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Abstract

T cells recognize “foreign” antigens and 
induce durable humoral and cellular immune 
responses, which are indispensable for defend-
ing pathogens, as well as maintaining the 
integrity and homeostasis of tissues and 
organs. T cells are the major immune cell pop-
ulation in the tumor microenvironment which 
play a critical role in the antitumor immune 
response and cancer immune surveillance. 
Defective immune response of tumor- 
infiltrating T cells is the main cause of cancer 
immune evasion. The antitumor response of T 
cells is affected by multiple factors in the 
tumor microenvironment, including immuno-
suppressive cells, immune inhibitory cyto-
kines, tumor-derived suppressive signals like 
PD-L1, immnuogenicity of tumor cells, as 
well as metabolic factors like hypoxia and 
nutrient deprivation. Abundant studies in past 
decades have proved the metabolic regulations 
of the immune response of T cells and the 
tumor-infiltrating T cells. In this chapter, we 
will discuss the regulations of the antitumor 
response of tumor- infiltrating T cells by lipid 

metabolism, which is one of the main compo-
nents of metabolic regulation.
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10.1  Tumor-Infiltrating 
T Lymphocytes

The degree of T cell infiltration varies across 
tumor types. Tumors mainly fall into two catego-
ries, “hot” and “cold”, which is based on the 
presence of immune cells in them. Hot tumors 
have a higher density of tumor-infiltrating lym-
phocytes (TILs), while cold tumors are defined 
by the absence of TILs [1, 2]. Moreover, TILs can 
be further divided into multiple subsets with dis-
tinctive functions. Yost et  al. have collected 
33,106 TILs from the tumor samples of 11 
patients with advanced basal or squamous cell 
carcinoma. By using droplet-based 5′ single-cell 
RNA- sequencing and T cell receptor (TCR)-
sequencing libraries, they successfully identified 
nine distinct T cell clusters in the specimens. The 
CD4+ clusters included regulatory T cells (Treg) 
cells, follicular helper T (Tfh) cells, and T helper 
17 cells (Th17) cells. CD8+ clusters included 
naive T cells, memory T cells (Tmem), effector 
memory T cells, activated cells, chronically acti-
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vated/exhausted cells, and intermediate 
exhausted/activated cells [3]. Here, we will 
review the current understanding of lipid metabo-
lism of the different subsets of tumor-infiltrating 
T cells.

10.2  Roles of Lipid Metabolism 
in Tumor-Infiltrating T Cells

10.2.1  CD8+ T Cell

CD8+ T cells are one of the most important sub-
populations of tumor-infiltrating T cells, includ-
ing cytotoxic effector T cells (Teff) and memory 
T cells, which both have distinct programs of 
lipid metabolism. Hypoxia in the tumor micro-
environment (TME) induces the metabolic 
switch from oxidative phosphorylation to gly-
colysis, which consumes more carbohydrates 
otherwise lipids. In contrast, the differentiation 
and function of memory CD8+ T cells are mainly 
relying on fatty acid oxidation and oxidative 
phosphorylation (OXPHOS) in mitochondria to 
produce energy [4].

10.2.1.1  CD8+ Effector T Cell
Upon tumor antigen engagement, naive T cells 
are activated and differentiate into effector cells. 
Quiescent T cells primarily metabolize pyruvate 
and fatty acids (FAs) via OXPHOS in the mito-
chondria to produce energy (ATP). Antigen rec-
ognition by the TCR and the ligation of 
co-stimulatory receptors like CD28 and ICOS 
activate downstream signal pathways, such as 
phosphatidylinositol- 3-OH kinase (PI3K)-
protein kinase B (Akt) which correlates with 
metabolic regulation [5, 6]. After T cell 
 activation, phosphorylation of Akt increases gly-
colysis and elevates mammalian target of 
rapamycin (mTOR) signaling, which is central 
to protein translation regulation. Therefore, the 
PI3K- mTOR signaling pathway has been sug-
gested to be a regulator of the metabolism of 
effector T cells, which in turn shuttles carbon 
derived from glucose into intermediates for the 
synthesis of lipid and protein [7–9].

As a key metabolism regulator, mTORC1 
upregulates fatty acid synthesis (FAS) by regulat-
ing the activity of sterol regulatory element- 
binding proteins (SREBPs) [10]. SREBP1 and 
SREBP2 are master transcriptional regulators of 
genes involved in de novo lipid and sterol biosyn-
thesis, which are essential for meeting the height-
ened lipid requirements during the transition 
from quiescent to activated state [11]. The inac-
tive precursors of SREBPs reside in the endo-
plasmic reticulum (ER), where they interact with 
the sterol cleavage activating protein (SCAP). 
The SREBP/SCAP complex is processed by pro-
teases in the Golgi to release the N-terminal of 
the SREBP protein. The activated SREBP then 
translocates to the nucleus to regulate the expres-
sion of genes, which encode the key enzymes of 
fatty acid and cholesterol biosynthesis, through 
binding to the promoter that contains sterol regu-
latory elements (SRE) and E box sequences [12]. 
Once released from the Golgi, the active form of 
SREBP1 is susceptible to proteasomal degrada-
tion [13]. A recent study found that overexpres-
sion of an activated version of Akt led to a 
rapamycin-sensitive increase in the processed 
form of SREBP1. Akt induces expression of a 
number of lipogenic genes, including ATP citrate 
lyase (ACLY) and fatty acid synthetase (FASN). 
ACLY converts cytosolic citrate into acetyl-CoA 
and oxaloacetate, supplying the essential metab-
olites for lipid biosynthesis. FASN catalyzes the 
condensation of acetyl-CoA and malonyl-CoA to 
generate long-chain fatty acids [12, 13].

CD8+ Teff cells also adopt lipid catabolism to 
preserve viability in the tumor microenviron-
ment. For instance, CD8+ tumor-infiltrating T 
cells enhance catabolism of FAs through peroxi-
some proliferator-activated receptor-α (PPAR-α) 
signaling. This metabolic switch can partially 
support the effector function of CD8+ TILs in 
tumor microenvironment in mice model. Further 
studies use 13C16–palmitate to study the change in 
metabolic pathways. Isotope labeling shows that 
many amino acids and metabolites in tricarbox-
ylic acid  cycle (TCA cycle) including acetyl-
CoA are synthesized with FA-derived carbons. 
Tumor-infiltrating CD8+ T cells are also charac-
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terized by increased transcription of PPAR-α, 
which leads to subsequent FA uptake, triglycer-
ide turnover, and peroxisomal and mitochondrial 
FA catabolism. The same trend is seen in the 
downstream molecules of PPAR-α, such as ace-
tylcarnitine, palmitoylcarnitine and the ketone 
body 3-hydroxybutyrate [14]. Bezafibrate, an 
agonist of PPAR-gamma coactivator 1α 
(PGC-1α)/PPARs axis, could upregulate the 
expression of PGC-1α and attenuate tumor pro-
gression on hyporesponsive LLC xenograft mod-
els. Bezafibrate treatment could improve the 
survival and functional capacity of tumor- 
infiltrating cytotoxic T lymphocytes (CTLs). 
Also, the transcription of PGC-1α, a gene that 
regulates mitochondrial biogenesis, was found to 
be enhanced in tumor-infiltrating T cells. 
Moreover, the expression of genes related to fatty 
acid oxidation (FAO), like PGC-1α, carnitine pal-
mitoyltransferase 1a (CPT1a) and LCAD, was 
significantly upregulated after treatment with 
bezafibrate within tumors. Taken together, these 
findings suggest that bezafibrate can activate 
PGC-1α/PPAR and regulate FAO of tumor- 
infiltrating CTLs to achieve better antitumor effi-
cacy [15].

