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Crosstalk between stromal, 
immune, and ovarian cancer 
cells in lipid-rich tumor 
microenvironment exhibits 
proliferative features 

1 1 1 1Qinsiyu Ma , Rui Kang , Ruiyue Xu , Yifu Guan , 
Shijie Chang 2* and Shuo Li 1* 

1Department of Biochemistry and Molecular Biology, School of Life Sciences, China Medical 
University, Shenyang, Liaoning, China, 2Department of Biomedical Engineering, China Medical 
University, Shenyang, Liaoning, China 
Lipid metabolism reprogramming has long been noticed as the hallmark of 
ovarian cancer, in order to maintain proliferative features including rapid cell 
division, metastasis capability, and chemotherapy resistance, as well as to survive 
under environmental stress, alteration of lipid metabolic pathways takes place, 
especially over-expression of rate-limiting enzymes, enhances lipid uptake, fatty 
acid synthesis, b-oxidation, lipid storage, and cellular membrane construction. In 
lipid-rich ascites and omental tumor microenvironments, the biological 
functions of stromal and immune cells change, forming a premetastatic niche 
and immunosuppressive tumor microenvironment via modifying extracellular 
matrix components and secreting cytokines. The crosstalk between stromal, 
immune, and ovarian cancer cells results in tumor proliferation, metastasis, and 
escape of immune surveillance. Given the importance of lipid metabolism for 
ovarian cancer survival, targeting lipid metabolism key enzymes in ovarian cancer 
or stromal tumor microenvironment may bring novel insights for ovarian 
cancer treatment. 
KEYWORDS 

lipid metabolism, ovarian cancer, stromal tumor microenvironment, immune response, 
immunosuppresive TME 
1 Introduction 

Ovarian cancer is one of the most lethal gynecological malignancies. As the eighth most 
common cancer among women worldwide, ovarian cancer accounts for an estimated 3.7% of 
cases and 4.7% of cancer deaths in 2020 (1). The current primary treatment for ovarian cancer 
still consists of cytoreductive surgery and chemotherapy that combines platinum compounds 
and taxanes. Currently, acquired drug resistance in ovarian cancer is mainly considered the 
result of drug efflux caused by P-glycoprotein, encoded by ATP-binding cassette B1 (ABCB1), 
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which is significantly affected by various lipid compounds especially 
those residing in their close proximity in the plasma membrane. 
However, the development of P-glycoprotein as a therapeutic target 
has been unsuccessful (2). Emerging evidence implicates a key role for 
non-mutational drug resistance mechanisms underlying the survival 
of residual cancer “persister” cells. Drug-tolerant persister cancer cells 
exhibited phenotypic plasticity, including metabolic adaption, stem-

like characteristics, and dormancy to temporarily survive therapeutic 
pressure (3). Hence, there is an urgent demand for new clinical 
biomarkers targeting chemotherapy resistance occurrence and 
exploring novel therapeutic strategies. 

Ovarian cancer features a unique tumor microenvironment 
(TME) characterized by hypoxia, large amounts of fat in the 
omentum, and ascites, all of which contribute to complex biological 
behaviors such as cellular metabolic reprogramming, reduced 
perfusion of chemotherapeutic drugs, and the promotion of an 
immunosuppressive environment. In order to survive in this 
environment, tumor cells undergo reprogramming of lipid 
metabolism to adapt to the metabolic and oxidative stress in the 
microenvironment, which mostly involves dysregulation of metabolic 
key enzyme activities and expression. During metabolic stress 
conditions, fatty acids (FAs) stored in lipid droplets (LDs) are 
hydrolyzed via activating fatty acid oxidation (FAO). This process 
aims to maintain rapid cancer cell division via adequate energy 
supply and cell membrane construction. These processes require 
cooperation between multiple enzymes. Increased reliance on 
oxidative phosphorylation (OXPHOS) has been reported as a 
distinctive hallmark of chemotherapy resistance cancer cells in 
numerous tumor types (4, 5). The unique peritoneal metastasis 
microenvironment of ovarian cancer is composed of tumor cells, 
immune cells including CD4+ and CD8+ T cells, tumor-associated 
macrophages (TAMs), natural killer cells (NK cells), dentritic cells 
(DCs), and myeloid-derived suppressor cells (MDSCs), as well as 
stromal cells including adipocytes, fibroblasts, human peritoneal 
mesothelial cells, and endothelial cells. The crosstalk between 
stromal cells, immune cells, and cancer cells enhances proliferative 
and drug-resistant phenotypes of cancer cells through the exchange 
of cytokines and activation of multiple downstream signaling 
pathways. Ovarian cancer cells also form a nutritional coupling 
relationship with stromal cells in TME, characterized by mutual 
metabolic dependency, particularly in terms of nutrient uptake, 
utilization, and sharing, indicating that these metabolic interactions 
create a cooperative “ecosystem” where tumor cells and surrounding 
cells rewire the metabolism pathways, supporting cancer growth and 
evading immune attack. Until recently, the stromal TME 
contribution to this metabolism reprogramming has not been fully 
appreciated, particularly in ovarian cancer. 

These notable changes in metabolic pathways act as stress responses, 
allowing cancer cells to adapt to harsh TME, leading to chemotherapy 
resistance. Here, we summarized the detailed mechanisms of altered 
lipid metabolism influencing the immune, stromal and ovarian cancer 
cells in TME, gaining a better understanding of carcinogenesis, 
metastasis, and chemoresistance occurrence, providing novel insights  
into chemotherapeutic strategies, and finding solutions for reversing the 
immunosuppressive TME. 
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2 Lipid metabolism involved processes 

2.1 Lipid uptake 

Many cancers (colon, breast, prostate, lung, ovarian cancer, and 
hematologic malignancies) stimulate lipolysis in adipocytes, 
followed by the uptake of FAs from the surrounding adipose 
tissue. The FAs enter the cancer cell through specific FA

receptors and binding proteins (e.g., CD36, FATP1) and are used 
for membrane synthesis, energy metabolism, or lipid-derived cell 
signaling molecules (derivatives of arachidonic and linolenic acid). 
The access to increased lipids in ovarian cancer relies on both 
endogenous and exogenous pathways. Endogenous pathway 
depends on the intracellular de novo lipid synthesis, which utilizes 
acetyl-CoA as substrate. Exogenous pathway of lipid uptake 
requires the assistance of several lipid transporters, namely CD36, 
FA-transport proteins (FATPs), as well as FA-binding proteins 
(FABPs) (Figure 1c). The over-expression of CD36, FATPs, and 
FABPs had been indicated in ovarian cancer and other 
malignancies, correlating to cancer proliferation and aggressive 
behavior including metastasis (6). CD36 is a transmembrane 
glycoprotein receptor with a high affinity for long-chain FAs and 
cholesterol facilitating transmembrane passage and mediating 
intracellular trafficking via FABPs and endosomes. CD36-

mediated activation of SRC/MAPK, AKT/GSK3b/b-catenin 
signaling axes, STAT3, and SOX2 had been shown to induce 
epithelial-mesenchymal  transition  (EMT)  and  promote  
proliferation, cancer stemness, metastasis as well as drug 
resistance (7). FABPs have been shown to directly promote 
ovarian cancer metastasis by facilitating the transcellular delivery 
of FA from omental host adipocytes to the ovarian cancer cells (8). 
Recent studies also indicated the inhibition of FATPs sensitizes 
ovarian cancers to oncolytic virus therapy via lipid modulation of 
the TME (9). Taken together, these studies illustrate that ovarian 
cancer promotes lipolysis and FAs uptake through transporters 
including CD36, FATPs, and FABPs, fueling tumor growth, 
metastasis, and drug resistance. Targeting these lipid metabolic 
pathways could enhance therapeutic responses. 
2.2 De novo fatty acid synthesis 

The de novo FAs synthesis is over-expressed in human ovarian 
cancer and in most common human solid tumors. The de novo FAs 
synthesis is mostly based on two key rate-limiting enzymes, namely 
acetyl-CoA carboxylase 1 (ACC1) and FA synthase (FASN). Before 
the biological synthesis of lipids begins, citrate obtained from the 
tricarboxylic acid cycle (TCA cycle) was transported into the 
cellular matrix and catalyzed to acetyl-CoA by ATP-citrate lyase 
(ACLY). ACCs can start the synthesis process via carboxylating 
acetyl-CoA to malonyl-CoA, while FASN continues catalyzing both 
acetyl-CoA and malonyl-CoA to form saturated FAs (SFAs) 
palmitate (C16:0), which are then provided for FAs and 
cholesterol synthesis. Extension of 16-carbon palmitate requires 
the involvement of FAs elongases (FAEs), the process is completed 
frontiersin.org 

https://doi.org/10.3389/fimmu.2025.1614815
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ma et al. 10.3389/fimmu.2025.1614815 
FIGURE 1 

Lipid metabolic pathway alteration and crosstalk between ovarian cancer cells and adipocytes. (By Figdraw.) (a) Endogenous FAs de novo synthesis 
was elevated in ovarian cancer cells under the demand of original materials for higher FAO rate, membrane structure construction, and forming 
signaling factors, which facilitates tumor progression. (b) FAO correlated process was accelerated due to the over-expression of CPT1A, which is 
responsible for transporting fatty acyl-CoA from cytosol to mitochondrial matrix. (c) Lipids are first processed into storage form before being 
accumulated and stored in LDs. Correlating enzymes that turn FAs into TAGs have been found up-regulated in cancer cells, which is consistent with 
the fact that high LD accumulation is a type of stress response. (d) Cell membrane components consist of phospholipids, polyunsaturated FAs, and 
cholesterol to maintain the integrity and fluidity of membranes, which often relates to adhesion or metastasis of malignancies. (e) The crosstalk 
between ovarian cancer and adipocytes involves the secretion of pro-tumor factors and increased lipolysis of adipocytes, providing ovarian cancer 
cells with more FAs for FAO. 
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in the endoplasmic reticulum (ER) or mitochondrion, with 
NADPH as the hydrogen provider. After condensation, 
hydrogenation, dehydration, and rehydrogenation, two carbons 
are added. Normally the reaction in ER can extend palmitate to 
24-carbon FA, whereas the reaction in mitochondrion can extend to 
24 to 26-carbon FAs (Figure 1b). 

ACLY catalyzes the citrate produced from the TCA cycle, either 
from glucose by glycolysis or glutamine, thus ACLY is considered a 
bridge connecting glycometabolism and lipid metabolism. ACLY is 
transcriptionally regulated by sterol regulatory binding element 
binding protein 1 (SREBP1), yet other factors such as insulin, 
glucagon, and TGF-b can also enhance the phosphorylation of 
ACLY (10). In ovarian cancer, the expression of ACLY is observed 
to have elevated compared to normal ovarian tissues, and increased 
expression level of phosphorylated ACLY in ovarian cancer was 
commonly associated with cancer grade, FIGO stage, and poorer 
prognosis. Pharmaceutical blockade of ACLY was reported to 
reverse the acquired cisplatin resistance in ovarian cancer (11). 

