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Abstract: Nowadays, T-cell-based approaches play an increasing role in cancer treatment. In partic-
ular, the use of (genetically engineered) T-cells has heralded a novel era for various diseases with
previously poor outcomes. Concurrently, the relationship between the functional behavior of immune
cells and their metabolic state, known as immunometabolism, has been found to be an important
determinant for the success of immunotherapy. In this context, immune cell metabolism is not only
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ok controlled by the expression of transcription factors, enzymes and transport proteins but also by nu-
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trient availability and the presence of intermediate metabolites. The lack of as well as an oversupply
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of nutrients can be detrimental and lead to cellular dysfunction and damage, potentially resulting
in reduced metabolic fitness and /or cell death. This review focusses on the detrimental effects of
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excessive exposure of T cells to fatty acids, known as lipotoxicity, in the context of an altered lipid
tumor microenvironment. Furthermore, implications of T cell-related lipotoxicity for immunotherapy
will be discussed, as well as potential therapeutic approaches.
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T cells have an impressive ability to detect and eliminate tumors in an antigen-specific
manner. The latter feature is also one of the main reasons why T cells have come into focus
for (targeted) immune cell-based therapies in cancer. Here, the adoptive transfer of autolo-
gous or allogeneic T cells, which recognize and attack cancer cells, has been an especially
effective concept for several malignancies [1]. Current adoptive T cell-based therapies
include ex vivo-expanded autologous tumor-infiltrating T cells (TILs), donor lymphocyte
infusions (DLIs) after allogeneic hematopoietic stem cell transplantation (alloHSCT), and
genetically modified T-lymphocytes carrying chimeric antigen receptors (CARs) or trans-
genic T cell receptors (TCRs) (Figure 1). Despite all of these amazing advances, T cell-based
therapies fail in a substantial proportion of patients. This may be due to loss of the target
antigen or other inhibitory factors present within the tumor environment (TME) [2]. These
inhibitory mechanisms include direct immunosuppression by immune checkpoints and a T
cell-inhospitable TME, leading, among other things, to reduced persistence and a loss of
effector functions [3].
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Figure 1. Adoptive T cell transfer. (a) Tumor-infiltrating lymphocytes are isolated from tumor tissue
and ex vivo expanded. Afterwards, expanded cells are delivered back to the patient. (b,c) Peripheral
blood is collected from cancer patients. T cells are then isolated and transduced with either (b) a
T cell receptor (TCR) specific against tumor neoantigens or (c) a chimeric antigen receptor (CAR)
targeted against cancer-related antigens. Both types of T cells are then expanded in vitro before
infusion into the patient. (d) In allogeneic hematopoietic stem cell transplantation (alloHSCT), the
patient’s immune system is eliminated by conditioning and replaced by foreign immune cells arising
from healthy donor hematopoietic stem cells. However, leukemic cells can persist or reoccur due to a
weak graft-versus-leukemia effect. Infusion of allogeneic peripheral T cells from the stem cell donor
after transplantation, termed donor lymphocyte infusion (DLI), can eradicate residual leukemic cells.

The TME is a unique tumor-supporting niche consisting of cellular components, such
as myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages (TAMs),
cancer-associated fibroblasts, and non-cellular components, e.g., soluble factors including
bioenergetic substrates and bioactive metabolites. Furthermore, depletion of critical nutri-
ents and simultaneous abundance of alternative nutrients and metabolic byproducts can
promote metabolic reprogramming of tumor or immune cells or lead to dysfunction and
cell death. In particular, solid tumors are known to have a nutrient-poor TME, limiting
the infiltration and efficacy of adoptively transferred T cells [1]. Prominently, glucose
is depleted by glycolytic tumor cells of various entities, resulting in dysfunctional TILs
and tumor progression [4]. Accumulation of lactate, a byproduct of glucose utilization
by enhanced aerobic glycolysis (in malignant cells), further abolishes T cell proliferation,
activation, and function [5]. In the last decade, studies have begun to investigate nutrients
beyond glucose within the TME. For instance, the TME has been shown to be enriched in
energy-rich lipids, which promote cancer progression in various tumor entities [6].