However, tumor microenvironment may 
induce the transition of metabolic program of the 
effector CD8+ T cells, mainly the mitochondrial 
metabolism, to induce hyporesponsiveness of 
effector CD8+ T cells to tumor antigens. The 
transferred antigen-specific effector CD8+ T cells 
in the TME showed a progression loss of PGC1α, 
which is induced by chronic Akt signaling by per-
sistent antigen stimulation in TME [16]. As 
PGC1α regulates mitochondrial replication, 
repression of this protein promotes the loss of 
mitochondrial mass and eventually mitochondrial 
function. Metabolic reprogramming of T cells 
through enforced PGC1α expression may rescue 
mitochondrial function and induce superior anti-
tumor responses characterized by increased cyto-
kine production and tumor control [17].

10.2.1.2  CD8+ Memory T Cells
When encountering stimulatory antigens, the 
naïve or quiescent CD8+ T cells are activated and 
undergo clonal expansion to boost the population 

of antigen-specific T cells. However, after patho-
gen or antigen clearance, most of the antigen- 
specific T cells undergo programmed cell death. 
Only a small fraction of them survive and become 
long-lived memory T cells [18]. The memory T 
cells can be divided into two main subtypes: the 
central memory T cells (Tcm) and the effector 
memory T cells (Tem). These cells can be further 
categorized by more distinctive surface markers. 
There are many novel populations of Tmem cells 
that were discovered over the years, like tissue-
resident memory T (Trm) cells and stem memory 
T cells (Tscm) [19, 20]. In a seminal study, van der 
Windt et  al. have demonstrated that memory T 
cells engage in lipid metabolism to support sur-
vival, which correlates with the longevity of Tmem 
cells. In particular, fatty acid oxidation provides a 
protective metabolic advantage for the survival of 
memory T cells so that they can be activated and 
initiate an immune response more quickly [21, 
22]. Unlike CD8+ effector T cells or quiescent 
naive CD8+ T cells, CD8+ memory T cells main-
tained substantial spare respiratory capacity 
(SRC, a measure of mitochondrial reserve in a 
cell to produce energy) in their mitochondria, 
which is important for long- term cellular survival 
and function [23]. Enhanced SRC in CD8+ mem-
ory T cells is associated with mitochondrial bio-
genesis and expression of CPT1a, a protein that is 
involved in the utilization of fatty acids in the 
mitochondria. It is suggested that FAO regulated 
SRC and CD8+ memory T cell development [22, 
24]. Also, it can’t be ignored that at the early 
stage of T cell activation, the co-stimulatory 
receptor CD28 upregulates CPT1a to support the 
generation of Tmem through the remodeling of 
mitochondrial and development of spare respira-
tory capacity [25].

In terms of the source of FA for FAO, rather 
than acquiring extracellular FA directly, memory 
T cells use extracellular glucose to support FAO 
and OXPHOS. This phenomenon indicates that 
lipids need to be synthesized to satisfy the need 
for FAO.  It is found that CD8+ effector T cells 
acquire more long-chain FA (LCFA) from their 
surroundings than CD8+ memory T cells. As 
O’Sullivan et  al. found non-accumulation of 
lipid droplets in Tmem cells, it is speculated that 
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cellular FAs were converted to triacylglycerol 
(TAG) in ER.  Then the TAG would directly 
undergo lysosomal hydrolase lysosome acid 
lipase (LAL)-mediated lipolysis to generate FA 
for FAO [26]. Under optimal conditions, lipoly-
sis is not the necessary metabolic event for T 
cells. However, upon nutrient deprivation, lipol-
ysis could provide a large amount of energy to T 
cells in the tumor microenvironment. Lipolytic 
machinery in Tmem cells differs from those in adi-
pocytes, which involves critical enzymes like 
adipose triglyceride lipase (ATGL) and hor-
mone-sensitive lipase (HSL) [27]. More evi-
dences have also displayed that the transcription 
factor forkhead homeobox type protein O1 
(FoxO1) promotes Tmem differentiation by 
increasing lipolysis [26]. Processes of lipolysis 
or autophagy can degrade lipids not only to fuel 
OXPHOS but also for the generation of lipid sig-
naling molecules, such as lipid ligands that acti-
vate the PPAR pathway [28, 29]. This futile 
metabolic cycling of FAS and FAO, which has 
been documented in muscle and adipose tissue, 
confers lymphocytes the advantage of extremely 
rapid activation [27].

The importance of fatty acid metabolism in 
CD8+ memory T cells can also be found in mice 
that lack tumor necrosis factor receptor- associated 
factor 6 (TRAF6), which shows compromised 
CD8 Tmem generation but normal activation and 
expansion of CD8 Teff. TRAF6 mainly stimulates 
AMP-activated protein kinase (AMPK) and inhib-
its mTOR signaling in CD8+ T cells, thereby 
increasing fatty acid oxidation [28]. AMPK is a 
cellular energy sensor and controller of FAO; it 
inhibits acetyl-CoA carboxylase 2 (ACC2) by 
phosphorylation, thus promoting the oxidation of 
long-chain fatty acid. These studies suggested that 
FAO is instrumental in the generation of CD8+ 
memory T cells. Without FAO, the differentiation 
of Tmem cells will be hindered [30]. However, Raud 
et  al. noticed that at high concentration (40–
200  μM), etomoxir, a widely used inhibitor of 
long-chain fatty acid oxidation by CPT1a, may 
have an off-target effect as affecting the abundance 
of TCA cycle intermediates [31]. Thus, it reminds 
us that attention should be paid in the concentra-
tion of chemicals used in metabolic research.

Tmem cells also obtain lipids to sustain FAO in 
the long term, though in a relatively smaller 
amount compared with CD8+ Tmem cells [26]. 
Consistent with recent findings, IL-7 induces the 
expression of aquaporin 9 (AQP9), which trans-
ports glycerol into the cells. Elevated expression 
of AQP9 leads to glycerol uptake and lipogene-
sis, sustaining the level of TAG in memory CD8+ 
T cells. Exogenous glycerol serves as potential 
fuel sources for the synthesis of triacylglycerides 
and ATP and for the activation of mTORC1 and 
expression of c-Myc [32].

The difference of mitochondria between Tmem 
and Teff cells may also be the mechanism underly-
ing the distinct lipid metabolism of Tmem. Teff cells 
have morphologically distinctive mitochondria, 
which are scattered in the cytoplasm, while the 
mitochondria of Tmem cells maintain densely 
packed and transform into fused tubes. Through 
the study of Opa1 floxed mouse model, fusion 
protein Opa1 is found to be instrumental in Tmem 
generation after infection but not to Teff cells [33]. 
Inducing mitochondrial fusion in Teff cells makes 
it more similar to Tmem cells, improving their anti-
tumor function. Also, CD8 Tmem cells have more 
mitochondrial mass. Therefore, when CD8+ Tmem 
cells differentiate into secondary Teff cells, they 
have higher levels of ATP than primary effector T 
cells and develop robust immune response [21]. 
It is also suggested that the difference in cristae 
morphology between Tmem and Teff is linked to 
their metabolism adaption. Fusion of mitochon-
dria in Tmem cells remodels the electron transport 
chain (ETC) complex to favor OXPHOS and 
FAO. In contrast, fission of mitochondria in Teff 
cells leads to ETC inefficiency, increasing aero-
bic glycolysis [33, 34].