FASN facilitates the rapid proliferation of tumors through the 
synthesis of palmitic acid (80%), stearic acid (10%), and myristic 
acid (10%). The accumulation of SFAs alters membrane physical 
properties by reducing fluidity and permeability, which correlates to 
higher risks of cancer progression (12, 13). The activity or 
expression of FASN is recognized and regulated by SREBPs 
through the binding site of its proximal promoter. The SREBP-
FASN axis can be regulated by the PI3K-AKT signaling pathway 
and many proteins, including membrane-bound transcription 
factor protease site 2 (MBTPS2), CD36, and spindle protein 1 
(SPIN1). Pharmacological inhibition of FASN using orlistat, C75, 
and TVB-2640 had achieved significant effects in ovarian cancer 
treatment as well as reversing chemotherapy resistance. The 
changes in FASN activity are considered the stress response of 
cancer cells reacting to changes in TMEs and have been identified as 
a significant contributor to the proliferation, metastasis, and 
progression of cancer. 

The role of ACC1 in tumor progression, metastasis, and 
response to treatment is regulated by protein phosphorylation, 
allosteric modulator binding, and protein-protein interactions. 
AMP-dependent protein kinase (AMPK) phosphorylates ACCs, 
thus inactivating the enzyme, whereas protein phosphatase 2A 
dephosphorylates ACCs, activating the enzyme to produce 
malonyl-CoA. An ACC allosteric inhibitor, 5-tetradecepoxy-2-
furanoic acid (TOFA), regulates ovarian cancer proliferation and 
cell cycle progression, ACC1 has been regarded as an attractive 
therapeutic target for ovarian cancer. Therefore, de novo FAs 
synthesis is upregulated in ovarian cancer, driven by increased 
ACLY, ACC, and FASN-mediated enzymatic activity, which 
promotes proliferation, metastasis, and chemoresistance. 
2.3 Fatty acid oxidation 

The increase of FAO, or b-oxidation, had long been noticed as a 
cancer hallmark, often correlated to the enhancement of FAs 
storage (Figure 1a). FAO is the major source of energy supply in 
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cancer cells, meeting the requirement for high energy consumption 
during rapid cell division. Carnitine palmitoyltransferase 1A 
(CPT1A) is the rate-limiting enzyme in FAO, mediating the 
transportation of FAs from the intracellular matrix to the 
mitochondrial matrix, where FAs are oxidized to produce acetyl-
CoA as an essential source for ATP, NADH, and FADH2 
production in the TCA cycle. In our previous research, CPT1A 
had been identified to be differentially expressed with significance in 
paclitaxel-resistant ovarian cancer cell line A2780, and inhibition of 
CPT1A resulted in a prominent decrease of paclitaxel-resistant 
phenotype (14). Other studies revealed CPT1A as a clinical 
biomarker of platinum resistance using multiomic analysis (15). 
Ovarian cancer cells elevate the expression of CPT1A to maintain a 
high FAO level. CPT1A interacts with many cellular signaling 
pathways, including c-MYC and AMPK in breast cancer. The 
target also promotes cancer proliferation, metastasis, or 
therapeutic resistance through oncogenic signaling pathways 
including PI3K/AKT/mTOR, VEGF, ERK, and Src pathways. 
Furthermore, over-expression of CPT1A can also promote EMT 
and cancer cell stemness, leading to the invasion and metastasis of 
cancer cells (16). Thus, inhibiting FAO is an attractive means for 
ovarian cancer, given its critical role in sustaining tumor 
aggressiveness and treatment resistance. 
2.4 Lipid storage 

Lipid storage in cancer cells is mainly completed via the 
accumulation of LDs. Cancer cells introduce LDs as powerful 
methods to ensure energy supply and intracellular redox balance, 
modulate autophagy and mediate cellular membrane biosynthesis, 
and protect cancer cells from damage including ER stress, 
ferroptosis, and lipid peroxidation, therefore promoting cancer 
proliferation. Different types of lipids have corresponding storage 
forms. Emerging research indicates that LDs promote the 
proliferation, migration, and survival of cancer cells by alleviating 
cell stress and/or providing substrates for membrane lipid synthesis 
and FAO (17). Fatty acyl-CoA, the derivative of FAs, was converted 
into diacylglycerols (DAGs), further catalyzed into triacylglycerols 
(TAGs) by diacylglycerol acyltransferases (DGATs), and stored in 
LDs in the form of TAGs, whereas exogenous and endogenous 
cholesterols and other sterols are stored in the form of sterol esters 
such as cholesterol esters (CEs) (Figure 1c). LDs accumulation is 
associated with poor clinical prognosis, LDs marker adipophilin 
may serve as an independent indicator of a poor prognosis in 
ovarian cancer. PFK158 downregulates PLA2G3 (Group III 
Phospholipase A2) in ovarian cancer cells and human-derived 
primary ascites cells, inhibits LD biogenesis, decreases cell growth, 
and sensitizes the cells to platinum drug-mediated cytotoxicity (18). 
Tirinato et al. discovered that an increased number of LDs is a 
characteristic of radioresistant cancer cells in breast, bladder, lung, 
glioma, and prostate cancers. Restoring LD levels makes cancer cells 
more radiosensitive and enhances the efficacy of radiotherapy (19). 
Together, these data suggest that DGATs, PLA2G3 and possibly 
hormone-sensitive lipase could be promising targets for anticancer 
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treatment. Therapies targeting LD biogenesis, growth, and 
degradation might be promising avenues  for  treating cancer.

However, further work is needed to validate these therapeutic 
targets and strategies. 
2.5 Cancer cell membrane construction 

The biosynthesis of cell membranes relies on FA storage, which is 
the primary component. High fluidity and integrity of cell membrane 
is often correlated with metastatic behavior, this characteristic is 
based on the changes in membrane lipid composition, especially 
monounsaturated FAs (MUFAs) and polyunsaturated FAs (PUFAs) 
increase. This process is catalyzed by stearoyl-CoA desaturases 
(SCDs), elongation of very-long-chain FAs gene family (ELOVLs), 
and FA desaturases (FADSs). SCDs catalyze SFAs into MUFAs, 
including palmitoleic acid (C16:1) and oleic acid (C18:1), whereas 
ELOVLs and FADSs conduct the conversion between PUFAs 
(Figure 1d) (20). Previous research proved that elevation of SCDs 
was observed in multiple malignancies and often correlates to 
tumorigenesis, the homeostasis of the SFA/MUFA ratio is mediated 
by SCD1, which is an important cancer risk assessment factor; the 
conversion between SFA and MUFA relates closely to cancer 
prognosis. Pharmaceutical inhibition and genetic ablation of SCD1/ 
FADS2 retarded tumor growth, cancer stem cell (CSC) formation, 
and reduced platinum resistance in ovarian cancer (21). PI3K/AKT/ 
mTOR signaling pathway activates SREBP1, further modulating 
SCD1 for higher MUFA biosynthesis and protecting cancer cells 
from lipid peroxidation and ferroptosis (22). Inhibition of SCD1 in 
ovarian cancer enhances the sensitivity to ferroptosis inducers (23). 
Study conducted by Wang et al. pointed out that adequate PUFAs in 
omental conditioned medium or ascites suppressed RhoA-GTPase 
activities, further downregulated nuclear YAP1 in MФs, leading to 
increased protumoral M2-type TAM polarization accompanied by 
elevated OXPHOS metabolism. Loss of YAP1 had also been reported 
in ovarian cancer metastatic tissues in the same research, suggesting 
clinical relevance (24). Other component shifts in cancer cell 
membranes include increased phospholipids and cholesterol. 
Members of phospholipids, particularly phosphatidylcholine, 
contribute to most parts of the cellular membranes and produce 
lipid second messengers, promoting metastasis and chemotherapy 
resistance. As the key enzyme of phospholipid metabolism, Choline 
kinase (ChoK) has been reported to be activated in numerous types of 
cancer, and overexpression of ChoKa contributes to ovarian cancer 
progression, metastasis, and aggressiveness (25). Thus, Cancer cell 
membrane composition, particularly elevated FAs (MUFAs/PUFAs) 
mediated by SCDs, ELOVLs, and FADSs, promotes metastasis and 
therapy resistance. Targeting these pathways may suppress tumor 
growth and sensitize cells to therapy. 

Cholesterol is another factor for maintaining membrane integrity 
and fluidity, which is endogenously synthesized via the mevalonate 
pathway utilizing acetyl-CoA as the starting material, further 
involving the biosynthesis of 3-hydroxy-3-methylglutaryl-CoA 
(HMG-CoA), mevalonic acid (MVA), and squalene, as well as 
conversion into other molecules, finally catalyzed into cholesterol. 
Frontiers in Immunology 05 
Synthesized cholesterol in the ER is transported to the cell membrane 
through the Golgi apparatus. Similar to other lipid metabolism key 
enzymes, SREBPs are the transcription factors of cholesterol synthesis 
rate-limiting enzyme HMG-CoA reductase (HMGCR), especially 
SREBP2. Excess cholesterol is removed from the cell via efflux 
mediated by ATP-binding cassette transporter A1 (ABCA1) (26). 
The reprogramming of cholesterol metabolism in both cancer cells 
and stromal TME can promote tumor growth, migration, and 
angiogenesis. Therefore, inhibiting cholesterol metabolism 
pathways is likely to substantially improve cancer treatment. 
3 Lipid metabolism alteration 
contributes to immunosuppressive 
TME through crosstalk between 
stromal cells and immune cells. 

3.1 Stromal cells 

3.1.1 Cancer-associated adipocytes 
Ovarian cancer represents a type of cancer that is associated 

with adipocyte-rich, highly hypoxic microenvironments. Since 
peritoneal metastasis is a characteristic feature of ovarian cancer, 
this may suggests that ovarian cancer cells prefer a lipid rich 
microenvironment (27, 28). In recent decades, cancer-associated 
adipocytes (CAAs) aroused interest in cancer chemoresistance 
research (Table 1). Most studies choose ovarian cancer to 
correlate obesity and drug-resistance responses since ovarian 
cancer is one of the most obesity-associated types of cancer. 