Lipids are a heterogeneous group of metabolites, which mainly consist of fatty acids
(FAs), cholesterol, and phospholipids. They are important for building cell and organelle
membranes, providing cellular energy, and are involved in intracellular and hormonal
signaling. Under homeostatic conditions, T cells also rely on FAs to some extent, depending
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on their developmental and differential status [7]. However, it has been described that ex-
cessive uptake and storage of fatty acids from their environment leads to T cell dysfunction
and cell death [8]. These detrimental effects of excessive lipid storage in non-adipose tissue
leading to cellular damage and cell death are defined as lipotoxicity. Thus far, lipotoxicity
is mainly described in the setting of obesity and focuses on damage occurring in the liver,
kidneys, pancreas, heart, and skeletal muscles [9,10]. However, lipotoxicity also occurs
in the tumor-related setting and impairs the anti-tumor responses of immune cells [6,11].
Thus, it is important to understand the consequences of high lipid contents in the TME and
to find strategies to overcome this metabolic barrier for efficient tumor therapy.

This review provides an overview of the altered lipid TME (co-)caused by obesity
and age and the (underlying) reciprocal reprogramming of tumor cells and adipocytes.
Furthermore, the mechanisms of lipotoxicity and the implications for tumor-related T
cells and T cell-based therapies are discussed. Finally, potential therapeutic approaches to
prevent T cell lipotoxicity will be outlined.

2. Sources of Lipids within the Tumor Microenvironment
2.1. Risk Factors Obesity and Age

Obesity is acknowledged as a major risk factor for the development of several cancer
types [12,13]. Especially, malignancies of female hormone-sensitive tissues and of the
digestive tract are linked to excessive body weight [14]. However, an increasing body of
research also suggests an elevated relative risk in other cancer entities, such as hematologic
malignancies [15-17]. Additionally, the development of overweight and obesity during
childhood and early adulthood seems to further increase the risk of developing pancreatic
cancer, colon cancer, and multiple myeloma [18-20]. Strikingly, the prevalence of obesity
has been constantly increasing within the last decades, leading to about a third of the global
population being obese or overweight [21]. Thus, understanding the connection between
cancer and obesity is crucial for tumor prevention and prospective cancer therapies.

Obesity results from a combination of physical inactivity, uptake of excess calories,
and genetic background. The systemic dysregulation in obesity is complex and ranges from
dyslipidemia and insulin insensitivity to chronic low-grade inflammation and hormonal
dysbalances. All these imbalances can have an impact on tumor and immune cells. For
instance, T cell proliferation and counts are decreased, and the T cell subset composition is
altered in obese as compared to lean individuals in non-cancer-related settings [22-26]. For
instance, Wijingaarden et al. reported a shift from naive T cells and effector memory cells
re-expressing CD45RA T cells (Tgpmra) towards a higher proportion of central-memory T
cells (Tcy) for CD4* Tells in morbidly obese patients compared to lean controls. Contrarily,
these patients also showed a higher proportion of CD8* naive T cells, effector memory
T cells (Tgm) and Tevra as well as a decreased Toy compartment. Of note, cytokine
production of IL-2 and IFN-y was decreased in CD8* but not CD4* T cells in those patients
compared to lean controls [26]. Obesity affects T cell formation already in the thymus,
resulting in accelerated thymic aging and a limited T cell repertoire [27]. Lymphatic and
adipose tissue T cells were reported to have an exhausted phenotype in obese humans and
mice [28,29]. Furthermore, it was recently published that high-fat diet-induced obesity in
mice leads to metabolic reprogramming of tumor cells and the TME, which in turn results
in CD8* T cell exhaustion and failure of tumor control by T cells [13,30].

Cancer is mainly seen as a disease of the elderly. Interestingly, aging and obesity share
similar conditions and comorbidities, such as low-grade chronic inflammation, immune
cell exhaustion and senescence [31-35] (Figure 2). Dyslipidemia, expansion of visceral
adipose tissue (VAT), a type of white adipose tissue, and elevation of body fat percentages
are common in aged and obese individuals [36—40]. Likewise, the composition of the
bone marrow shifts by preferential differentiation from mesenchymal stem cells (MSCs) to
adipocytes, resulting in an increase of marrow adipose tissue (MAT) during aging [41,42].
Increased MAT is also observed in obese individuals [43]. Importantly, adipocytes are one
of the main cellular compartments in the TME in several tumor types and have been shown
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to promote tumor cell survival and proliferation and to affect effector functions of immune
cells, such as T cells, NK cells, macrophages and dendritic cells [44,45].
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Figure 2. Role of obesity and aging in oncogenesis. Obesity and aging share characteristics. In both
conditions, an increase in visceral and bone marrow adipose tissue is observed [37,38,40]. In addition,
dyslipidemia [39], low-grade chronic inflammation leading to cellular senescence [31,46], as well as
increasing insulin insensitivity [46], accumulation of ROS [46], mitochondrial damage [46] etc., are
considered mutual concomitants of obesity and aging. These factors may eventually lead to immune
cell exhaustion/dysfunction and an increased risk of developing cancer over time.

