, Ge Y, Wang Y, et al. Metabolic clas-
sifications of renal cell carcinoma reveal intrinsic connections with
clinical and immune characteristics. J Transl Med. 2023;21(1):146.
Gong L, Luo J, Zhang Y, Yang Y, Li S, Fang X, et al. Nasopharyngeal car-
cinoma cells promote regulatory T cell development and suppressive
activity via CD70-CD27 interaction. Nat Commun. 2023;14(1):1912.
Chang L, Fu S, GaoT, Sang X, Yang H, Liu X, et al. Regulating T-cell
metabolic reprogramming and blocking PD-1 co-promote per-
sonalized postoperative autologous nanovaccines. Biomaterials.
2023;297:122104.

Kim MJ, Kim K, Park HJ, Kim G-R, Hong KH, Oh JH, et al. Deletion

of PD-1 destabilizes the lineage identity and metabolic fitness of
tumor-infiltrating regulatory T cells. Nat Immunol. 2023;24(1):148-61.
Guo W, Wu Z,Chen J, Guo S, You W, Wang S, et al. Nanoparticle delivery
of miR-21-3p sensitizes melanoma to anti-PD-1 immunotherapy by
promoting ferroptosis. J Immunother Cancer. 2022;10(6):e004381.
Zhang S-L, Mao Y-Q, Zhang Z-Y, Li Z-M, Kong C-Y, Chen H-L, et al.
Pectin supplement significantly enhanced the anti-PD-1 efficacy in
tumor-bearing mice humanized with gut microbiota from patients
with colorectal cancer. Theranostics. 2021;11(9):4155-70.

Chen W, Teo JMN, Yau SW, Wong MYM, Lok CN, Che CM, et al. Chronic
type | interferon signaling promotes lipid-peroxidation-driven
terminal CD8+ T cell exhaustion and curtails anti-PD-1 efficacy. Cell
reports. 2022;41(7):111647.

Jin H-R, Wang J, Wang Z-J, Xi M-J, Xia B-H, Deng K, et al. Lipid meta-
bolic reprogramming in tumor microenvironment: from mechanisms
to therapeutics. J Hematol Oncol. 2023;16(1):103.

Mwaikambo BR, Sennlaub F, Ong H, Chemtob S, Hardy P. Activation
of CD36 inhibits and induces regression of inflammatory corneal
neovascularization. Invest Ophthalmol Vis Sci. 2006;47(10):4356-64.
Mansor LS, Sousa Fialho MDL, Yea G, Coumans WA, West JA, Kerr M,
et al. Inhibition of sarcolemmal FAT/CD36 by sulfo-N-succinimidyl
oleate rapidly corrects metabolism and restores function in the
diabetic heart following hypoxia/reoxygenation. Cardiovasc Res.
2017;113(7):737-48.

Guo D, Lin C, LuY, Guan H, Qi W, Zhang H, et al. FABP4 secreted by
M1-polarized macrophages promotes synovitis and angiogenesis to
exacerbate rheumatoid arthritis. Bone Res. 2022;10(1):45.

Zhou W, Zhang J, Yan M, Wu J, Lian S, Sun K, et al. Orlistat induces
ferroptosis-like cell death of lung cancer cells. Front Med.
2021;15(6):922-32.

Oh JE, Jung BH, Park J, Kang S, Lee H. Deciphering fatty acid synthase
inhibition-triggered metabolic flexibility in prostate cancer cells
through untargeted metabolomics. Cells. 2020;9(11):2447.
Alwarawrah Y, Hughes P, Loiselle D, Carlson DA, Darr DB, Jordan JL,

et al. Fasnall, a Selective FASN Inhibitor, Shows Potent Anti-tumor
Activity in the MMTV-Neu Model of HER2(+) Breast Cancer. Cell
Chem Biol. 2016,23(6):678-88.

Feng X, Zhang L, Xu S, Shen A-Z. ATP-citrate lyase (ACLY) in lipid
metabolism and atherosclerosis: an updated review. Prog Lipid Res.
2020;77:101006.

Svensson RU, Parker SJ, Eichner LJ, Kolar MJ, Wallace M, Brun SN, et al.
Inhibition of acetyl-CoA carboxylase suppresses fatty acid synthesis
and tumor growth of non-small-cell lung cancer in preclinical mod-
els. Nat Med. 2016;22(10):1108-19.

112

113.

114,

116.

118.

122.

123.

124.

125.

128.

129.

130.

131.

132.

Page 17 of 17

Lally JSV, Ghoshal S, DePeralta DK, Moaven O, Wei L, Masia R, et al. Inhi-
bition of Acetyl-CoA Carboxylase by Phosphorylation or the Inhibitor
ND-654 Suppresses Lipogenesis and Hepatocellular Carcinoma. Cell
Metab. 2019;29(1):174-182.e5.

von Roemeling CA, Marlow LA, Wei JJ, Cooper SJ, Caulfield TR, Wu

K, et al. Stearoyl-CoA desaturase 1 is a novel molecular thera-
peutic target for clear cell renal cell carcinoma. Clin Cancer Res.
2013;19(9):2368-80.