The tissue-resident CD8+ memory T cells 
(Trm) are a recently identified subpopulation of 
memory CD8+ T cells that do not circulate in the 
blood and are primarily inhabited in nonlym-
phoid tissues, such as the skin and intestine. The 
infiltration of Trm leads to better clinical outcomes 
in various types of human cancers, including 
lung cancer. Trm cells appear to play a role in 
tumor-specific T cell response [35]. Elevated 
level of lipid in the external environment of Trm 
cells greatly influences their metabolism. Several 
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metabolism-related surface molecules like low- 
density lipoprotein receptor (LDLR), ApoE, 
scavenger receptor CD36, and fatty acid binding 
proteins (FABP) 4 and 5 are highly expressed on 
intestinal Trm cells to transfer lipids from the 
extracellular space to cytosol. FABPs regulate 
fatty acid influx and transfer free fatty acid (FFA) 
to mitochondria, providing the substrate for the 
FAO.  Furthermore, FABP4 reduces cholesterol 
ester accumulation via inhibition of PPARγ path-
ways. Both FABP4 and FABP5 have a critical 
role in the maintenance, longevity and function 
of CD8+ Trm cells [36]. All the evidence suggest 
that Trm have specialized lipid metabolism when 
compared with traditional Tmem [37–39].

10.2.2  CD4+ T Cells

The proper differentiation of CD4+ T cells into 
effector cells and suppressive cells provides a 
balance between protective immune response 
and excessive inflammation. CD4+ T cells differ-
entiate into effector T cells, i.e., Th1, Th2 and 
Th17, or inducible regulatory T cell (Treg), pro-
viding protection against a wide range of patho-
gens and “nonself” cells, including tumor cells 
[40].

The differentiation of CD4+ T cells is finely 
tuned by a complex network including cytokine 
signaling, transcription factors, as well as meta-
bolic programs. The differentiation of CD4+ T 
cells to Teff and Treg cells shows distinct meta-
bolic programs. Th1, Th2 and Th17 cells are 
highly glycolytic, while Treg cells favor 
enhanced lipid oxidation rates [41]. Changes in 
metabolic program as enhanced glycolysis or 
lipid oxidation can affect the differentiation of 
CD4+ T cells. In a recent study, Michalek et al. 
found the cytokine production of Th1, Th2 and 
Th17 is  inhibited by promoting lipid oxidation 
with the addition of exogenous fatty acid dur-
ing initial T cell activation. Instead, Treg cells 
have slightly increased expression of lineage-
specific transcription factors Foxp3. Exogenous 
FA reduced the number of viable Th1, Th2 and 
Th17 cytokine production cells. The compro-
mised function of CD4+ T cells cannot be res-

cued by adding cytokines like IL-12, IL-4, or 
TGF-β, respectively. This might be explained 
by the different metabolic programs in CD4+ T 
cell subsets; Teff cells mainly utilize glucose as 
energy source, while Treg cells more favor lipid 
as energy source [41].

The cellular fatty acid level also controls the 
differentiation of Th17 and Treg cells. Cellular 
fatty acids are mainly from de novo synthesis and 
exogenous uptake. Inhibition of ACC1 not only 
blocks de novo fatty acid synthesis but also inter-
feres with Th17 differentiation. Th17 cells rely 
on ACC1 for the production of phospholipids, a 
critical component of cellular membranes. 
Meanwhile Treg cells use exogenous fatty acids 
for phospholipid supply. Evidence suggests that 
in the tumor tissue, where most of the fatty acids 
are consumed by tumor cells, exogenous fatty 
acid deficiency impedes Treg response and pro-
motes Th17 response [4, 7, 42].

AMPK/mTOR signaling axis have been previ-
ously demonstrated to regulate the metabolism 
and differentiation of CD4+ T cells into Teff or 
Treg cells. T cell activation increases glycolysis 
and reduces FAO with mTOR signaling [41, 43]. 
Inhibition of mTOR signaling results in elevated 
oxidation of fatty acid [44] and promotes Treg 
differentiation. In the presence of TGF-β, 
rapamycin resulted in an elevated level of Treg 
cells. Further study showed that etomoxir, a 
CPT1a inhibitor, reduced rapamycin induction of 
Treg cells. Upon mTOR inhibition, the differen-
tiation of Treg subset requires lipid oxidation to 
support increased energy requirement [41]. As 
illustrated in mTOR-deficient mice, lack of 
mTOR severely impairs the differentiation of 
effector T cell subsets. Both natural and inducible 
Treg cells exhibited elevated levels of AMPK 
phosphorylation and activation compared with 
Teff and naive CD4+ T cells [45, 46]. Metformin is 
the activator of AMPK, the administration of 
which leads to increased FAO and increased Treg 
cells [30]. Together, co-treatment of CD4+ T cells 
with rapamycin and metformin to inhibit mTOR 
and activate AMPK results in increased lipid oxi-
dation [41].

Non-alcoholic fatty liver disease (NAFLD) is 
an important risk factor for predicting hepatocel-
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lular carcinoma (HCC), which is characterized 
by the accumulation of lipid. It is found that 
increased fat deposition in the liver may induce 
selective apoptosis of CD4+ T cells. Lipid-laden 
hepatocytes release linoleic acid (C18:2), which 
is taken up by CD4+ T cells and upregulates 
CPT1a expression [47]. By feeding mice with a 
diet rich in linoleic acid, the same phenomenon 
can be seen in CD4+ T cells inhabited in the liver. 
Additionally, it has been demonstrated that the 
level of PPAR-α mRNA increases in human 
hepatocellular carcinoma. Studies also show 
PPAR-α, together with PGC-1, directly upregu-
late the transcription of CPT1a. There is no dif-
ference in the uptake of linoleic acid between 
CD4+ and CD8+ T cells. Nevertheless, the upreg-
ulation of CPT1a increases the transportation of 
linoleic acid into mitochondria, disrupting elec-
tron transport chain. Leakage of electron 
increased reactive oxygen species (ROS) led to 
cell death of CD4+ T cells. Taken together, release 
of linoleic acid leads to the loss of CD4+ T cells 
that facilitate tumorigenesis. Therefore, inhibit-
ing PPAR-α may reduce the expression of CPT1a 
and subsequent CD4+ T cell apoptosis to prevent 
HCC induced by NAFLD [48, 49].

10.2.2.1  CD4+ Regulatory T Cells
Accumulating evidence has revealed that regula-
tory T cell is an important part of TME in various 
types of cancers, such as skin, pancreas, breast 
and ovarian tumors in both humans and mice 
[50]. In contrast to the activated CD4+ effector T 
cells, nutrient-restrictive TME does not seem to 
impair the functions of Treg cells. As previously 
reported, regulatory T cell favors FAO and has a 
heightened level of AMPK [24]. Consistent with 
previous findings, inhibition of fatty acid trans-
port and oxidation, using sulfo-N-succinimidyl 
oleate (SSO) and etomoxir, results in a significant 
loss of Treg cells. Apart from the decrease of 
number, treatment with etomoxir and SSO also 
significantly suppresses the expression of mark-
ers of Treg cells, like Granzyme B, CD39 and 
NRP1 [51]. These results suggest that free FA 
may suppress immune response within tumors.