CAAs directly contribute to ovarian cancer progression mostly 
via increased lipolysis and produce more FAs, which are further 
transferred to ovarian cancer cells and enter through CD36, FATPs, 
and FABPs, providing energy for rapid cellular division and 
metastasis of ovarian cancer cells through enhanced FAO. The 
adequate lipids from adipocytes significantly support tumorigenesis 
and stemness of cancer cells. CAAs also secrete multiple cancer-
associated adipokines that function in extracellular matrix 
remodeling, metastasis, chemotherapy resistance, and EMT 
promotion, such as leptin, monocyte chemoattractant protein-1 
(MCP-1), tissue inhibitor of metalloproteinase-1 (TIMP-1), 
adiponectin, exosomal microRNAs, plasminogen activator inhibitor 
1 (PAI-1), tumor necrosis factor-alpha (TNF-a), hepatocyte growth 
factor (HGF), fibroblast growth factor (FGF), interleukin-6 (IL-6), IL-
8, and IL-33 (Figure 1e). Omental adipocytes undergo pyroptosis 
upon exposure to IL-6 and IL-8 produced by ovarian cancer cells, 
triggering the release of ATP that enhances macrophage infiltration 
and free FAs which are taken up by ovarian cells, thereby 
contributing to increased chemotherapy resistance. Though CAAs 
can modulate ovarian cancer metastasis, studies also reported that 
ovarian cancer can induce CAA formation via activating the TGF-b1/ 
SMAD3/TRIB3 pathway in reverse, which suppresses the 
phosphorylation of CEBPb. Then, CAAs secrete collagen I, 
collagen VI, and fibronectin to remodel the extracellular matrix 
and promote the adhesion of ovarian cancer cells (29). 
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Cancer cells mostly acquire chemoresistance via several 
mechanisms, such as increasing drug efflux, concealing molecular 
targets for drugs, intracellular inactivation of chemotherapies, 
dormancy maintenance, DNA damage repairing, survival signals 
enhancement, and self-regeneration. Several mechanisms have been 
proposed to explain chemoresistance influenced by CAAs. Chen et al. 
also revealed that the adipocyte-rich microenvironment promoted 
cisplatin and paclitaxel resistance in in vitro assays after applying 
human adipose tissue extracts. This chemoresistance phenotype is 
enhanced via upregulation of PPAR-g/ABCG2 axis. Chemotherapy 
sensitivity can be restored after PPAR-g knockdown using short 
hairpin RNA both in ovarian cancer cell lines and in nude mice 
models. The expression of PPARg/ABCG2 was correlated to 
chemoresistance in ovarian cancer clinical specimens as well (30). 
Glycosylated angiopoietin−like 4 (ANGPTL4) secreted by CAAs 
could bind integrin a5b1 located on the surface of ovarian cancer 
cells, further activating down-stream c−myc/NF−kB pathway and 
stimulate the expression of the anti-apoptotic protein Bcl−xL, 
elevating the expression levels ABC family members such as 
ABCB1, ABCC1 and ABCG2 (31). Other views agree that 
extracellular vesicles (EVs) in the tumor micro-environment 
involve ovarian cancer chemoresistance, metastasis, and immune 
evasion mostly by transporting multiple miRNA EVs to facilitate 
CAA-ovarian cancer interactions. 

Therefore, these researches demonstrate that CAAs promote 
tumor progression by releasing FAs (via CD36/FABPs) to fuel 
ovarian cancer cell growth, metastasis, and chemoresistance 
through enhanced FAO. Targeting the metabolic crosstalk 
between CAAs and tumors holds significant clinical promise for 
ovarian cancer treatment. 
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3.1.2 Cancer-associated fibroblasts 
Cancer‐associated fibroblasts (CAFs) are crucial factors in the 

TME that interact with cancer cells and promote carcinogenesis 
by secreting cytokines, chemokines, and EVs in ovarian cancer 
development (32). Single-cell transcriptomic profiling demonstrates 
that CAFs make up a heterogeneous population of cells with distinct 
functions. Cancer cells recruit and induce the transformation of the 
tumor-resident endothelial cells, epithelial cells, mesenchymal or 
hematopoietic stem cells, smooth muscle cells, and quiescent 
normal fibroblasts (NFs) to CAFs through paracrine signaling 
mechanisms (33). Activation of CAFs can be conducted via the 
JAK/STAT signaling pathway, the focal adhesion kinase (FAK) 
pathway, and the platelet-derived growth factor signaling (PDGF) 
pathway, as well as the NF-kB pathway (34). Several cytokines 
including IL-1b, IL-6,  TGF-b also play pivotal roles in the 
activation process. 

Compared to NFs, CAFs were observed to store more LDs, 
meanwhile showing microtubule organization centers amplification, 
inhibition of lipogenesis in CAFs inhibited lipid contents, and the 
number of microtubule organization centers. These evidences suggest 
that CAFs possess cancer-like phenotypes via lipid metabolism 
reprogramming and microtubule organization center amplification. 
A higher expression level of CD36 was observed notably in aSMA+/ 
VIM+/PDGFRb+ CAFs, which is associated with short-term survival. 
Considering CD36 plays a vital role in FA metabolism and immune 
regulation, its over-expression provides CAFs with FAs required as 
energy resources (35). Further, sphingolipid metabolism is also found 
to be altered in the stroma of ovarian cancer. Sphingosine kinases 
mediate the TGF-b signaling pathway via producing sphingosine-1-
phosphate (S1P), which combines with S1P receptors, resulting in 
TABLE 1 Stromal cells in the TME. 

Stromal cells Lipid metabolism 
alteration 

Factors secretion Cancer types Tumor proliferative 
effects 

Reference 

Cancer- Lipolysis↑ LEP, MCP-1, TIMP-1, Therapeutic resistance, 
associated Lipid uptake↑ miRNA, HGF, FGF, IL-6, IL- Ovarian cancer Metabolic reprogramming, (40) 
adipocytes CD36 expression↑ 8, IL-33 Increase metastatic capability 

Promote tumor growth, 
Cancer-
associated 
fibroblasts 

CD36 expression↑ 
Lipid Uptake↑ 
Lipogenesis↑ 

VEGF, TGF-b, IL-6, uPA, 
COX-2, CXCL1, CXCL10, 
CCL5,CRMP2 

Ovarian cancer 
Colorectal cancer 

Increase metastatic capability, 
Extracellular matrix remodeling 
Generate alternative carbon 

(41, 42) 

sources for cancer cells 

Cancer-associated 
mesenchymal 
stem cells 

FASN expression↑ 
FAS↑ 

SDF-1, CXCL1, CCL2, IL-8, 
CCL2, ITLN1 

Ovarian cancer 
Oral squamous 
cell carcinoma 

Promote tumor growth, 
Enhance chemotherapy resistance, 
Increase the cancer stem cell-like 
(CSC) pool, 
Increase tumor-associated fibrosis, 
Angiogenesis 

(43, 44) 

Mesothelial cells 
LCN2 expression↑ 
Increase ovarian cancer lipid 
transport and accumulation 

LPA, IL-6, IL-8, SDF-1, 
CX3CL1, CCL2, ITLN1 

Ovarian cancer 
Promote tumor growth, 
Increase adhension and 
metastatic capability 

(45) 

Endothelial cells 

Modulate 
glycerophospholipids 
metabolism of ovarian 
cancer cells 

IL-8, VEGF 
Hepatocellular 
carcinoma 
Ovarian cancer 

Tumor angiogenesis 
Tumor cell proliferation 
and invasion 

(46, 47) 
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p38 MAPK phosphorylation. In this way, the tumor-promoting 
functions of CAFs were elevated. 

CAFs are key contributors to tumor progression and 
therapeutic resistance through the remodeling of the tumor 
extracellular matrix composition and structure. Similar to 
modulation completed by CAAs, the crosstalk between cancer 
cells and CAFs depends on the communication conducted by EVs 
via receptor-ligand interactions or membrane fusion. The major 
component of the tumor extracellular matrix structure is fibrillar 
collagen (36). In brief, CAFs remodel extracellular matrix via 
stiffening collagen into short thick fibrils, up-regulating lysyl-
oxidases (LOXs) and matrix metalloproteinases (MMPs), down-
regulating hyaluronidases (HYALs), as well as secreting chemokines 
such as periostin, which changes tumor immune microenvironment 
by inducing migration of protumorigenic-M2 macrophages and 
correlates with lower tumor immune infiltration. In this way, CAFs 
form premetastatic niches essential for cancer cell invasion. 

During chemotherapy, CAFs protect ovarian cancer cells in 
multiple ways. CAFs can activate several signaling pathways in 
ovarian cancer cells by releasing growth factors including miRNAs, 
which help cancer cells tolerate DNA damage via promoting 
proliferation and cell cycle entry, as well as suppressing cell 
apoptosis (37). CAFs also reduce ovarian cancer cells’ uptake of 
chemotherapeutic drugs via elevating the expression level of 
lipoma-preferred partner (LPP), which promotes tumor 
angiogenesis and enhanced tumor vessel leakiness (38). Moreover, 
CAFs promote the EMT transition of ovarian cancer cells, which 
increases the self-renewal ability and enhances the stemness of 
cancer cells. Apart from the previously described capabilities, CAFs 
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can also alter the immune cell milieu by suppressing the activity of 
immune effector cells meanwhile recruiting immune suppressor 
cells, therefore allowing cancer cells to escape immune 
surveillance (39). 

Thus, we discuss the current understanding of CAF-immune 
interactions, their effect on tumor progression and therapeutic 
response, and the possibility of exploiting CAF-immune 
interactions as potential targets for cancer therapy. CAFs have 
emerged as major promoters of immune evasion. Targeting CAF-
ovarian cancer crosstalk may thus offer dual benefits in restoring 
antitumor immunity and sensitizing tumors to conventional 
therapies. CAFs display significant functional heterogeneity, with 
specific subsets serving as prognostic biomarkers in ovarian cancer. 
3.2 Immune cells 

The TME refers to the cellular environment in which tumor 
cells exist, of which immune cells are critical components. The 
localization and function of immune cells in the TME are complex 
and have a profound impact on the clinical outcome of patients 
(Table 2). The crosstalk between immune cells and stromal cells has 
been extensively recognized in recent years (Figure 2). 

3.2.1 T cells 
T cell function and fate are shaped by nutrient availability and 

the precise regulation of metabolic pathways in immunosuppressive 
malignancy. CD4+ T cells mainly include T helper cells (Th cells) 
and immune regulatory T cells (Tregs). CD8+ T cells mainly include 
TABLE 2 Immune cells in the TME. 

Immune cells Lipid metabolism 
alteration Factors secretion Cancer types Function 

alteration Reference 

CD8+ T cells 
FAO↑ 
Lipid uptake↑ 
Lipid peroxidation↑ 

IL-2, IFN-g,TNF-a, CCL4, 
CCL5, TGFb 

Melanoma 
Colon cancer 
Ovarian cancer 

Anti-tumor 
responses inhibition 

(76, 77) 

Natural killer cells 
Lipid uptake↑ 
Lipid accumulation↑ 

IFN-g, TNFa, IL-6, GM-CSF CCL5 
Melanoma 
Chronic 
myeloid leukemia 

Anti-tumor 
responses inhibition 

(61) 

Dendritic cells 
FASN↑ 
Lipid uptake↑ 
Lipid peroxidation↑ 

IL-2, IL-10, IL-6, IL-12, CCR7, CCL2, 
CCL3, CCL4, TNF-a, MCP-1, 
CXCL10, IFN 

Lymphoma 
Colon cancer 
Ovarian cancer 

Antigen presentation 
process limitation 
Anti-tumor interferon 
responses inhibition 

(78, 79) 

Regulatory T cells 

FAO↑ 
FAS↑ 
Lipid uptake↑ 
FASN↑ 

IL10, CTLA-4, IFN-g 
Melanoma 
Colon cancer 

Inhibit CD8+ T cell 
activation 
Promote tumor growth 

(55) 

Tumor 
associated macrophages 

FAO↑ 
Lipid uptake↑ 

TNFa, IL-1, IL-6, IL-12, IFN-g Ovarian cancer 

Increase metastatic 
capability 
Promote angiogenesis 
Extracellular matrix 
remodeling Immune 
response inhibition 
M2-polarization 

(80, 81) 

Myeloid-derived 
suppressor cells 

FAO↑ 
Lipid uptake↑ 
Lipid accumulation↑ 

MMP9, iNOS, ROS, VEGF, ARG1, 
TNFa, TGFb, PGE2, IL-6, CCL2, 
CXCL1, CXCL2, CXCL5. 