In conclusion, obesity and aging both lead to systemic alterations that ultimately
increase the oncogenic risk and impair immune cell function (Figure 2). However, how the
systemic metabolic dysregulation in obesity and aging promotes metabolic changes and
function in tumor cells, immune cells, and the TME is not fully understood yet and needs
to be further elucidated. Furthermore, tumor cells themselves can also shape their own
lipid-enriched environment. The following chapter will provide a more detailed overview
of the role of lipids in tumor cells and the TME.

2.2. Lipids Support Cancer Cell Survival and Progression

Tumor cells are shaped by their surroundings and, vice versa, shape their own
(metabolic) environment. The recently published “hallmarks of cancer” include sustained
proliferative signaling and replicative immortality [47]. Paired with a deregulated cellular
metabolism, the need for nutrients fueling excessive proliferation and survival of tumor
cells cumulates leads to glucose depletion and hypoxia. In fact, usage of lipids could
therefore display an alternative bioenergetic source.

In solid tumors, such as breast cancer, lung cancer, glioma, and hepatocellular car-
cinoma, hypoxia and glucose depletion promote lipoprotein lipase (LPL) in tumor and
stromal cells, which is important to release free fatty acids (FFAs) from extracellular triglyc-
erides carried in low-density lipoproteins (LDL). Furthermore, tumor cells activate TME-
associated adipocytes, which then induce lipolysis of stored triglycerides (TGs) and secrete
FAs. These are then mainly taken up by tumor cells via fatty acid transporters, such as CD36
and FABP4 [48-53]. Simultaneous upregulation of autophagy supporting lipid degradation
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and FA release as well as mitochondrial fatty acid oxidation (FAO) allows for overcoming
glucose deprivation and promotes tumor growth and survival [54]. Interestingly, elevated
expression of genes related to lipid metabolism has been proposed as poor prognostic
biomarkers for several cancer entities [55].

Similar reprogramming can also be found in hematologic malignancies. Leukemic
cells and leukemic stem cells reside in the bone marrow and lymphatic niches that resemble
a glucose-deprived and hypoxic TME, which is comparable to the conditions seen in solid
tumors. Two recent studies demonstrated that acute myeloid leukemia (AML) cells remodel
their direct environment by secretion of exosomes that, in turn, promote MSC differentiation
towards adipocytes and lipolysis in already differentiated adipocytes [56,57]. Moreover,
adipose tissue is beneficial for AML blasts and leukemic stem cells (LSCs) by increasing
FAO and CD36/FABP4 expression, resulting in the prevention of serum starvation-induced
apoptosis and protection from chemotherapy [58,59]. In fact, an enhanced FAO rate is
accompanied by resistance to chemotherapeutic drugs in AML [59-61]. B cell chronic lym-
phocytic leukemia (CLL) cells also display a higher need for cholesterol and FA compared
to regular mature B cells [62,63]. Interestingly, the majority of CLL patients display elevated
levels of LDL in the blood and have a higher incidence of dyslipidemia at diagnosis [64,65].
The observed hypercholesterolemia could result from malnutrition. However, it is also dis-
cussed as a paraneoplastic syndrome because CLL cells produce oleoethanolamide, leading
to the release of FFAs by adipocytes into the TME. In turn, FFAs in the blood plasma can
then be packed into LDL in the liver [63,66]. As mentioned before, the breakdown of LDL
is facilitated by LPL, amongst others, generating ligands for the nuclear receptor perox-
isome proliferator-activated receptor (PPAR)x. Activation of PPAR« in CLL cells leads
to increased FAO, expression of the immunosuppressive IL-10, and better survival [67].
High expression of LPL and PPAR« in CLL have been proposed as possible prognostic
markers for poor prognosis in several studies [67-70]. Furthermore, lysosomal degradation
by lysosomal lipase of LDLs into FA, cholesterol, and vitamin E promotes growth and
survival signals in activated CLL cells [63]. Interestingly, McCaw et al. also state that
slow-growing CLL cells, but not rapidly growing CLL cells, depend on the breakdown of
LDL [63]. This is controversial to the high LPL and PPAR« expression in aggressive (and
highly proliferative) CLL cells and raises the question of what role LDLs and fatty acids
might play during different CLL disease stages, therapy-evading LSCs, and their TME.