The increase in the production of FA by cancer 
cells and cancer-associated adipocytes makes lip-

ids the available fuel for Treg cells in the TME. The 
differentiation and survival of Treg cells are sup-
ported by FA uptake and catabolism [7]. In a 
mouse tumor model, Pacella et al. stained tumor-
infiltrating Treg cells with BODIPY, a fluorescent 
dye that enables the detection of lipids and other 
lipophilic compounds. It showed that increased 
intracellular lipid content accumulated in tumor-
infiltrating Treg cells. It seems like the Treg cells 
rely on FAS, rather than uptake of fatty acid, to 
build up the lipid storage, which is similar to Tmem. 
Recent studies found that tumor- infiltrating Treg 
cells prefer to use glycolysis to fuel fatty acid syn-
thesis. Gene set enrichment analysis showed that 
genes associated with glycolysis and lipid biosyn-
thesis have heightened expression in tumor-infil-
trating Treg cells extracted from liver cancer [52].

Other bioactive lipids, such as steroids, 
sphingolipids and fat-soluble vitamins, can also 
affect the function of Treg cells [50, 53–55]. 
Sphingosine 1-phosphate (S1P) is an important 
regulator of many biological processes. Both the 
number of tumor-infiltrating Treg cells and the 
expression of sphingosine 1-phosphate receptor 
1 (S1P1, one of the five G protein-coupled 
receptors of S1P) were substantially enhanced 
in bladder cancer tissues. There is a strong and 
positive correlation between the expression of 
S1P1 and the number of tumor-infiltrating Treg 
cells. S1p1 induced the secretion of TGF-β and 
IL-10 and promoted the generation of cancer-
associated inducible Treg (iTreg) and recruit-
ment of natural regulatory T cells (nTreg). 
Survival analysis showed that increased levels 
of both S1P1 and Treg cells are linked to shorter 
overall survival and poor prognosis in bladder 
cancer patients [56, 57].

10.2.2.2  CD4+ Th17 Cells
CD4+ T helper 17 cells are a subset of the pro- 
inflammatory T cells which are characterized by 
RAR-related orphan receptor gamma (RORγ). 
RORγ is the master transcriptional regulator of 
Th17 cells. Th17 cells exhibit great diversity in 
the roles they play in the immune system, most 
prominently serving as a controversial double- 
edged sword in cancer. For one thing, Th17 cells 
are responsible for impairing tumor surveillance, 
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and inducing immunosuppression and tumor 
growth. For another, they can also mediate pro-
tective antitumor immunity through recruiting 
immune cells into tumors, which shows great 
advantage for cancer immunotherapy like adop-
tive cell transfer (ACT) [58].

As a regulator of lipid metabolism, CD5L is 
found to be the switch that controls the transition 
between pathogenic and nonpathogenic Th17 
cells [59]. Pathogenic Th17 cells express more 
pro-inflammatory genes, while nonpathogenic 
Th17 cells mainly express immunosuppressive 
genes [60]. CD5L is primarily expressed in non-
pathogenic Th17 cells. And the knockdown of 
CD5L skewed Th17 cells phenotype toward 
disease- inducing Th17 cells by regulating the 
lipidome of Th17 cells. As a result of CD5L dele-
tion, the lipid profile of Th17 cells changes 
remarkably, increasing the level of cholesterol 
ester and the ratio of saturated fatty acid (SFA). 
CD5L restricts the synthesis of cholesterol, 
which has been linked to the production of 
endogenous RORγt ligand. Moreover, CD5L 
manipulated the binding of RORγ to the pro-
moter of different genes by altering the composi-
tion of lipids in the cell. SFA increased RORγ 
binding to Il17 and Il10 gene locus, while poly-
unsaturated fatty acid promoted RORγ binding to  
Il10 CNS-9 locus. Therefore, CD5L regulated the 
expression of IL-17, IL-23, and IL-10. Also, 
CD5L controlled the cholesterol and long-chain 
fatty acid biosynthetic pathways, subsequently 
affecting the transcriptional activity of RORγ and 
pathogenicity of Th17 cells [61].

In mice fed with a high-fat diet (HFD), Th17 
cells showed significant upregulation of genes in 
the lipid metabolic pathways in gene ontology 
analysis. HFD induces the expression of genes 
related to FAS, including Acaca. ACC1 is 
encoded by Acaca, which is found to control the 
differentiation of Th17 cells. The differentiation 
of Th17 cells was significantly declined when 
ACC1 was inhibited by 5-(tetradecyloxy)-2- 
furoic acid. It was found that ACC1 modulated 
the specific binding of RORγt to control the func-
tions of RORγt in Th17 cells [62].

Interestingly, liver X receptors (LXR) sup-
press Th17 differentiation. LXR ligands nega-

tively regulate mouse [44] and human [46] Th17 
differentiation. This is in part due to the LXR 
promoting the expression of sterol regulatory ele-
ment binding protein 1 (SREBP1). SREBP1 is 
subsequently recruited to the E-box element of 
the Il17 promoter. Aryl hydrocarbon receptor 
(AHR) also binds to the promoter of Il17, enhanc-
ing Th17 polarization [46]. SREBP1 interferes 
with the binding of AHR and Il17. It appears that 
LXR mediates the suppression of Th17 cells 
through the interference with AHR [63, 64].

The crosstalk between the gut microbiome 
and bile acid (BA) has emerged as a critical regu-
lator of T cell function in the digestive tract. 
Primary bile acids are derivatives of cholesterol 
synthesized by the hepatocyte, and secondary 
bile acids are converted by microbes from pri-
mary bile acids. According to recent studies, gut 
microbiota has high prognostic value in predict-
ing the risk and progression of gastrointestinal 
cancers [65, 66]. MDR1 (ABCB1) is widely rec-
ognized to be responsible for the drug resistance 
to chemotherapy. MDR1 is also widely expressed 
in intestinal Teff cells. Bile acid could be toxic to 
T cells at high concentrations. In order to adapt to 
the environment of the intestine, Teff cells inhabit-
ing in the ileum upregulate Mdr1 to maintain 
homeostasis in the face of conjugated bile acids. 
Teff cells lacking Mdr1 display mucosal dysfunc-
tion in the ileum and displayed increased TNF 
and IFN-γ expression [66].

Lithocholic acid (LCA) is a secondary bile 
acid formed in the intestine. In a screening of 
more than 30 kinds of bile acid metabolites, two 
types of lithocholic acid were found to affect the 
differentiation of Th17 and Treg cells. 3-OxoLCA 
inhibited the differentiation of Th17 cells, reduc-
ing the expression of IL-17a by interacting with 
RORγt ligand-binding domain. Additional isoal-
loLCA led to increased production of mitoROS 
to enhance the differentiation of Treg cells, 
through increasing Foxp3 expression [67].

10.2.2.3  CD4+ Effector Memory T Cells
Compared with the central memory T cells men-
tioned above, CD4+ effector memory T cells have 
limited ability to conduct FAS and FAO. In order 
to simulate the tumor microenvironment, research-
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ers have created a special medium, which is chem-
ically defined as serum-free. The activated CD4+ T 
cells grown in optimal glucose have a large num-
ber of lipid droplets. When subsequently placed in 
low-glucose conditions, lipid droplets are con-
sumed as fuel for CD4+ T cells. However, things 
are a little different for Tem cells, which do not 
upregulate FAS in optimal glucose concentration 
and possess much fewer lipid droplets. Also, inhi-
bition of fatty acid synthesis and uptake produced 
little or no change in Tem expansion [26]. It sug-
gests that the expansion and function of Tem are 
largely independent of fatty acid metabolism. In 
low glucose, Tem cells could convert some of the 
glutamine imported from the medium into fatty 
acids. Using citrate labeled with four heavy carbon 
isotopes to examine how glutamine is utilized, it is 
discovered that a very low level of glutamine is 
routed to FAS in effector memory T cells [68].