Fibrosarcoma 
Melanoma 
Lung cancer 

Promote angiogenesis 
Increase 
metastatic capability 

(82, 83) 
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cytotoxic T lymphocytes (CTL), they can secrete cytotoxic effector 
cytokines such as interferon-g (IFN-g), TNF-a, IL-2, IL-4, and IL-5. 
For effector and memory CD8+ T cells, the optimal uptake, 
trafficking, and catabolism of extracellular FAs are essential. 
CD8+ T cells that infiltrate ovarian tumors are retained in a 
dysfunctional state characterized by bioenergetic anomalies, 
aberrant activation of cellular stress responses, and negligible 
effector function that cannot be reversed through classical 
immunotherapeutic approaches (48, 49). In lipid-rich TME, CD8+ 

T cells take up more free FAs via CD36. The increased intracellular 
lipid content results in heightened lipid peroxidation and drives 
dysfunction in effector CD8+ T cells, leading to their exhaustion (50, 
51). Lipid metabolism alteration impairs cytotoxic effects of T cells 
in most cases, the alteration may also act in contrast under certain 
situations. Hwang et al. noticed that overexpression of TAGLN2 
after applying TAGLN2 mRNA in ER-stressed CD8+ T cells 
increased their lipid uptake, mitochondrial respiration, and 
cytotoxic capacity. The contradiction suggested a potential clinical 
strategy of activating certain targets in ovarian cancer, therefore 
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reshaping biological behaviors of CD8+ T cells in lipid-rich TME, 
enhancing their anti-tumor capability (52). 

Current studies point out the importance of lipid metabolism in 
adaptive immune response. High levels of cholesterol in TME caused 
by tumor cells can elevate the expression levels of suppressive 
immune checkpoints of T cells, thereby making T cells lose the 
anti-tumor effect. Enhancement of FA metabolism also decreases the 
anti-tumor capability of CD8+ T cells. High expression of checkpoint 
targets including CTLA-4 and PD-1 in activated T cells inhibit 
glucose transporter 1 (GLUT1) and glycolysis, meanwhile 
increasing the expression of CPT1A and promoting cellular FAO 
level, accelerating the switch from T effector cells to T memory cells 
(53). The conversion between cell types reduces the quantity of anti-
tumor T effector cells. Ma et al. (54) discovered the expression level of 
immune checkpoints positively correlated with total cholesterol 
content in tumor-infiltrating CD8+ T cells, T cells with the highest 
cholesterol content were the most exhausted population and had the 
highest apoptosis rate in both colon cancer and myeloma patient 
samples. They proposed that cholesterol accumulation in tumor-
FIGURE 2 

Interaction between stromal cells and immune cells in lipid-rich TME. (By Figdraw.) In the stromal TME, the interaction of cancerous, stromal, and 
immune cells tends to transform TME cells into a pro-tumor characteristic by secreting proliferative cytokines and lipid metabolites. Activation of 
lipolysis in adipocytes and adipokines secretion serve as energy resources and provide proliferative TME. Remodeling extracellular matrix completed 
by CAFs prepares cancer cells for metastasis, meanwhile inducing an immunosuppressive TME through secreting EVs and inhibiting CD8+ T cells’ 
immune response. Immune cells also exhibited enhancement in lipid metabolism, which results in immunosuppressive phenotypes, such as down-
regulation of tumor-specific antigen presentation, increased anti-inflammatory signaling molecules, as well as increased M2-polarization of TAMs. 
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infiltrating CD8+ T cells may be the cause of their exhaustion 
phenotype and impair their function in TME. 

In the TME, T cells and other stromal or immune cells engage in 
bidirectional communication via cytokine secretion, influencing 
immune function through the regulation of lipid metabolism. In 
addition to affecting cellular signaling, adipocytes also influence 
CD8+ T cell function through secreted metabolites, CAAs-secreted 
leptin shifts the metabolism of CD8+ T cells from glycolysis to FAO. 
As a result, immune escape and metastatic ability of cancer cells are 
promoted. Recruitment of Tregs in TME is also widely noticed as a 
method for tumor immune escape, Capable of autocrine 
immunosuppressive cytokines, Tregs secrete tumor growth factor-
b (TGF-b), IL-10, and IL-35 to inhibit the proliferation and 
activation of T cells. The activity of SREBP and downstream 
FASN was found to be up-regulated in tumor-associated Tregs, 
which contributed to Tregs functional maturation, further 
correlated with tumor growth and anti-PD-1 immunotherapy 
inhibition (55). Moreover, Tregs are capable of promoting the 
SREBP1-dependent metabolic fitness of M2-type TAMs via 
repression of CD8+ T cell derived IFN-g (56). Taken together, 
dysfunction of lipid metabolism undermines the regular function of 
stromal cells and differentiated T cells in TME, down-regulating 
immune response. 

In summary, CD36-mediated lipid uptake in tumor-infiltrating 
CD8+ T cells typically induces ferroptosis and exhaustion through 
lipid peroxidation, targeted metabolic reprogramming can 
paradoxically enhance their mitochondrial fitness and cytotoxicity, 
revealing therapeutic opportunities to reverse T cell dysfunction in 
lipid-rich ovarian cancer microenvironments. 

3.2.2 NK cells 
Ovarian cancer progression is associated with compromised 

immunosurveillance and is partly attributed to damage caused by 
the abnormal lipid metabolism of natural killer (NK) cells. 
Alteration of arachidonic acid metabolism impairs the cytokine 
signaling of NK cells through inhibition of STAT1 phosphorylation, 
as well as upregulating detoxification enzymes via induction of 
reactive oxygen species (ROS) (57). Encapsulating docosahexaenoic 
acid (DHA) and IL-15/IL-15Ra-secreting bioengineered adipocytes 
reactivate NK/CD8+ T cells in ovarian and colon cancer ascites, thus 
enhancing NK/CD8+ T cells anti-tumor activities (58). 

Though NK cells have been extensively investigated in other 
cancer types, the influence of NK cells in ovarian cancer TME is 
poorly understood. Kobayashi et al. (59) applied transcriptional 
profiling of NK cells from Em-myc lymphoma samples, indicating 
the up-regulation of CD36, FABP4, FABP5, and PPARg along with 
elevated FA level, proving NK cells in a lymphoma environment 
rewired lipid metabolism pathway at a substantial transcriptional 
level. This lipid metabolic reprogramming caused a suppressed 
production of IFN-g and GZMB in human NK cells, impaired NK 
cell function. Besides, Tang et al. discovered that mTORC1/SREBP2 
conducted abnormal cholesterol metabolism impairs antitumor 
immunosurveillance by causing NK cell dysfunction in 
hepatocellular carcinoma that develops from non-alcoholic fatty 
liver disease, inhibition of the mTORC1/SREBP2 may alleviate NK 
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cell suppression to prevent obesity-promoted hepatocellular 
carcinoma (60, 61). Lehmann et al. also reported nerve growth 
factor receptor (NGFR) driving the up-regulation of SCD1, high 
production of unsaturated FA increased melanoma cell membrane 
fluidity and blocked the expression of NK cell-activating surface 
ligands such as CD112. Therefore, melanoma cells were able to escape 
from NK cell surveillance (62). Though lipid metabolic 
reprogramming mostly leads to NK cell suppressive TME, 
alteration in adipocytes may reverse the situation and bring novel 
clinical strategies. Zhang et al. applied IL-15-P2A-IL-15Ra-T2A-
mCherry cDNA sequence stable transfected 3T3-F442A 
preadipocyte cells and encapsulated them with DHA. The 
bioengineered adipocytes lead specific expansion and activation of 
NK/CD8+ T cells response to the IL-15/IL-15Ra complex in 
malignant ascites, therefore reversing immunosuppressive 
phenotype of ascitic immune cells and enabling them to recognize 
and attack cancer cells (58). 

These findings demonstrate that lipid metabolism critically 
regulates NK cell function in the TME, with dysregulated lipid 
processing, including excessive FAO, cholesterol accumulation, and 
impaired arachidonic acid metabolism. NK cell cytotoxicity is 
suppressed through inhibition of IFN-g production, granzyme B 
secretion, and STAT1 signaling. Therapeutic strategies targeting 
these metabolic pathways could potentially restore NK cell function 
and enhance antitumor immunity. Bioengineered stromal cells also 
show significant therapeutic promise by restoring anti-tumor 
immunosurveillance through enhanced crosstalk with NK cells. 

3.2.3 Dendritic cells 
DCs include classical DCs 1 (cDC1s), classical DCs 2 (cDC2s), 

plasmacytoid DCs (pDCs) and monocyte-derived DCs (moDCs). 
DCs have a strong antigen-presenting function that promotes 
adaptive immune responses and is important for mediating 
innate tumor immunosurveillance. Current immunotherapies 
include tumor vaccines, improving T lymphocyte function, 
application of immune checkpoint blockers, and adoptive cell 
therapy, all of which are initiated by the presentation of tumor-

specialized antigens by antigen-presenting cells (APCs), 
especially DCs. 

The abnormal accumulation of lipids in DCs is one of the major 
causes of DC dysfunction, this is mainly realized by up-regulating 
the expression levels of scavenger receptor A (SRA), lipoprotein 
lipase (LPL), and FABP4. Excessive lipid uptake is commonly seen 
as a sign of ER stress and oxidation damage because increased ROS 
mediates lipid peroxidation (63). The mechanism of lipid 
peroxidation in tumor-associated DCs to the ER stress response is 
mediated by the inositol-requiring protein 1 (IRE-1) and its 
downstream target X-box binding protein 1 (XBP1). This process 
of lipid accumulation in DCs is associated with reduced antigen 
processing ability, which is mainly caused by defective 
transportation of peptide-MHC (pMHC) class I complexes to the 
cell surface. This phenomenon further leads to the immune escape 
of tumors. Research conducted by Zhao et al. (64) revealed that 
melanoma-infiltrating DCs drove FAO over-activation via 
upregulating the expression of FA transporter proteins, thus 
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inhibiting the activation of T cells and establishing immune-

privileged sites. It was also demonstrated that high expression of 
FASN in ovarian cancer caused defective antigen presentation 
function of DCs, and consequently lower stimulatory effect for T 
cell proliferation. Therefore, lipid accumulation causes failure of 
DCs to induce an anti-tumor T-cell response, causing failure 
in immunotherapy. 