Cancer cells have also been described to increase de novo fatty acid synthesis (FAS)
to fuel their excessive need for nutrients. Using intermediates of glycolysis and the tricar-
boxylic acid (TCA) cycle for FAS further demonstrates the high flexibility of cancer cells
to adapt their metabolism to meet their need for FAs as substrates for anabolic processes
and structural components as well as to react to the reduced availability of FAs in the
TME [71,72]. For instance, poor-prognosis primary effusion lymphoma (PEL) and other B
cell non-Hodgkin lymphomas (B-NHLs) exhibit high levels of aerobic glycolysis, provid-
ing substrates for elevated FAS. It is discussed that the newly synthesized FAs are then
incorporated into the cell membrane, supporting the high proliferative capacity of these
cells [73]. Furthermore, inhibition of the fatty acid synthetase (FASN), a key molecule for
FAS, in DLBCL, a form of B-NHLs, induces apoptosis. Here, the inhibition of FASN is
discussed to result in a lower phospholipid production, which changes the tumor cell mem-
brane composition and decreases c-Met membrane location and signaling. Consequently,
suppressed c-Met signaling leads to the impaired downstream activity of the PI3K/AKT
pathway and inhibits cell proliferation and apoptosis in these DLBCL cells [74]. Addition-
ally, overexpression of FASN is not only involved in lipid synthesis but also in driving
proliferation via extracellular regulated kinase 1/2 (ERK 1/2) and phosphatidylinositol-3'-
kinase (PI3K/AKT), autophagy, DNA repair, lysosome biogenesis, cytoskeletal remodeling
and metastasis [75]. Therefore, it is believed that de novo synthesized FAs are not released
into the TME and are rather used for intracellular processes [71,72].

Conclusively, a lipid-enriched TME can be found in many malignant entities. Adipocytes
are abundantly found in the TME. They have been shown to promote tumor progression and
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affect immune cell effector functions by TG storage, the release of FFAs, and the secretion
of hormones, cytokines and growth factors. Vice versa, tumor cells themselves reprogram
adipocytes to meet their needs (Figure 3) [44,45]. However, the interplay of tumor and
neighboring cells, as well as the network of lipid metabolic pathways in these cells, is complex.
Further research is needed to understand the role of lipids in tumor cells and the TME, identify
overlapping lipid metabolic alterations in tumors, and translate these as targets into the clinic.
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Figure 3. Reciprocal reprogramming of cancer cells and adipocytes. Adipocytes are part of the
tumor microenvironment in multiple cancer entities. They can be induced and activated by tumor-
derived factors, such as exosomes and cytokines. This results in the reprogramming of adipocytes
and adipose stem cells, which includes autophagy, lipolysis, delipidation due to the release of free
fatty acids (FFAs), de-differentiation of mature adipocytes and altered differentiation of adipose
stem cells into senescent cancer-associated adipocytes. In addition to FFAs, adipocytes also secrete
tumor-promoting adipokines and growth factors. FFAs can be directly taken up by the tumor cells
or increase triglycerides (TGs) in the blood. These TGs can be hydrolyzed by tumor-derived LPL to
FFAs, which then are taken up by tumor cells. In turn, uptake of FFAs from the microenvironment
increases the expression of fatty acid transporters and FAO, stimulates growth and proliferation,
increases survival, the ability for metastasis and resistance to chemotherapy. Cancer cells can also
upregulate intrinsic fatty acid synthesis (FAS). However, newly synthesized FAs are not secreted and
are rather used as substrates in anabolic processes and signaling.