ZhouY, Zhong L, Yu S, Shen W, Cai C, Yu H. Inhibition of stearoyl-
coenzyme A desaturase 1 ameliorates hepatic steatosis by inducing
AMPK-mediated lipophagy. Aging (Albany NY). 2020;12(8):7350-62.
Tan S, Feng X, Liu Z, Wang Q, Jiang Q, Ye X, et al. The pro-inflamma-
tory effect of triglyceride on human CD4+ T cells and experimental
autoimmune uveitis. Clin Immunol. 2022;240:109056.

Barlind JG, Bauer UA, Birch AM, Birtles S, Buckett LK, Butlin RJ, et al.
Design and optimization of pyrazinecarboxamide-based inhibitors
of diacylglycerol acyltransferase 1 (DGAT1) leading to a clinical can-
didate dimethylpyrazinecarboxamide phenylcyclohexylacetic acid
(AZD7687). ) Med Chem. 2012;55(23):10610-29.

Broadfield LA, Pane AA, Talebi A, Swinnen JV, Fendt S-M. Lipid
metabolism in cancer: New perspectives and emerging mechanisms.
Dev Cell. 2021;56(10):1363-93.

Liu J-Q, Zhang C, Zhang X, Yan J, Zeng C, Talebian F, et al. Intratu-
moral delivery of IL-12 and IL-27 mRNA using lipid nanoparticles for
cancer immunotherapy. J Control Release. 2022;345:306-13.

Zong Y, Lin Y, Wei T, Cheng Q. Lipid Nanoparticle (LNP) Enables mRNA
delivery for cancer therapy. Adv Mater. 2023;35(51):e2303261.

Chen J,Ye Z, Huang C, Qiu M, Song D, LiV, et al. Lipid nanoparticle-
mediated lymph node-targeting delivery of mRNA cancer vaccine
elicits robust CD8+ T cell response. Proc Natl Acad Sci USA.
2022;119(34):€2207841119.

Huang T, Peng L, Han Y, Wang D, He X, Wang J, et al. Lipid nanopar-
ticle-based mRNA vaccines in cancers: Current advances and future
prospects. Front Immunol. 2022;13:922301.

Morigny P, Boucher J, Arner P, Langin D. Lipid and glucose metabo-
lism in white adipocytes: pathways, dysfunction and therapeutics.
Nat Rev Endocrinol. 2021;17(5):276-95.

Qin'Y, Ashrafizadeh M, Mongiardini V, Grimaldi B, Crea F, Rietdorf K,
et al. Autophagy and cancer drug resistance in dialogue: Pre-clinical
and clinical evidence. Cancer Lett. 2023;570:216307.

Ashrafizadeh M, Zhang W, Zou R, Sethi G, Klionsky DJ, Zhang X.

A bioinformatics analysis, pre-clinical and clinical conception of
autophagy in pancreatic cancer: Complexity and simplicity in cross-
talk. Pharmacol Res. 2023;194:106822.

Xiao Q, Xia M, Tang W, Zhao H, Chen Y, Zhong J. The lipid metabo-
lism remodeling: A hurdle in breast cancer therapy. Cancer Lett.
2024;582:216512.

Cremer J, Brohée L, Dupont L, Lefevre C, Peiffer R, Saarinen AM, et al.
Acidosis-induced regulation of adipocyte GOS2 promotes crosstalk
between adipocytes and breast cancer cells as well as tumor pro-
gression. Cancer Lett. 2023;569:216306.

Bian X, Liu R, Meng, Xing D, Xu D, Lu Z. Lipid metabolism and cancer. J
Exp Med. 2021;218(1):20201606.

Wang D, Ye Q, Gu H, Chen Z.The role of lipid metabolism in tumor
immune microenvironment and potential therapeutic strategies.
Front Oncol. 2022;12:984560.

Cheng C, Geng F, Cheng X, Guo D. Lipid metabolism reprogram-
ming and its potential targets in cancer. Cancer Commun (London,
England). 2018;38(1):27.

Cao Y. Adipocyte and lipid metabolism in cancer drug resistance. J
Clin Investig. 2019;129(8):3006-17.

Shah S, Dhawan V, Holm R, Nagarsenker MS, Perrie Y. Liposomes:
Advancements and innovation in the manufacturing process. Adv
Drug Deliv Rev. 2020;154-155:102-22.

Lee Y, Graham P, Li Y. Extracellular vesicles as a novel approach for breast
cancer therapeutics. Cancer Lett. 2023;555: 216036.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Reprogramming of lipid metabolism in the tumor microenvironment: a strategy for tumor immunotherapy
	Abstract 
	Introduction
	Lipid metabolism processes

	Reprogramming of lipid metabolism in the tumor microenvironment
	Macrophages
	T cells
	Dendritic cells (DCs)
	Natural-killer (NK) cells
	Neutrophils and myeloid-derived suppressor cells (MDSCs)
	Cancer-associated fibroblasts (CAFs)

	Lipid metabolism and cancer therapy
	Lipid metabolism and chemotherapy, radiotherapy
	Lipid metabolism and immunotherapy
	Lipid metabolism and inhibitors
	Lipid nanoparticles are great delivery systems

	Strengths and limitations
	Summary
	Acknowledgements
	References