Thus, lipid accumulation in DCs driven by elevated SRA, LPL, 
and FABP4 promotes ER stress through IRE1-XBP1 signaling and 
oxidative damage via ROS. These metabolic changes disrupt antigen 
processing by impairing pMHC-I transport, while excessive FAO 
and FASN overexpression further inhibit T cell activation. While 
these mechanisms are linked to immune evasion in melanoma and 
other cancers, their role in ovarian cancer remains poorly explored, 
highlighting the need for studies on metabolic interventions to 
improve DC function in this context. 

3.2.4 Macrophages 
TAMs are usually divided into two types according to their 

polarization status: the M1-type TAMs and the M2-type TAMs. 
M1-type TAMs are induced by lipopolysaccharides (LPS) and IFN-
g, which possess pro-inflammatory and anti-tumorigenic 
phenotypes. The M2-type TAMs are induced by IL-4 and IL-10, 
which display both anti-inflammatory and pro-tumor functions. 

Recent studies indicate TAMs in lipid-enriched TME accelerate 
ovarian cancer progression through lipid metabolic reprogramming. 
Adequate PUFAs and their derived metabolites in the TME of 
ovarian cancer mediate the crosstalk between ovarian cancer cells 
and TAMs, participating in the regulation of the signaling pathways 
of TAMs, affecting protumoral M2-type TAM polarization and 
functional characteristics, creating an immunosuppressive TME 
and eventually accelerating ovarian cancer progression and 
peritoneal metastases. TAMs promote membrane-cholesterol efflux 
and depletion of lipid rafts of ovarian cancer cells. Genetic deletion of 
ABC transporters, which conduct cholesterol efflux, prohibits the 
tumor-promoting functions of TAMs and reduces tumor 
progression. MCP-1 is the essential factor for TAM recruitment, 
the positive correlation between MCP-1 levels, TAMs, and tumor 
progression proposes that peritoneal metastasis of ovarian cancer is 
conducted by omental adipocytes which secrete MCP-1 and 
modulate the biological behavior of TAMs and ovarian cancer cells 
through MCP-1/CCR-2 axis. Apart from inducing M2-type TAM 
polarization, lipid metabolic alteration may directly influence TAMs 
dysfunction and ovarian cancer progression. Luo et al. revealed that 
PLIN2, a specific LD surface target, directly promoted lipid 
accumulation in ascites-associated macrophages, which further 
elevated the expression levels of SPP1 and CXCL8, and facilitated 
ovarian cancer progression and metastasis (65). Hence, TAM lipid 
metabolism and its influence on cancer progression and metastasis 
may offer new aspects for developing anti-tumor treatments 
targeting TAMs. 

Increasing evidence indicates that lipid metabolism 
reprogramming, encompassing FA uptake and utilization, and 
cholesterol efflux, controls M2-type TAM polarization and further 
impacts the tumorigenesis of various cancers. FA uptake in TAMs is 
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mainly conducted by the over-expression of CD36 and FABPs, 
TAMs uptake the tumor cell-derived FAs via CD36, especially 
monounsaturated long-chain FAs. PPAR-g is a ligand-activated 
nuclear receptor, which can bind to the response element presented 
in the proximal region of the CD36 promoter to regulate the 
expression of CD36 and further promote the process of lipid 
uptake, meanwhile increasing lipid accumulation via FABP4/ 
PPAR pathway, thus forming a positive feedback and promote 
M2-type TAM polarization, resulting in highly immunosuppressive 
TME (66). 

Tumor cells mediate membrane cholesterol efflux in TAMs via 
secreting hyaluronic acid, causing lipid raft depletion and 
promoting STAT6 and PI3K-mTORC2-Akt signaling pathways 
activation, which enhanced IL-4 signaling and inhibited gene 
expression induced by IFN-g, eventually induced TAMs toward 
the M2 phenotype. 

The specific deletion of CPT2, which is located on the inner 
mitochondrial membrane that functions in FAO, was found to 
cause the impeding M2-type TAM polarization in mice models 
(67). The pro-tumor function of M2-type TAMs is extensively 
investigated, they promote tumor growth, metastasis, and tumor 
angiogenesis, meanwhile, it is been widely reported that M2-type 
TAMs promote therapy resistance, and removal of TAMs improves 
the efficacy of docetaxel in castration-resistant prostate cancer (68). 

Therefore, in ovarian cancer’s lipid-rich microenvironment, M2 
polarization is driven by PUFA metabolites, CD36/FABP4-

mediated FA uptake, PPARg activation, and cholesterol efflux via 
ABC transporters. These findings highlight lipid metabolism as a 
central regulator of TAM function in ovarian cancer, offering 
promising therapeutic targets to disrupt the pro-tumorigenic TME. 

3.2.5 Myeloid-derived suppressor cells 
MDSCs are heterogeneous populations of immature myeloid 

cells which involved in tumor proliferation, metastasis, and 
immune tolerance. Typically, MDSCs impair anti-tumor immune 
responses by blocking the proliferation and antitumor activities of 
effector CD8+ T cells, multiple pathways involved in this process, 
including elevated expression of arginase 1 (Arg1), secreting 
immunosuppressive cytokines such as IL-10, inducible nitric 
oxide synthase (iNOS) and ROS production. MDSCs also support 
the de novo development of Treg cells through TGF-b-dependent 
and TGF-b-independent pathways (69). Further forming an 
immunosuppressive TME. 

Lipid metabolism alteration plays a vital role in MDSCs 
functioning. Dong et al. indicated that tumoral NAC1 directly 
enhanced the transcription of CXCL16 by binding to CXCR6, 
hence promoting MDSCs recruitment to the tumor. Inhibition of 
NAC1 reduced the recruitment and immunosuppressive function 
of MDSCs in the TME, led to significant increases of cytotoxic 
tumor infiltrating CD8+ T cells, potentiated anti-PD-1 therapy, and 
suppressed tumor progression in ovarian cancer (70). Bioactive 
lipid prostaglandin E2 (PGE2), a derivative of arachidonic acid, can 
be produced by MDSCs and increases stem cell-like properties, as 
well as PD-L1 expression in epithelial ovarian cancer (71).PEG2 
also regulates PD-L1 expression in MDSCs via COX2/mPGES1/ 
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PGE2 pathway, which reprograms PGE2 metabolic pathways in 
TME and provides an opportunity to reduce tumor immune 
suppression (72). Recent studies also conclude that tumor-

associated MDSCs up-regulate FAO as a primary energy source, 
this is supported by higher mitochondrial mass, increased FA 
uptake via CD36 and FA transport protein 4 (FATP4), and over-
expression of lipid metabolism key enzymes such as CPT1 and acyl-
CoA dehydrogenase (73). Lipid accumulation in MDSCs enhances 
their immunosuppressive effect, primarily due to oxidized lipids 
produced by ROS and MPO. Polyunsaturated FAs, being highly 
prone to oxidation, facilitate MDSC-mediated suppression of 
effector CD8+ T cells in the TME. Xin et al. (74) identified the 
role of proto-oncogene PIM-1 in PPAR-mediated lipid metabolism 
in myeloid cells. They reported a strong relationship between PIM-1 
expression, increased FAO, immune checkpoint blockade treatment 
resistance, and PD-L1 blockade, inhibiting PIM-1 showed reduced 
MDSCs population and improved the cytotoxic killing effects of 
CD8+ T cells. Thus, these studies indicate that excessive lipid uptake 
and oxidation lead to resistance against PD-1/PD-L1 pathway 
treatments (75). Pharmacologic inhibition targeting MDSCs lipid 
metabolic key enzymes may alleviate tumor development and 
improve the anti-tumor effects of clinical immunotherapy. These 
findings establish lipid metabolism as a promising therapeutic 
target to counteract MDSC mediated immunosuppression and 
enhance immunotherapy responses in ovarian cancer. 
4 Conclusion 

Lipid metabolic reprogramming in ovarian cancer cells is 
characterized by enhanced FAs and cholesterol uptake, FA 
synthesis, FAO, and lipid storage, provides energy supply, 
prepares raw materials for cellular membrane construction, and 
signaling factors formation, these biological processes have notable 
meaning in the occurrence of cancer development, aggressive 
behaviors, and chemoresistance. In lipid-rich TME, function 
alteration mainly involves stromal and immune cells including 
CAFs, Tregs, CD8+ T cells, and TAMs, the crosstalk between 
these cells forms premetastatic niche and immunosuppressive 
TME, leading to metastasis and tumor immune escape, eventually 
promoting proliferative phenotype of ovarian cancer. Thus, this 
review provides novel aspects of targeting proliferative features via 
inhibiting lipid metabolism reprogramming in ovarian cancer and 
decreasing the lipid accumulation in stromal TME, thereby 
restoring the sensitivity of both chemotherapy and immunotherapy. 

As described previously, since peritoneum is a lipid-rich 
environment, it is easy to explain why peritoneal metastasis happens 
and further causes ovarian cancer development and poorer prognosis. 
Novel technologies including metabolomics, proteomics, single-cell 
RNA sequencing, and spatial transcriptomics can be utilized to 
detect the accurate metabolic alteration taking place in the stromal 
TME cells, revealing the detailed mechanisms and impacts of 
intercellular communication. Lipid metabolism reprogramming in 
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ovarian cancer manifested as multi-level systemic dysfunction. In 
detail, it involves changes in key enzyme activities, abnormal up-
stream and down-stream modulation in metabolic pathways, and 
overall disorder of lipid-carbohydrate-amino acid metabolic network. 
Existing drugs targeting lipid metabolism exhibited limited clinical 
efficacy is fundamentally due to two reasons. Traditional small 
molecule single target inhibitors are prone to off target effects, 
meanwhile compensatory regulation of the metabolic network leads 
to failure of monotherapy. The present situation urges for the 
development of synergistic, multi-target therapy. Notably, the 
metabolic dysfunction exists not only in tumor cells, but widely in 
stromal cells and immune cells in the TME. Based on the 
understanding, two emerging strategies, namely bioengineered 
matrix/immune cell therapy and nanocarrier targeted delivery 
system, have opened up new attempts for metabolic intervention 
therapy of ovarian cancer. 