Apart from the ability to expand, Ecker et al. 
noticed a strong correlation between the effector 
activity of Tem cells and fatty acid metabolism. 
Upon glucose deprivation, naive T cells and Tcm 
cells increased FAS, which resulted in a drop of 
IFN-γ secretion. If the FAS of naive T cells was 
inhibited, naive T cells dramatically upregulated 
IFN-γ. As mentioned above, the lipid metabolism 
of Tem cells remained largely unchanged when 
they were facing glucose starvation. At the same 
time, Tem cells maintained a relatively high level 
of IFN-γ, which further illustrated the limited 
ability of Tem cells to metabolize fatty acid [68].

10.2.3  Exhausted T Cells

T cells usually drift into exhausted status in the 
tumor, which is represented by a group of T 
cells with impaired function and sustained 
expression of inhibitory receptors [69, 70]. For 
instance, the expansion ability of CD8+ T cells 
was severely impaired because of chronic infec-
tion [70]. The dysfunction of exhausted T cells 
is related to the co-expression of multiple inhib-
itory receptors, including cytotoxic T lympho-
cyte antigen 4 (CTLA-4), lymphocyte activation 
gene 3 (LAG- 3), T cell immunoglobulin and 

mucin-containing gene 3 (Tim-3) and pro-
grammed death-1 (PD-1). A good example is 
that the CD8+ TILs isolated from diet-induced 
obese (DIO) mice express more PD-1, Tim-3, 
and Lag3 [71]. The upregulation of these mole-
cules also regulates the lipid metabolism of 
exhausted T cells (Tex) in the tumor [72, 73].

PD-1 expression is one of the characteristics 
of T cell exhaustion; its signaling favored the oxi-
dation of fatty acid for T cells while inhibiting the 
transport and utilization of amino acid and glu-
cose in vivo. Similar to the long-lived CD8+ Tmem, 
T cells with PD-1 ligation had a substantial mito-
chondrial reserve to produce more energy, as 
shown by higher level of spare respiratory capac-
ity. To be more specific, PD-1 inhibited PI3K 
activity, thereby inducing the expression of 
CPT1a [74]. Moreover, the level of FASN was 
greatly increased since the stimulation of PD-1. 
Therefore, T cells have altered lipid metabolism 
after incubation with PD-1, which is character-
ized by elevated lipolysis and FAO [75].

Meanwhile, PD-1 can promote the differen-
tiation of Treg cells, which suppress Teff func-
tions [5, 72, 76]. PGC-1α expression is repressed 
by PD-1 through PI3K-Akt and mTOR path-
ways on the initial stage of the infection of the 
lymphocytic choriomeningitis virus (LCMV), 
leading to the mitochondrial depolarization. 
PGC-1α expression was enhanced in the absence 
of PD-1, and retroviral expression of PGC-1 
could partly rescue the mitochondrial function 
of Teff [29].

Tnfrsf9 (4-1BB or CD137) is expressed after T 
cell activation, which stimulates cell differentia-
tion and survival [77]. LAG-3 functions as an 
inhibitory receptor. In humans, tumor-infiltrating 
CD8+ T cells separated from melanoma co-
expressed 4-1BB and LAG-3 [78]. Activating 
4-1BB with agonistic anti-4-1BB antibody dem-
onstrated potent antitumor effects in murine tumor 
models [79]. The stimulation of 4-1BB increased 
the metabolism of glucose and fatty acids, which 
were important for cell proliferation. The signal-
ing pathway liver kinase B1 (LKB1)-AMPK-ACC 
was activated by anti-4-1BB treatment, which sup-
ported the energy need of T cells [80].
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10.2.4  γδ T Cells

γδ T cells are a unique subset of T cells, which 
are usually regarded as innate immune cells. γδ T 
cells have been reported to play a controversial 
role in different types of cancer [81]. In humans, 
the majority of γδ T cells express the Vγ9Vδ2+ 
TCR [82]. γδ T cells can recognize and respond 
to the presentation of lipid antigens [83], cancer 
cell-derived antigens [84] and mevalonate metab-
olites in tumor cells [85, 86]. Non-peptide anti-
gens like phosphoantigens (such as isopentenyl 
pyrophosphate, IPP), which are derivatives of the 
metabolites of bacterial isoprenoid biosynthesis 
or the mevalonate pathway, can selectively acti-
vate Vγ9Vδ2+ T cells [87]. Vγ9Vδ2+ T cells are 
also activated by accumulated phosphorylated 
mevalonate metabolites due to dysregulated mev-
alonate pathway in tumor cells [86].

LDL cholesterol has been identified as a risk 
factor for breast cancer proliferation and invasion 
[88]. Rodrigues et  al. showed that upon activa-
tion, up to 30% of Vγ9Vδ2+ T cells expressed 
LDLR to internalize LDL cholesterol. Although 
about 30% Vγ9Vδ2+ T cells express LDLR upon 
activation in tumor microenvironment, the accu-
mulation of cholesterol inhibits activation and 
antitumor function of Vγ9Vδ2+ T cells, including 
the expression of IFN-γ. As shown in a tumor- 
bearing mouse model, LDL-cholesterol 
compromised the capacity of Vγ9Vδ2+ T cells to 
control the growth of breast cancer [89].

27-hydroxycholesterol (27HC) is oxysterol, 
which serves as an endogenous estrogen recep-
tor. 27HC has been found to be a predictive 
marker of breast cancer progression [90]. 27HC 
could promote metastasis in several models of 
mammary cancer. Inhibition of CYP27A1, a 
rate-limiting enzyme in 27-hydroxycholesterol 
biosynthesis, led to less metastasis by decreas-
ing 27HC.  In the presence of polymorphonu-
clear neutrophils (PMNs), 27HC stimulated the 
proliferation of γδ T cells. Therefore, more 
PMN and γδ T cells infiltrated in tumors, facili-
tating further recruitment and creating positive 
feedback. Also, PMN and γδ T cells suppressed 
the tumor-infiltrating CD8+ T cells within 
tumors and metastatic lesions [85].

10.3  Cholesterol Metabolism 
of Tumor-Infiltrating T Cells

Cholesterol is a key component of the cell mem-
brane and a precursor for steroid hormone [91, 
92]. Cholesterol metabolism is mainly regulated 
by two transcription factors: one is SREBPs, 
which induce the expression of proteins that pro-
mote cholesterol uptake and synthesis, such as 
LDLR and hydroxymethylglutaryl coenzyme A 
reductase (HMGCR), and the other one is LXRs, 
which control the efflux of cholesterol. LXRs 
regulate the synthesis of ATP-binding cassette 
transporter ABCA1, ABCG1, and inducible 
degrader of LDLR (Idol). LXRs inhibit the 
LDLR pathway through transcriptional induction 
of Idol, which triggers the ubiquitination and 
subsequent degradation of LDLR [93].