3. Mechanisms of Cellular Lipotoxicity

As described above, the presence of pathological levels of lipids can occur at both
the systemic level and in the TME. Tumor cells upregulate proteins to use these lipids.
However, cells that do not display the same deregulated metabolism (as tumor cells) might
experience cytotoxic effects from the overabundance of lipids. In this context, lipotoxicity
can manifest itself via a variety of mechanisms, which are summarized in Figure 4. These
include oxidative stress and mitochondrial dysfunctions, endoplasmic reticulum stress,
ferroptosis, and autophagy, which will each be described in detail in the following sections.
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Figure 4. Mechanisms of lipotoxicity. Excessive lipids, especially free fatty acids (FFAs), are frequently
present in the TME. (a) FFAs can be taken up into the cell via specific transporters, such as CD36,
LDL receptor (LDLR) and fatty acid transporter proteins (FATPs). Once in the cytoplasm, FFAs have
different fates and might cause lipotoxicity via different mechanisms, which are often interconnected.
(b) To prevent lipotoxicity, FFA can be stored in lipid droplets as triglycerides (TGs) for later use
or simply as a protective mechanism (pink). Excess FFAs in the cytoplasm trigger the following
effects: (c) FFAs can be transported into the mitochondria to fuel FAO and, subsequently, oxidative
phosphorylation (OXPHOS). One of the products of these reactions is hydrogen peroxide (H,O;), one
of the most abundant reactive oxygen species (ROS) that can lead to oxidative stress, mitochondrial
(d) and DNA damage (e), and, subsequently, cell death. (f) Excessive ROS in the presence of iron
(Fe) can lead to lipid and protein peroxidation and, subsequently, a recently described type of
regulated cell death termed ferroptosis. (g) Protein peroxidation, among other processes, leads
to the accumulation of misfolded proteins in the endoplasmic reticulum (ER), which causes ER
stress and triggers the unfolded protein response (UPR). (h) Misfolded proteins, oxidized lipids,
and malfunctional organelles are eliminated in the lysosomes via the process of autophagy, whose
overload results in lysosomal dysfunction.

3.1. Oxidative Stress and Mitochondrial Dysfunction

Oxidative stress is a metabolic condition describing the accumulation of reactive oxy-
gen species (ROS). The superoxide anion radical (O,°*~) and hydrogen peroxide (H,O)
are the major ROS produced by a range of enzymes, such as NAPDH oxidases (NOX)
and the mitochondrial electron transport chain [76]. One of the key components that links
FFA and oxidative stress is the fatty acid transporter CD36. This protein is expressed in
most cell types, and several studies in human tissues have shown increased expression of
CD36 followed by increased lipid uptake, ROS formation, and apoptosis [77]. It is worth
mentioning that CD36 not only facilitates the uptake of FFAs but also acts as a signal-
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transducing receptor for oxidized low-density lipoproteins (oxLDL) and danger-associated
or pathogen-associated molecular patterns (DAMPs and PAMPs), leading to the activation
of transcription factors such as PPARy and NF-«B [78]. Once FFAs are taken up into the
cell, they can be used for 3-oxidation and energy production, stored in lipid droplets for
later use or accumulated in the cytosol. In the latter situation, an excess of non-stored FFAs
leads to increased oxidative stress and results in lipotoxicity. Given that mitochondria
are the major source of ROS, any alterations in mitochondrial metabolism and function
might be harmful. Several mechanisms have been proposed to explain how FFAs impair
mitochondria. Szeto et al. suggested a direct impact of FFAs in mitochondrial morphology,
leading to loss of mitochondrial christae and, consequently, to disruptions in the electron
transport chain (ETC) in renal cells [79]. Furthermore, unsaturated fatty acids disrupt the
proton gradient by increasing proton conductance at the inner mitochondrial membrane
resulting in the formation of the permeability transition pore (PTP) and the release of mito-
chondrial apoptogenic proteins into the cytosol [80]. Mitochondrial dysfunction might also
be caused by progressively increased damage of mitochondrial DNA (mtDNA), proteins,
and lipids caused by cytosolic and mitochondrial ROS, which is the result of exposure to
increasing concentrations of FFAs [81,82]. For instance, Dludla et al. reported reduced
levels of ubiquinone, a part of the electron transport chain, and consequently increased
mitochondrial ROS production in H9¢2 cardiomyoblasts when overloaded with palmitic
acid [83]. FFAs further induce ceramide accumulation, which has been shown to result in
mitochondrial protein hyperacetylation and subsequently mitochondrial dysfunction [84].
Conclusively, a surplus of fatty acids results in mitochondrial dysfunction and increased
ROS production, which is the basis for the other mechanisms of lipotoxicity.

3.2. Endoplasmatic Reticulum Stress

In a study, exposure of podocytes to palmitic acid led to increased ROS levels, followed
by Ca?* release from the endoplasmatic reticulum (ER), Ca?* depletion and finally, ER
stress, which resulted in apoptosis [85]. The ER has many important functions, such as
protein folding and maturation by the addition of post-translational modifications as well
as lipid synthesis and the regulation of calcium homeostasis. Defects in these processes,
as well as oxidative stress, lead to the accumulation of misfolded or aggregated proteins,
thereby activating the unfolded protein response (UPR). Its main function is to restore ER
homeostasis and function by orchestrating the degradation of misfolded proteins. Despite
its essential role in preventing ER stress, an excessive UPR activation may result in cell
death [86,87].