Our review may be able to provide novel insights into inhibiting 
metastasis in ovarian cancer and promoting therapeutic efficacy. Taken 
together, the investigation targeting stromal TME holds promise in 
improving outcomes for patients with late-stage or developed drug 
resistance, and provides patients with the hope for a cure. 
Author contributions 

QM: Visualization, Writing – review & editing, Software, Writing 
– original draft, Conceptualization. RK: Writing – review & editing, 
Writing – original draft. RX: Data curation, Visualization, Writing – 
review & editing. YG: Conceptualization, Supervision, Writing – 
review & editing. SC: Supervision, Project administration, Writing 
– review & editing, Conceptualization. SL: Writing – review & 
editing, Conceptualization, Supervision, Writing – original draft, 
Funding acquisition. 
Funding 

The author(s) declare that financial support was received for the 
research and/or publication of this article. Research Project of 
Liaoning Educational Committee: LNYJG2023215. 
Conflict of interest 

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 
Generative AI statement 

The author(s) declare that no Generative AI was used in the 
creation of this manuscript. 
frontiersin.org 

https://doi.org/10.3389/fimmu.2025.1614815
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ma et al. 10.3389/fimmu.2025.1614815 
Publisher’s note 

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
Frontiers in Immunology 12 
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher. 
References 
̧ ́

́

́

1. Webb PM, Jordan SJ. Global epidemiology of epithelial ovarian cancer. Nat Rev 
Clin Oncol. (2024) 21:389–400. doi: 10.1038/s41571-024-00881-3 

2. Robey RW, Pluchino KM, Hall MD, Fojo AT, Bates SE, Gottesman MM. 
Revisiting the role of ABC transporters in multidrug-resistant cancer. Nat Rev 
Cancer. (2018) 18:452–64. doi: 10.1038/s41568-018-0005-8 

3. Hangauer MJ, Viswanathan VS, Ryan MJ, Bole D, Eaton JK, Matov A, et al. Drug-
tolerant persister cancer cells are vulnerable to GPX4 inhibition. Nature. (2017) 
551:247–50. doi: 10.1038/nature24297 

4. Goncalves AC, Richiardone E, Jorge J, Polonia B, Xavier CP, Salaroglio IC, et al. 
Impact of cancer metabolism on therapy resistance–clinical implications. Drug Resist 
Updates. (2021) 59:100797. doi: 10.1016/j.drup.2021.100797 

5. Faubert B, Solmonson A, DeBerardinis RJ. Metabolic reprogramming and cancer 
progression. Science. (2020) 368:eaaw5473. doi: 10.1126/science.aaw5473 

6. Bensaad K, Favaro E, Lewis CA, Peck B, Lord S, Collins JM, et al. Fatty acid uptake 
and lipid storage induced by HIF-1alpha contribute to cell growth and survival after 
hypoxia-reoxygenation. Cell Rep. (2014) 9:349–65. doi: 10.1016/j.celrep.2014.08.056 

7. Feng WW, Zuppe HT, Kurokawa M. The role of CD36 in cancer progression and 
its value as a therapeutic target. Cells. (2023) 12:1605. doi: 10.3390/cells12121605 

8. Nieman KM, Kenny HA, Penicka CV, Ladanyi A, Buell-Gutbrod R, Zillhardt MR, 
et al. Adipocytes promote ovarian cancer metastasis and provide energy for rapid 
tumor growth. Nat Med. (2011) 17:1498–503. doi: 10.1038/nm.2492 

9. Surendran A, Jamalkhah M, Poutou J, Birtch R, Lawson C, Dave J, et al. Fatty acid 
transport protein inhibition sensitizes breast and ovarian cancers to oncolytic virus 
therapy via lipid modulation of the tumor microenvironment. Front Immunol. (2023) 
14:1099459. doi: 10.3389/fimmu.2023.1099459 

10. Xu H, Luo J, Ma G, Zhang X, Yao D, Li M, et al. Acyl-CoA synthetase short-
chain family member 2 (ACSS2) is regulated by SREBP-1 and plays a role in fatty acid 
synthesis in caprine mammary epithelial cells. J Cell Physiol. (2018) 233:1005–16. 
doi: 10.1002/jcp.25954 

11. Wei X, Shi J, Lin Q, Ma X, Pang Y, Mao H, et al. Corrigendum: targeting ACLY 
attenuates tumor growth and acquired cisplatin resistance in ovarian cancer by 
inhibiting the PI3K-AKT pathway and activating the AMPK-ROS pathway. Front 
Oncol. (2021) 11:742374. doi: 10.3389/fonc.2021.742374 

12. Sellem L, Srour B, Gueraud F, Pierre F, Kesse-Guyot E, Fiolet T, et al. Saturated, 
mono- and polyunsaturated fatty acid intake and cancer risk: results from the French 
prospective cohort NutriNet-Sante. Eur J Nutr. (2019) 58:1515–27. doi: 10.1007/ 
s00394-018-1682-5 

13. Xia H, Ma S, Wang S, Sun G. Meta-analysis of saturated fatty acid intake and 
breast cancer risk. Med (Baltim). (2015) 94:e2391. doi: 10.1097/MD.0000000000002391 

14. Ma Q, Liu Z, Wang T, Zhao P, Liu M, Wang Y, et al. Resensitizing paclitaxel-
resistant ovarian cancer via targeting lipid metabolism key enzymes CPT1A, SCD and 
FASN. Int J Mol Sci. (2023) 24:16503. doi: 10.3390/ijms242216503 

15. Huang D, Chowdhury S, Wang H, Savage SR, Ivey RG, Kennedy JJ, et al. 
Multiomic analysis identifies CPT1A as a potential therapeutic target in platinum-
refractory, high-grade serous ovarian cancer. Cell Rep Med. (2021) 2:100471. 
doi: 10.1016/j.xcrm.2021.100471 

16. Nimmakayala RK, Leon F, Rachagani S, Rauth S, Nallasamy P, Marimuthu S, et al. 
Metabolic programming of distinct cancer stem cells promotes metastasis of pancreatic 
ductal adenocarcinoma. Oncogene. (2021) 40:215–31. doi: 10.1038/s41388-020-01518-2 

17. Zadoorian A, Du X, Yang H. Lipid droplet biogenesis and functions in health 
and disease. Nat Rev Endocrinol. (2023) 19:443–59. doi: 10.1038/s41574-023-00845-0 

18. Ray U, Roy D, Jin L, Thirusangu P, Staub J, Xiao Y, et al. Group III 
phospholipase A2 downregulation attenuated survival and metastasis in ovarian 
cancer and promotes chemo-sensitization. J Exp Clin Cancer Res. (2021) 40:182. 
doi: 10.1186/s13046-021-01985-9 

19. Tirinato L, Marafioti MG, Pagliari F, Jansen J, Aversa I, Hanley R, et al. Lipid 
droplets and ferritin heavy chain: a devilish liaison in human cancer cell 
radioresistance. Elife. (2021) 10:e72943. doi: 10.7554/eLife.72943 

20. Snaebjornsson MT, Janaki-Raman S, Schulze A. Greasing the wheels of the 
cancer machine: the role of lipid metabolism in cancer. Cell Metab. (2020) 31:62–76. 
doi: 10.1016/j.cmet.2019.11.010 

21. Xuan Y, Wang H, Yung MM, Chen F, Chan W-S, Chan Y-S, et al. SCD1/FADS2 
fatty acid desaturases equipoise lipid metabolic activity and redox-driven ferroptosis in 
ascites-derived ovarian cancer cells. Theranostics. (2022) 12:3534–52. doi: 10.7150/ 
thno.70194 

22. Xuan Y, Wang H, Yung MM, Chen F, Chan W-S, Chan Y-S, et al. Oncogenic 
activation of PI3K-AKT-mTOR signaling suppresses ferroptosis via SREBP-mediated 
lipogenesis. Proc Natl Acad Sci. (2020) 117:31189–97. doi: 10.1073/pnas.2017152117 

23. Tesfay L, Paul BT, Konstorum A, Deng Z, Cox AO, Lee J, et al. Stearoyl-CoA 
desaturase 1 protects ovarian cancer cells from ferroptotic cell death. Cancer Res. (2019) 
79:5355–66. doi: 10.1158/0008-5472.CAN-19-0369 

24. Wang H, Yung MM, Xuan Y, Chen F, Chan WS, Siu MKY, et al. Polyunsaturated 
fatty acids promote M2-like TAM deposition via dampening RhoA-YAP1 signaling in the 
ovarian cancer microenvironment. Exp Hematol Oncol. (2024) 13:90. doi: 10.1186/ 
s40164-024-00558-8 

25. Iorio E, Ricci A, Bagnoli M, Pisanu ME, Castellano G, Di Vito M, et al. Activation 
of phos−phatidylcholine cycle enzymes in human epithelial ovarian cancer cells. 
Cancer Res. (2010) 70:2126–35. doi: 10.1158/0008-5472.CAN-09-3833 

26. 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 Delivery Rev. (2020) 159:245–93. doi: 10.1016/j.addr.2020.07.013 

27. Mukherjee A, Chiang CY, Daifotis HA, Nieman KM, Fahrmann JF, Lastra RR, 
et al. Adipocyte-induced FABP4 expression in ovarian cancer cells promotes metastasis 
and mediates carboplatin resistance. Cancer Res. (2020) 80:1748–61. doi: 10.1158/0008-
5472.CAN-19-1999 

28. Lengyel E. Ovarian cancer development and metastasis. Am J Pathol. (2010) 
177:1053–64. doi: 10.2353/ajpath.2010.100105 

29. Gao T, Li J, Cheng T, Wang X, Wang M, Xu Z, et al. Ovarian cancer-derived 
TGF-b1 induces cancer-associated adipocytes formation by activating SMAD3/TRIB3 
pathway to establish pre-metastatic niche. Cell Death Dis. (2024) 15:930. doi: 10.1038/ 
s41419-024-07311-3 

30. Chen S, Liu Z, Wu H, Wang B, Ouyang Y, Liu J, et al. Adipocyte−rich 
microenvironment promotes chemoresistance via upregulation of peroxisome 
proliferator−activated receptor gamma/ABCG2 in epithelial ovarian cancer. Int J Mol 
Med. (2024) 53:37. doi: 10.3892/ijmm.2024.5361 

31. Zhou S, Wang R, Xiao H. Adipocytes induce the resistance of ovarian cancer to 
carboplatin through ANGPTL4. Oncol Rep. (2020) 44:927–38. doi: 10.3892/or.2020.7647 

32. Sahai E, Astsaturov I, Cukierman E, DeNardo DG, Egeblad M, Evans RM, et al. 
A framework for advancing our understanding of cancer-associated fibroblasts. Nat 
Rev Cancer. (2020) 20:174–86. doi: 10.1038/s41568-019-0238-1 

33. Arina A, Idel C, Hyjek EM, Alegre M-L, Wang Y, Bindokas VP, et al. Tumor-
associated fibroblasts predominantly come from local and not circulating precursors. 
Proc Natl Acad Sci U S A. (2016) 113:7551–6. doi: 10.1073/pnas.1600363113 

34. Jiang H, Hegde S, Knolhoff BL, Zhu Y, Herndon JM, Meyer MA, et al. Targeting 
focal adhesion kinase renders pancreatic cancers responsive to checkpoint 
immunotherapy. Nat Med. (2016) 22:851–60. doi: 10.1038/nm.4123 