It is widely known that the activation and 
expansion of T cells require increased uptake and 
de novo synthesis of cholesterol for membrane 
formation. Therefore, cholesterol efflux path-
ways can limit cell expansion [94]. Bensinger 
et al. reported that the activation of T cell induced 
the expression of oxysterol-metabolizing enzyme 
sulfotransferase family 2b member 1 (Sult2b1) to 
suppress LXR pathway [95]. Oxidized choles-
terol derivatives (oxysterols) can activate LXRs 
[96], and Sult2b1 promoted the sulfation of oxy-
sterols, thus reducing the available ligand of 
LXR. For further study, they used radioactive iso-
tope to label the substrate to detect cell division. 
T cells with LXRβ knockdown displayed higher 
division speed compared with wild-type T cells. 
A similar phenomenon can be found in lympho-
cytes lacking LXRβ expression that showed 
increased homeostatic proliferation [64]. As dis-
cussed above, LXR depended on ABCG1 to reg-
ulate sterol trafficking. In order to suppress cell 
proliferation, LXRβ stimulated ABCG1 and sub-
sequently reduced cholesterol level in T cells. 
Therefore, Sult2b1-LXR-ABCG1 axis plays an 
important role in the proliferation of T cells by 
manipulating cellular cholesterol metabolism.

As mentioned above, LDLR mediates choles-
terol uptake of tumor-infiltrating T cells [97]. In 
the tumor microenvironment, T cells increased 
the capacity of cholesterol uptake. Surprisingly, 
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an elevated level of cholesterol in tumor- 
infiltrating CD8+ T cells was linked to the expres-
sion of inhibitory receptors, such as PD-1, 2B4, 
TIM-3, and LAG-3 [98]. Ma et al. treated CD8+ T 
cells with different concentrations of cholesterol 
and supernatant of tumor culture. Consistent with 
previous findings, cholesterol induced immune 
checkpoint expression in a dose-dependent man-
ner. Addition of cholesterol increased ER stress 
and disrupted lipid metabolism in T cells. In 
response to that, T cells upregulated the tran-
scription of XBP1, an ER stress sensor, and that 
of PD-1 and 2B4. XBP1 was also a transcription 
factor, binding to the promoter of pdcd1 and 
CD244. Overexpression of XBP1 led to a higher 
level of PD-1, 2B4, TIM-3, and LAG-3. So rea-
sonably, inhibiting XBP1 restored the antitumor 
activity of CD8+ T cells, so was reducing choles-
terol [99].

CD8+ T cells that are skewed toward the phe-
notype of producing IL-9 (Tc9) have been recog-
nized as a target for adoptive cancer 
immunotherapy [100]. The mechanism underly-
ing the antitumor function of Tc9 cells may be 
the low concentration of cholesterol in Tc9 com-
pared with Tc1. As already noted, Tc9 cells had 
considerably lower expression of genes involved 
in cholesterol synthesis, such as Hmgcr. 
However, Tc9 cells had an active expression of 
cholesterol efflux genes like Abca1 and Abcg1. 
The expression of IL-9 was important for Tc9 
cells to maintain the antitumor activity. 
Cholesterol in Tc9 cells significantly affected 
IL-9 expression and the antitumor function. 
Further studies revealed that all oxysterols, 
except for 22(S)-hydroxycholesterol, inhibited 
IL-9 expression by activation and sumoylation 
of LXR. LXR sumoylation inhibited the binding 
of p65, a transcriptional factor, to Il9 promoter. 
In summary, cholesterol adversely affected the 
antitumor function of Tc9 cells through modu-
lating IL-9 [101].

However, increasing the membrane choles-
terol level could augment the antitumor function 
of CD8+ tumor-infiltrating T cells. ACAT1 and 
ACAT2 are key enzymes of cholesterol esterifi-
cation. Inhibition of ACAT1 and ACAT2 or 
ACAT1 alone in T cells resulted in enhanced 

effector function, characterized by increased 
cytotoxicity. Further studies conducted in geneti-
cally engineered mice showed similar results in 
CD8+ but not CD4+ T cells, which may be owing 
to different metabolic programs. In the mela-
noma model, ACAT1-deficient CD8+ tumor- 
infiltrating T cells generated potent antitumor 
activity. This was due to the increase of the 
plasma membrane cholesterol level of CD8+ T 
cells, which causes enhanced TCR clustering and 
signaling as well as a more efficient formation of 
the immunological synapse [102, 103]. Therefore, 
the inhibition of ACAT1 strengthened the antitu-
mor function of CD8+ T cells through elevated 
membrane cholesterol content [104].

10.4  Oxygen Deprivation 
in Tumor Affects Lipid 
Metabolism in Tumor- 
Infiltrating T Cells

Recent studies suggested that the nutrient- 
restrictive TME dampens lymphocyte’s viability 
and regulates their differentiation. Hypoxic areas 
are common within solid tumors, as angiogenesis 
often lags behind the rapid expansion of tumors. 
The average oxygen level in tumors ranges from 
0.5 to 5%, which is lower than that in most 
healthy organs. Worse still, lack of O2 prevents T 
cells from producing energy through OXPHOS 
[8]. As a consequence, some T cells like Treg 
cells increase lipid metabolism.

Hypoxia-inducible factors (HIF-1 and HIF-2) 
are key transcriptional factors induced by hypoxic 
pressure. The expression of HIF-1 increased 
exponentially at low oxygen levels [105, 106]. 
HIF-1 and HIF-2 have been reported to mediate 
hypoxic responses, driving angiogenesis, glycol-
ysis and tumor invasion [72].

Recently, some studies have demonstrated 
that HIF-1α served as a metabolic checkpoint to 
regulate the differentiation of CD4+ T cells. 
Although differentiated from the same precursor, 
naive CD4+ T cells, Th17 and Treg cells expressed 
distinct transcriptional regulators (RORγt versus 
Foxp3, respectively), leading to their opposing 
functions (pro-inflammatory versus anti-inflam-
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matory). The precursor of these T cells co-
expresses RORγt and Foxp3. Upon activation, 
molecular cues such as HIF transform these cells 
until one of them becomes the dominant tran-
scriptional regulator. Foxp3 activates a large bank 
of genes that mediate the suppressive phenotype 
of Treg [51, 107]. RORγt regulates the develop-
ment of Th17 cells, which is linked to many auto-
immune disorders [108].

In a HIF-1α knockout mouse model, it is 
found that the transcription and translation of 
RORγt were upregulated in T cells to promote 
Th17 differentiation. In addition, HIF-1α inhib-
ited the differentiation of Treg through degrading 
Foxp3 protein rather than Foxp3 mRNA [109]. 
Other studies have also proved that HIF-1α pro-
moted the differentiation of Th17 cell through 
affecting their metabolism. Shi et al. found that 
deficiency in HIF-1α resulted in the diminished 
glycolytic activity. It was indicated that HIF-1α 
mediated the increase in glycolytic activity, pro-
moting Th17 differentiation [110]. On the other 
hand, some studies suggest that HIF-1α may pro-
tect Treg cells from glucose deprivation in tumor, 
as HIF-1α promotes tumor-infiltrating Treg cells 
to utilize free fatty acid [24]. Treg cells will uti-
lize lipid metabolism to thrive in glucose depriva-
tion environments, suggesting the metabolic shift 
may be responsible for their survival within 
tumors. For example, under a hypoxic situation, 
the transcription of Foxp3 in naive CD4+ T cells 
upregulated more than tenfold [111]. Miska et al. 
reveal that the suppressive function of Treg cells 
is maintained by the lipid uptake and oxidation 
program under hypoxia. Hif1a−/− Treg cells have 
a higher basal oxygen consumption rate (OCR), 
maximal OCR, and ATP-linked respiration than 
wild-type Treg cells after incubation in 1% oxy-
gen. However, there were no significant differ-
ences in the composition of the metabolite of 
freshly sorted Treg cells from both types of mice. 
It suggested that the metabolic change in Hif1a−/− 
Treg cells was due to the hypoxic environment. 
Further studies showed that tumor-infiltrating 
Treg cells dramatically increased the uptake of 
fatty acid compared with glucose within the gli-
oma environment. HIF-1α is known to transport 
intracellular free fatty acid into lipid droplets. 