35. Kelliher L, Lengyel E. Understanding long-term survival of patients with ovarian 
cancer-the tumor microenvironment comes to the forefront. Cancer Res. (2023) 
83:1383–5. doi: 10.1158/0008-5472.CAN-23-0333 

36. Gilkes DM, Semenza GL, Wirtz D. Hypoxia and the extracellular matrix: drivers 
of tumour metastasis. Nat Rev Cancer. (2014) 14:430–9. doi: 10.1038/nrc3726 

37. Guo H, Ha C, Dong H, Yang Z, Ma Y, Ding Y. Cancer-associated fibroblast-
derived exosomal microRNA-98-5p promotes cisplatin resistance in ovarian cancer by 
targeting CDKN1A. Cancer Cell Int. (2019) 19:347. doi: 10.1186/s12935-019-1051-3 

38. Leung CS, Yeung TL, Yip KP, Wong K-K, Ho SY, Mangala LS, et al. Cancer-
associated fibroblasts regulate endothelial adhesion protein LPP to promote ovarian 
cancer chemoresistance. J Clin Invest. (2018) 128:589–606. doi: 10.1172/JCI95200 

39. Song M, He J, Pan QZ, Yang J, Zhao J, Zhang Y-J, et al. Cancer-associated 
fibroblast-mediated cellular crosstalk supports hepatocellular carcinoma progression. 
Hepatology. (2021) 73:1717–35. doi: 10.1002/hep.31792 

40. 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) 37:2285–301. doi: 10.1038/s41388-017-0093-z 

41. Gong J, Lin Y, Zhang H, Liu C, Cheng Z, Yang X, et al. Reprogramming of lipid 
metabolism in cancer-associated fibroblasts potentiates migration of colorectal cancer 
cells. Cell Death Dis. (2020) 11:267. doi: 10.1038/s41419-020-2434-z 
frontiersin.org 

https://doi.org/10.1038/s41571-024-00881-3
https://doi.org/10.1038/s41568-018-0005-8
https://doi.org/10.1038/nature24297
https://doi.org/10.1016/j.drup.2021.100797
https://doi.org/10.1126/science.aaw5473
https://doi.org/10.1016/j.celrep.2014.08.056
https://doi.org/10.3390/cells12121605
https://doi.org/10.1038/nm.2492
https://doi.org/10.3389/fimmu.2023.1099459
https://doi.org/10.1002/jcp.25954
https://doi.org/10.3389/fonc.2021.742374
https://doi.org/10.1007/s00394-018-1682-5
https://doi.org/10.1007/s00394-018-1682-5
https://doi.org/10.1097/MD.0000000000002391
https://doi.org/10.3390/ijms242216503
https://doi.org/10.1016/j.xcrm.2021.100471
https://doi.org/10.1038/s41388-020-01518-2
https://doi.org/10.1038/s41574-023-00845-0
https://doi.org/10.1186/s13046-021-01985-9
https://doi.org/10.7554/eLife.72943
https://doi.org/10.1016/j.cmet.2019.11.010
https://doi.org/10.7150/thno.70194
https://doi.org/10.7150/thno.70194
https://doi.org/10.1073/pnas.2017152117
https://doi.org/10.1158/0008-5472.CAN-19-0369
https://doi.org/10.1186/s40164-024-00558-8
https://doi.org/10.1186/s40164-024-00558-8
https://doi.org/10.1158/0008-5472.CAN-09-3833
https://doi.org/10.1016/j.addr.2020.07.013
https://doi.org/10.1158/0008-5472.CAN-19-1999
https://doi.org/10.1158/0008-5472.CAN-19-1999
https://doi.org/10.2353/ajpath.2010.100105
https://doi.org/10.1038/s41419-024-07311-3
https://doi.org/10.1038/s41419-024-07311-3
https://doi.org/10.3892/ijmm.2024.5361
https://doi.org/10.3892/or.2020.7647
https://doi.org/10.1038/s41568-019-0238-1
https://doi.org/10.1073/pnas.1600363113
https://doi.org/10.1038/nm.4123
https://doi.org/10.1158/0008-5472.CAN-23-0333
https://doi.org/10.1038/nrc3726
https://doi.org/10.1186/s12935-019-1051-3
https://doi.org/10.1172/JCI95200
https://doi.org/10.1002/hep.31792
https://doi.org/10.1038/s41388-017-0093-z
https://doi.org/10.1038/s41419-020-2434-z
https://doi.org/10.3389/fimmu.2025.1614815
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ma et al. 10.3389/fimmu.2025.1614815 

 

́

́

42. Radhakrishnan R, Ha JH, Jayaraman M, Liu J, Moxley KM, Isidoro C, et al. 
Ovarian cancer cell-derived lysophosphatidic acid induces glycolytic shift and cancer-
associated fibroblast-phenotype in normal and peritumoral fibroblasts. Cancer Lett. 
(2019) 442:464–74. doi: 10.1016/j.canlet.2018.11.023 

43. Fan H, Atiya HI, Wang Y, Pisanic TR, Wang T-H, Shih I-M, et al. Epigenomic 
reprogramming toward mesenchymal-epithelial transition in ovarian-cancer-
associated mesenchymal stem cells drives metastasis. Cell Rep. (2020) 33:108473. 
doi: 10.1016/j.celrep.2020.108473 

44. Shao Y, Du Y, Chen Z, Xiang L, Tu S, Feng Y, et al. Mesenchymal stem cell-
mediated adipogenic transformation: a key driver of oral squamous cell carcinoma 
progression. Stem Cell Res Ther. (2025) 16:12. doi: 10.1186/s13287-025-04132-9 

45. Matte I, Legault CM, Garde-Granger P, Laplante C, Bessette P, Rancourt C, et al. 
Mesothelial cells interact with tumor cells for the formation of ovarian cancer 
multicellular spheroids in peritoneal effusions. Clin Exp Metastasis. (2016) 33:839– 
52. doi: 10.1007/s10585-016-9821-y 

46. Zeng Y, Yao X, Liu X, He X, Li L, Liu X, et al. Anti-angiogenesis triggers 
exosomes release from endothelial cells to promote tumor vasculogenesis. J Extracell 
Vesicles. (2019) 8:1629865. doi: 10.1080/20013078.2019.1629865 

47. Halama A, Guerrouahen BS, Pasquier J, Satheesh NJ, Suhre K, Rafii A. Nesting of 
colon and ovarian cancer cells in the endothelial niche is associated with alterations in 
glycan and lipid metabolism. Sci Rep. (2017) 7:39999. doi: 10.1038/srep39999 

48. Song M, Sandoval TA, Chae CS, Chopra S, Tan C, Rutkowski MR, et al. IRE1a– 
XBP1 controls T cell function in ovarian cancer by regulating mitochondrial activity. 
Nature. (2018) 562:423–8. doi: 10.1038/s41586-018-0597-x 

49. Anadon CM, Yu X, Hänggi K, Biswas S, Chaurio RA, Martin A, et al. Ovarian 
cancer immunogenicity is governed by a narrow subset of progenitor tissue-resident 
memory T cells. Cancer Cell. (2022) 40:545–57.e13. doi: 10.1016/j.ccell.2022.03.008 

50. 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) 33:1001–12.e1005. doi: 10.1016/j.cmet.2021.02.015 

51. Xu S, Chaudhary O, Rodrıguez-Morales P, Sun X, Chen D, Zappasodi R, et al. 
Uptake of oxidized lipids by the scavenger receptor CD36 promotes lipid peroxidation 
and dysfunction in CD8(+) T cells in tumors. Immunity. (2021) 54:1561–77. 
doi: 10.1016/j.immuni.2021.05.003 

52. Hwang SM, Awasthi D, Jeong J, Sandoval TA, Chae C-S, Ramos Y, et al. Transgelin 
2 guards T cell lipid metabolism and antitumour function. Nature. (2024) 635:1010–8. 
doi: 10.1038/s41586-024-08071-y 

53. Patsoukis N, Bardhan K, Chatterjee P, Sari D, Liu B, Bell LN, et al. PD-1 alters T-
cell metabolic reprogramming by inhibiting glycolysis and promoting lipolysis and 
fatty acid oxidation. Nat Commun. (2015) 6:6692. doi: 10.1038/ncomms7692 

54. Ma X, Bi E, Lu Y, Su P, Huang C, Liu L, et al. Cholesterol induces CD8+ T cell 
exhaustion in the tumor microenvironment. Cell Metab. (2019) 30:143–56.e5. 
doi: 10.1016/j.cmet.2019.04.002 

55. Lim SA, Wei J, Nguyen TM, Shi H, Su W, Palacios G, et al. Lipid signalling 
enforces functional specialization of Treg cells in tumours. Nature. (2021) 591:306–11. 
doi: 10.1038/s41586-021-03235-6 

56. Liu C, Chikina M, Deshpande R, Menk AV, Wang T, Tabib T, et al. Treg cells 
promote the SREBP1-dependent metabolic fitness of tumor-promoting macrophages 
via repression of CD8+ T cell-derived interferon-g. Immunity. (2019) 51:381–97.e6. 
doi: 10.1016/j.immuni.2019.06.017 

57. Hammoud MK, Meena C, Dietze R, Hoffmann N, Szymanski W, Finkernagel F, 
et al. Arachidonic acid impairs natural killer cell functions by disrupting signaling 
pathways driven by activating receptors and reactive oxygen species. Cell Commun 
Signal. (2024) 22:555. doi: 10.1186/s12964-024-01940-z 

58. Zhang Y, Li T, Liu A, Cheng Y, Meng F, Zhang R, et al. IL-15/IL-15Ra-secreting 
bioengineered adipocytes reactivate NK/CD8+ T cells in ovarian and colon cancer 
ascites. Int J Biol Macromol. (2025) 304:140559. doi: 10.1016/j.ijbiomac.2025.140559 

59. Kobayashi T, Lam PY, Jiang H, Bednarska K, Gloury R, Murigneux V, et al. 
Increased lipid metabolism impairs NK cell function and mediates adaptation to the 
lymphoma environment. Blood. (2020) 136:3004–17. doi: 10.1182/blood.2020005602 

60. Tang W, Zhou J, Yang W, Feng Y, Wu H, Mok MTS, et al. Aberrant cholesterol 
metabolic signaling impairs antitumor immunosurveillance through natural killer T 
cell dysfunction in obese liver. Cell Mol Immunol. (2022) 19:834–47. doi: 10.1038/ 
s41423-022-00872-3 

61. Michelet X, Dyck L, Hogan A, Loftus RM, Duquette D, Wei K, et al. Metabolic 
reprogramming of natural killer cells in obesity limits antitumor responses. Nat 
Immunol. (2018) 19:1330–40. doi: 10.1038/s41590-018-0251-7 

62. Lehmann J, Caduff N, Krzywinska E, Stierli S, Salas-Bastos A, Loos B, et al. 
Escape from NK cell tumor surveillance by NGFR-induced lipid remodeling in 
melanoma. Sci Adv. (2023) 9:eadc8825. doi: 10.1126/sciadv.adc8825 