Inhibition of lipid metabolism using etomoxir 
abolished immunosuppression in Hif1a−/− Treg 
cells. After the injection of Hif1a−/− and wild-
type Treg cells in tumor-bearing mice, the authors 
found that the ability of Hif1a−/− Treg cells to 
infiltrate the tumor was ablated. And Hif1a−/− 
tumor-bearing mice had prolonged survival. In 
conclusion, this suggested that HIF-1α promotes 
lipid metabolism in Treg cells, which is signifi-
cant for its suppressive capability in the tumor 
[51]. However, there are conflicting views on the 
impact of HIF on Treg cells. Dang et al. showed 
that HIF-1α induced the degradation of Foxp3 
protein, inhibiting Treg differentiation, while  
knockout of HIF-1α restored the Foxp3 stability 
[109]. It has been well established that HIF-1α 
degrades in an ubiquitin-dependent manner via 
proline hydroxylation at amino acid positions 
402 and 564 by prolyl hydroxylases (PHDs). 
Researchers co-transfected 293T cells with 
Foxp3 and a HIF-1α mutant in which prolines 
402 (p402A) and 564 (p564A) were mutated to 
alanines. In this way, 293T cells expressed 
HIF-1α protein that was resistant to posttransla-
tional modification and subsequent degradation. 
The expression of mutant HIF-1α was incompe-
tent to induce Foxp3 degradation in 293T cells 
[107]. Therefore, the normal expression of 
HIF-1α in T cells mediated the suppression of the 
development of Treg through the degradation of 
Foxp3. Inhibition of protease increased Foxp3 
protein stability, suggesting that HIF-1α medi-
ates the proteasomal degradation of Foxp3 [112].

10.5  Tumor Cell-Derived Lipids

Tumor cells constantly interact with the sur-
rounding environment in order to sustain their 
survival and growth. Some types of tumors can 
release large quantities of prostaglandin and 
other kinds of lipids into TME [113, 114]. These 
metabolites can greatly influence TME and 
induce the loss of function in TILs. For example, 
in a study including 22 breast cancer patients, 
high levels of unbound free fatty acids (FFAu) 
are found in cancer tissue. To be more precise, 
the concentration of FFAu increased to at least 
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25  nM in most of the samples and exceeded 
100 nM in 11 patients. The rise of free fatty acids 
in plasma membrane decreases membrane fluid-
ity, and disrupts lipid raft and immune synapse 
formation [114]. The IC50 for unbound oleate is 
125  ±  30  nM, 200-fold greater than normal 
plasma levels, which is lower than that in some 
of the samples. In vitro studies showed that ele-
vated levels of FFA are released from tumor cells 
within minutes of CTL attack [115, 116]. 
Another study showed that with the treatment of 
oleic acid or linoleic acid, proliferation of lym-
phocytes was enhanced at 25 mM, and inhibited 
at higher concentrations (75 and 100 mM). Both 
fatty acids promoted cell death at 200 mM con-
centration [117].

What’s more, cancer cell is not the only 
source of the FFAu in tumor tissue. In order to 
promote their own growth, tumor cells function 
as metabolic parasites to extract energy from 
tumor stromal cells, such as fibroblasts and adi-
pocytes [118, 119]. Cancer-associated adipo-
cytes exhibited a constant loss of lipid content 
following the initial crosstalk with tumor cells. 
FFAs could be released from these adipocytes 
through lipolysis. Then FFAs were transferred to 
cancer cells and stored in the lipid droplets as a 
source of energy. The transfer of lipids from host 
cells can be seen in both prostate [120] and ovar-
ian cancer [121, 122].

Considering all the negative effects of FFAu, it 
comes as no surprise that obesity also impairs the 
function of TILs. To investigate the effect of obe-
sity, mice were divided into two groups. In the 
control group, mice were fed with a diet contain-
ing 10% fat, in contrast to a 60% fat diet in diet-
induced obese (DIO) group. Tumor- infiltrating T 
cells in DIO mice had higher expression of PD-1, 
causing T cell dysfunction. Consistent with that, 
the expression of CPT1a was also upregulated in 
the CD8+ T cells of DIO mice. CPT1a was upreg-
ulated in early exhausted T cells after infection, 
regulating fatty acid oxidation [29]. Similar 
results were observed with 4T1 breast carcinoma 
cells in DIO mice, demonstrating that the correla-
tion between obesity and T cell dysfunction exists 
across strains and tumor types [71].

10.5.1  Prostaglandins (PG)

Tumor cell-derived lipid mediators such as pros-
taglandin also serve to build an immunosuppres-
sive TME.  Arachidonic acid, the precursor of 
prostaglandin (PG), is converted by cyclooxy-
genase (Cox) enzymes Cox-1 and Cox-2 to pros-
taglandins, prostacyclins, and thromboxanes. 
COX-2/PGE2 can affect tumor progression 
through interaction with tumor-infiltrating Treg 
and Th17 cells.

There is a metabolic crosstalk between tumor 
cells and Treg through tumor-derived prostaglan-
dins. High level of Cox-2 expression is correlated 
with tumorigenesis and tumor neovascularization 
in human prostate cancer [123, 124]. Cox-2 
expression is enhanced in diverse tumor entities, 
such as bone, stomach, pancreatic, lung, breast, 
and colorectal cancers and ductal pancreatic ade-
nocarcinomas (PDAC) [125–128]. Overexpression 
of Cox-2 in the tumor results in increased produc-
tion of PGE2, which in turn increased the sup-
pressive ability of Treg [129]. Furthermore, 
tumor-derived COX-2/PGE2 promoted tumor-
infiltrating Treg cell activity by inducing the 
expression of Foxp3 [130]. The accumulation of 
Foxp3-positive Treg cells led to immune suppres-
sion in gastric tumors. Moreover, elevated Foxp3 
expression in Treg cells was linked to the advanced 
stage of gastric cancer [131].

These tumor-infiltrating Treg also suppressed 
the antitumor function of CD8 αβ T cells, as 
shown by the decrease of viability in CD8+ T 
cells [128]. Moreover, in response to the cyto-
toxic activity of γδ T cells, PDAC cells released 
PGE2, which bounds to prostaglandin E2 and E4 
receptors on the γδ T cells. PGE2 inhibited γδ T 
cells by cyclic adenosine monophosphate 
(cAMP)-mediated protein kinase [132–135]. 
Through the PGE2-cAMP pathway, PGE2 also 
induced the expression of Tim-3, which is an 
inhibitory receptor of exhausted T cells [136]. 
Also, PGE2 has been found to stimulate the dif-
ferentiation of Treg from naive CD4+ T cells 
[130]. Therefore, inhibiting the production of 
PGE2 abrogated the suppression of tumor-infil-
trating Treg and decreased the size of tumor.
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Additionally, Treg cells are found to be effec-
tive producers of PGE2 themselves [137, 138]. 
iTreg cells generated in PGE2-secreting tumor 
also released PGE2. These iTreg cells were 
strongly immunosuppressive and produced 
higher levels of PGE2 and adenosine [139].

Th17 cells have been recognized to cause 
chronic inflammation in the tumor microenviron-
ment. Qian et  al. found that Th17 cells were 
increased in the tumor tissues of mammary gland 
tumor-bearing mice. IL-23 has two subunits, p19 
and p40, which are important for the formation 
and maintenance of Th17 cells. Data indicated 
that tumor-secreted PGE2 enhanced the expres-
sion of IL-23. PGE2 is bound to the cAMP- 
response element in the p19 gene promoter, 
promoting p19 gene transcription and therefore 
the increase of Th17 cells [140].