63. Lu Y, Shi Y, Luo Z, Guo X, Jiang M, Li X, et al. Reactivation of dysfunctional 
dendritic cells by a stress-relieving nanosystem resets anti-tumor immune landscape. 
Nano Today. (2022) 43:101416. doi: 10.1016/j.nantod.2022.101416 
Frontiers in Immunology 13 
́

64. Zhao F, Xiao C, Evans KS, Theivanthiran T, DeVito N, Holtzhausen A, et al. 
Paracrine Wnt5a-beta-catenin signaling triggers a metabolic program that drives dendritic 
cell tolerization. Immunity. (2018) 48:147–60.e147. doi: 10.1016/j.immuni.2017.12.004 

65.  Luo  H, She  X, Zhang  Y, Xie  B,  Zhang S,  Li Q, et al. PLIN2 promotes lipid
accumulation in ascites-associated macrophages and ovarian cancer progression by 
HIF1a/SPP1 signaling. Adv Sci (Weinh). (2025) 12:e2411314. doi: 10.1002/advs.202411314 

66. Yang P, Qin H, Li Y, Xiao A, Zheng E, Zeng H, et al. CD36-mediated metabolic 
crosstalk between tumor cells and macrophages affects liver metastasis. Nat Commun. 
(2022) 13:5782. doi: 10.1038/s41467-022-33349-y 

67. Marelli G, Morina N, Portale F, Pandini M, Iovino M, Di Conza G, et al. Lipid-
loaded macrophages as new therapeutic target in cancer. J Immunother Cancer. (2022) 
10:e004584. doi: 10.1136/jitc-2022-004584 

68. Salvagno C, Ciampricotti M, Tuit S, Hau CS, van Weverwijk A, Coffelt SB, et al. 
Therapeutic targeting of macrophages enhances chemotherapy efficacy by unleashing 
type I interferon response. Nat Cell Biol. (2019) 21:511–21. doi: 10.1038/s41556-019-
0298-1 

69. Serafini P, Mgebroff S, Noonan K, Borrello I. Myeloid-derived suppressor cells 
promote cross-tolerance in B-cell lymphoma by expanding regulatory T cells. Cancer 
Res. (2008) 68:5439–49. doi: 10.1158/0008-5472.CAN-07-6621 

70. Dong S, Ye C, Li B, Lv F, Zhang L, Yang S, et al. Targeting of tumoral NAC1 
mitigates myeloid-derived suppressor cell-mediated immunosuppression and 
potentiates anti-PD-1 therapy in ovarian cancer. Cancer Immunol Res. (2025) 
13:286–302. doi: 10.1158/2326-6066.CIR-24-0084 

71. Komura N, Mabuchi S, Shimura K, Yokoi E, Kozasa K, Kuroda H, et al. The role 
of myeloid-derived suppressor cells in increasing cancer stem-like cells and promoting 
PD-L1 expression in epithelial ovarian cancer. Cancer Immunol Immunother. (2020) 
69:2477–99. doi: 10.1007/s00262-020-02628-2 

72. Prima V, Kaliberova LN, Kaliberov S, Curiel DT, Kusmartsev S. COX2/ 
mPGES1/PGE2 pathway regulates PD-L1 expression in tumor-associated 
macrophages and myeloid-derived suppressor cells. Proc Natl Acad Sci U.S.A. (2017) 
114:1117–22. doi: 10.1073/pnas.1612920114 

73. Hossain F, Al-Khami AA, Wyczechowska D, Hernandez C, Zheng L, Reiss K, 
et al. Inhibition of fatty acid oxidation modulates immunosuppressive functions of 
myeloid-derived suppressor cells and enhances cancer therapies. Cancer Immunol Res. 
(2015) 3:1236–47. doi: 10.1158/2326-6066.CIR-15-0036 

74. Xin G, Chen Y, Topchyan P, Kasmani MY, Burns R, Volberding PJ, et al. 
Targeting PIM1-mediated metabolism in myeloid suppressor cells to treat cancer. 
Cancer Immunol Res. (2021) 9:454–69. doi: 10.1158/2326-6066.CIR-20-0433 

75. Adeshakin AO, Liu W, Adeshakin FO, Afolabi LO, Zhang M, Zhang G, et al. 
Regulation of ROS in myeloid-derived suppressor cells through targeting fatty acid 
transport protein 2 enhanced anti-PD-L1 tumor immunotherapy. Cell Immunol. 
(2021) 362:104286. doi: 10.1016/j.cellimm.2021.104286 

76. Wang H, Franco F, Tsui Y-C, Xie X, Trefny MPT, Zappasodi R, et al. CD36-
mediated metabolic adaptation supports regulatory T cell survival and function in 
tumors. Nat Immunol. (2020) 21:298–308. doi: 10.1038/s41590-019-0589-5 

77. Guo Z, Huang J, Huo X, Huang C, Yu X, Sun Y, et al. Targeting LTA4H 
facilitates the reshaping of the immune microenvironment mediated by CCL5 and 
sensitizes ovarian cancer to Cisplatin. Sci China Life Sci. (2024) 67:1226–41. 
doi: 10.1007/s11427-023-2444-5 

78. Ugolini A, Tyurin VA, Tyurina YY, Tcyganov EN, Donthireddy L, Kagan VE, 
et al. Polymorphonuclear myeloid-derived suppressor cells limit antigen cross-
presentation by dendritic cells in cancer. JCI Insight. (2020) 5:e138581. doi: 10.1172/ 
jci.insight.138581 

79. Chae CS, Sandoval TA, Hwang SM, Park ES, Giovanelli P, Awasthi D, et al. 
Tumor-Derived lysophosphatidic acid blunts protective type I interferon responses in 
ovarian cancer. Cancer Discov. (2022) 12:1904–21. doi: 10.1158/2159-8290.CD-21-
1181 

80. Hammoud MK, Dietze R, Pesek J, Finkernagel F, Unger A, Bieringer T, et al. 
Arachidonic acid, a clinically adverse mediator in the ovarian cancer 
microenvironment, impairs JAK-STAT signaling in macrophages by perturbing lipid 
raft structures. Mol Oncol. (2022) 16:3146–66. doi: 10.1002/1878-0261.13221 

81. Dietze R, Hammoud MK, Gomez-Serrano M, Unger A, Bieringer T, Finkernagel 
F, et al. Phosphoproteomics identify arachidonic-acid-regulated signal transduction 
pathways modulating macrophage functions with implications for ovarian cancer. 
Theranostics. (2021) 11:1377–95. doi: 10.7150/thno.52442 

82. Porta C, Consonni FM, Morlacchi S, Sangaletti S, Bleve A, Totaro MG, et al. 
Tumor-derived prostaglandin E2 promotes p50 NF-kB-dependent differentiation of 
monocytic MDSC. Cancer Res. (2020) 80:2874–88. doi: 10.1158/0008-5472.CAN-19-
2843 

83. Fletcher M, Ramirez ME, Sierra RA, Raber P, Thevenot P, Al-Khami AA, et al. 
l-Arginine depletion blunts antitumor T-cell responses by inducing myeloid-derived 
suppressor cells. Cancer Res. (2014) 75:275–83. doi: 10.1158/0008-5472.CAN-14-
1491 
frontiersin.org 

https://doi.org/10.1016/j.canlet.2018.11.023
https://doi.org/10.1016/j.celrep.2020.108473
https://doi.org/10.1186/s13287-025-04132-9
https://doi.org/10.1007/s10585-016-9821-y
https://doi.org/10.1080/20013078.2019.1629865
https://doi.org/10.1038/srep39999
https://doi.org/10.1038/s41586-018-0597-x
https://doi.org/10.1016/j.ccell.2022.03.008
https://doi.org/10.1016/j.cmet.2021.02.015
https://doi.org/10.1016/j.immuni.2021.05.003
https://doi.org/10.1038/s41586-024-08071-y
https://doi.org/10.1038/ncomms7692
https://doi.org/10.1016/j.cmet.2019.04.002
https://doi.org/10.1038/s41586-021-03235-6
https://doi.org/10.1016/j.immuni.2019.06.017
https://doi.org/10.1186/s12964-024-01940-z
https://doi.org/10.1016/j.ijbiomac.2025.140559
https://doi.org/10.1182/blood.2020005602
https://doi.org/10.1038/s41423-022-00872-3
https://doi.org/10.1038/s41423-022-00872-3
https://doi.org/10.1038/s41590-018-0251-7
https://doi.org/10.1126/sciadv.adc8825
https://doi.org/10.1016/j.nantod.2022.101416
https://doi.org/10.1016/j.immuni.2017.12.004
https://doi.org/10.1002/advs.202411314
https://doi.org/10.1038/s41467-022-33349-y
https://doi.org/10.1136/jitc-2022-004584
https://doi.org/10.1038/s41556-019-0298-1
https://doi.org/10.1038/s41556-019-0298-1
https://doi.org/10.1158/0008-5472.CAN-07-6621
https://doi.org/10.1158/2326-6066.CIR-24-0084
https://doi.org/10.1007/s00262-020-02628-2
https://doi.org/10.1073/pnas.1612920114
https://doi.org/10.1158/2326-6066.CIR-15-0036
https://doi.org/10.1158/2326-6066.CIR-20-0433
https://doi.org/10.1016/j.cellimm.2021.104286
https://doi.org/10.1038/s41590-019-0589-5
https://doi.org/10.1007/s11427-023-2444-5
https://doi.org/10.1172/jci.insight.138581
https://doi.org/10.1172/jci.insight.138581
https://doi.org/10.1158/2159-8290.CD-21-1181
https://doi.org/10.1158/2159-8290.CD-21-1181
https://doi.org/10.1002/1878-0261.13221
https://doi.org/10.7150/thno.52442
https://doi.org/10.1158/0008-5472.CAN-19-2843
https://doi.org/10.1158/0008-5472.CAN-19-2843
https://doi.org/10.1158/0008-5472.CAN-14-1491
https://doi.org/10.1158/0008-5472.CAN-14-1491
https://doi.org/10.3389/fimmu.2025.1614815
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://51:381�97.e6
https://30:143�56.e5

	Crosstalk between stromal, immune, and ovarian cancer cells in lipid-rich tumor microenvironment exhibits proliferative features
	1 Introduction
	2 Lipid metabolism involved processes
	2.1 Lipid uptake
	2.2 De novo fatty acid synthesis
	2.3 Fatty acid oxidation
	2.4 Lipid storage
	2.5 Cancer cell membrane construction

	3 Lipid metabolism alteration contributes to immunosuppressive TME through crosstalk between stromal cells and immune cells.
	3.1 Stromal cells
	3.1.1 Cancer-associated adipocytes
	3.1.2 Cancer-associated fibroblasts

	3.2 Immune cells
	3.2.1 T cells
	3.2.2 NK cells
	3.2.3 Dendritic cells
	3.2.4 Macrophages
	3.2.5 Myeloid-derived suppressor cells


	4 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