10.5.2  Polyunsaturated Fatty Acids

Apart from prostaglandin, lipid-containing food 
like fish oil can also affect the lipid metabolism 
of TILs. Intake of fish oil, which is rich in marine 
ω-3 polyunsaturated fatty acids (PUFAs), includ-
ing eicosapentaenoic acid (EPA), docosahexae-
noic acid (DHA), and docosapentaenoic acid 
(DPA), modulates T cell activity in the 
TME.  PUFAs can alter the immune system 
through multiple ways, for example, by changing 
membrane lipid composition and signaling pro-
tein posttranslational lipidation like palmi-
toylation, myristoylation and prenylation. In 
addition, dietary DHA blunted the production of 
intracellular second messengers, like diacylglyc-
erol and ceramide [141].

Omega-3 polyunsaturated fatty acid supple-
mentation can modify the immune response and 
mammary carcinogenesis in murine models. In 
the control group, mice were fed on a diet with 
11% of corn oil (CO) compared with the experi-
mental diet containing 10% of menhaden fish oil 
(FO) and 1% of corn oil. FO significantly reduced 
the incidence and multiplicity of tumors in 
HER-2/neu mice. In comparison, FO-fed PyMT 
mice did not show any significant difference in 
the incidence and multiplicity of tumors. 

Similarly, lymphocytes in FO-fed HER-2/neu 
mice had greater ability to infiltrate the tumor, 
but not in FO-fed PyMT mice. The antitumor 
effect that fish oil possessed in HER-2/neu mice 
can be attributed by the increase in lymphocytes 
and tumor-infiltrating lymphocytes in FO-fed 
HER2/neu mice [142].

The positive effect of PUFA on immunity is 
further supported by human data. Two prospec-
tive cohort studies among 121,700 participants in 
the Nurses’ Health Study (NHS) (1984–2010) 
and 51,529 participants in the Health Professionals 
Follow-Up Study (1986–2010) showed that a 
high dose of marine ω-3 polyunsaturated fatty 
acids was associated with a lower risk of CRC 
accompanied with high-level Foxp3+ T cell infil-
tration. Intake of marine ω-3 polyunsaturated 
fatty acids downregulated the suppressive activ-
ity of tumor-infiltrating Treg cells [143].

Although EPA and DHA can reduce inflam-
mation associated with obesity and diabetes, high 
dose of EPA and DHA can be deleterious possi-
bly by generating a hyporesponsive host environ-
ment. Treatment of DHA and EPA at high 
concentration (100 μM) suppressed the prolifera-
tion and cytokine secretion of Th1 cells in a 
PPAR-dependent pattern. Pre-treatment of 
PPAR-gamma antagonist restored the function of 
Th1 cells [144].

10.6  Conclusion

The tumor microenvironment imposes meta-
bolic hurdles, such as hypoxia and glucose 
deprivation, to the survival and development of 
tumor- infiltrating lymphocytes, causing meta-
bolic reprogramming in them. In response to 
these challenges, T cells fine-tune their metabo-
lism to restrict tumor progression. Lipid metab-
olism is of great importance to regulate the 
function and cell fate decisions of T cells 
(Table 10.1).

Quiescent cells like naive T cells utilize fatty 
acids and amino acids interchangeably for 
energy. Notably, upon antigen recognition and 
co- stimulation, naive T cells are activated and 
differentiate into effector T cells. It is clear that 
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each T cell subset utilizes a metabolic program 
that is adapted to its function. Within the TME, 
CD8+ effector T cells significantly upregulate de 
novo fatty acid synthesis and uptake. With the 
contraction of the primary immune response, 
decreased glycolysis and increased lipid oxida-
tion can drive the enrichment of long-lived CD8+ 
memory cells [41].

CD4+ Th1, Th2 and Th17 cells expressed high 
surface levels of the glucose transporter Glut1 
and were highly glycolytic. The addition of lipids 

strongly inhibited the production of Th1, Th2 and 
Th17 cytokines. In comparison, Treg cells have 
activated AMPK signaling and rely on lipid oxi-
dation as a main energy source [41].

In order to escape immunosurveillance, tumor 
cells and cancer-associated adipocytes can gener-
ate an immunosuppressive environment through 
hypoxia and lipid secretion. High levels of FFA, 
prostaglandin and oxygen deprivation in the 
TME will dampen the antitumor activity of  
T cells.

Table 10.1 Impact of lipids in T cells

Lipid Cell type Impact Molecular mechanism References
Fatty acid CD4+ T cells Inhibit Th1, Th2, Th17 

cell differentiation
Decrease expression of 
lineage-specific 
transcription factors

[41]

Linoleic acid CD4+ T cells Induce selective apoptosis 
of CD4+ T cells

Increase CPT1a expression, 
resulting in increased 
leakage of electron and 
reactive oxygen species

[47–49]

Conjugated bile acid CD4+ T cells Maintain T cell 
homeostasis in the ileum

MDR1 alleviates oxidative 
stress

[66]

Cholesterol CD8+ T cells Increase ER stress, induce 
T cell exhaustion

Increase XBP1 to 
upregulate expression of 
the inhibitory receptors 
PD-1 and 2B4

[99]

27-Hydroxycholesterol 
(27-HC)

CD8+ T cells Decrease the number of 
cytotoxic CD8+ T cells in 
the tumor

Not fully illustrated [85]

Fatty acid Treg cells Promote Treg 
differentiation

Increase expression of 
FoxP3

[41]

Sphingosine 1-phosphate Treg cells Promoted generation of 
cancer-associated 
inducible Treg and 
recruitment of natural Treg 
cells

Induce secretion of TGF-β 
and IL-10

[57]

5-(tetradecyloxy)-2-Furoic 
acid

Th17 cells Inhibit Th17 cell 
differentiation

Impair the functions of 
RORγt through inhibiting 
ACC1

[62, 63]

3-OxoLCA Th17 cells Inhibit Th17 cell 
differentiation

Reduce IL-17a expression 
by interference with RORγt 
ligand-binding domain

[67]

IsoalloLCA Th17 cells Promote Th17 cell 
differentiation

Increase Foxp3 expression [67]

27-Dihydroxycholesterol 
(27-OHC)

Th17 cells Promote Th17 T cell 
differentiation

Increase IL-17 production 
dependent on RORγt

[63]

27-Hydroxycholesterol 
(27-HC)

γδ T cells Promote γδ T cell 
proliferation in the 
presence of PMNs to 
enhance tumor metastasis

Not fully illustrated [85]

22(R)-Hydroxycholesterol Tc9 cells Inhibit IL-9 production Increase activation and 
sumoylation of LXR to 
repress IL-9 expression

[101]

S. He et al.



163

Considering the fact that hypoglycemia and 
hypoxia are common in the TME, lipid metabo-
lism will play a more significant role in TILs. 
Extensive researches prove a synergistic antitu-
mor effect by combination of targeting lipid 
metabolism with traditional immunotherapy. 
Inhibitors of lipid metabolism, like statin and 
avasimibe, show great potential to reboost the 
antitumor ability of TILs in animal models. 
However, further research and clinical trials are 
needed to clarify the precise mechanism of these 
drugs. In summary, we believe that targeting lipid 
metabolic pathways will be a promising therapy 
with the prospect for further application.
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