Several studies have shown that an excess of FFAs induces ER stress and inflammation
in different tissues, including the liver, adipose tissue [88], and hepatocytes [89]. FFAs can
activate UPR indirectly and directly. Differences in lipid composition could cause changes
in protein folding or trafficking through the ER, thereby resulting in increased unfolded
proteins and activation of the UPR pathway [90]. Disruption of ER calcium homeostasis by
lipid-mediated inhibition of the sarco/endoplasmic reticulum Ca%*-ATPase (SERCA) is also
possible and has been shown for hepatocytes of obese mice and murine cholesterol-loaded
macrophages [91,92]. Besides that, lipids can directly induce UPR.

The UPR pathway is mainly activated by three transmembrane proteins that act as
unfolded protein sensors: inositol requiring enzyme 1 (IRE1«x), transcription factor acti-
vating transcription factor 6 (ATF6), and protein kinase RNA-like endoplasmic reticulum
kinase (PERK) [87]. The three main components of the UPR activate independent signaling
pathways. The most studied protein, given that it is present in yeast, is IRE1x. IREl« is
a bifunctional protein with both a kinase and endoribonuclease function. Once IRE1x is
oligomerized in the ER membrane, its endoribonuclease function is activated and cleaves
the mRNA-encoding X-box binding protein 1 (XBP1) at two specific positions. The resulting
active form of XBP1 regulates lipid biosynthetic enzymes and ER-associated degradation
components [93]. Although this pathway is supposed to alleviate ER stress, in the context
of lipotoxicity, several studies have shown that FFAs hold the potential to induce ER stress
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through IRElx activation. As an example, IRElx signaling plays a role in FA-induced
cell death of pancreatic (3-cells [94,95]. The second UPR component is ATF6, which upon
accumulation of unfolded proteins, is packed and transported to the Golgi apparatus.
Once there, it is cleaved by two proteases, and the N-terminal fragment is released, which
then enters the nucleus to activate UPR target genes [96,97]. However, the mechanisms
whereby ATF6 responds to ER stress are still not well elucidated. Lastly, upon activation,
PERK phosphorylates itself and the translation initiation factor elF2«, resulting in mRNA
translation inhibition. This culminates in a reduction of protein synthesis and therefore
alleviates ER stress [87]. Similar to IRE1«x activation, FFAs seem to be able to activate
PERK [95,98]. However, PERK activation does not seem to be sufficient to prevent FFA-
induced apoptosis [99]. PERK-mediated apoptosis is facilitated by the phosphorylation
of elF2x, which induces the translation of activating transcription factor 4 (ATF4). ATF4,
in turn, binds to several proteins, including CHOP (DDIT3, DNA damage-inducible tran-
script 3) and DNA damage-inducible protein (GADD34). CHOP controls the expression of
apoptosis-involved genes. Both ATF4 and CHOP mRNA and protein levels were increased
in human hepatocytes [100,101] and neuroblastoma cells [102] exposed to high levels of
FFAs, suggesting that FFAs may induce ATF4 expression. Interestingly, IRE1 and PERK
are active as a dimer/oligomeric state, which is supported by the biophysical property of
the ER membrane. Changes in lipid composition and thereby of the biophysical property
of the ER membrane by loading murine cells with palmitate has been shown to activate
both complexes independent of unfolded proteins and to increase the response to unfolded
proteins [103].

Overall, oxidative stress caused by excessive FFAs results in oxidized misfolded
proteins that activate the UPR machinery in the ER. However, the overload of misfolded
proteins and the excessive activation of this pathway leads to ER stress, which can be
detrimental to the cell, leading to cell death.

3.3. Ferroptosis

In recent years, a new mechanism of regulated cell death, in which lipids play a primary
role, has been described as ferroptosis. Ferroptosis is an iron-dependent form of programmed
cell death induced by oxidative stress and lipid peroxidation [104]. Lipid peroxidation is
a process that results from oxidative stress, where oxidants, free radicals and non-radical
species attack the carbon-carbon double bond(s) from lipids, primarily in polyunsaturated
fatty acids (PUFAs), resulting in lipid hydroperoxides (LOOH) and peroxyl radicals [105]. In
detail, ferroptosis can be caused by intracellular glutathione (GSH) depletion and impaired
glutathione peroxidase 4 (GPX4) activity. This, in combination with damaged lipids resulting
from Fe2*/3*-mediated peroxidation, known as the Fenton reaction, leads to ROS accumu-
lation and, subsequently, ferroptosis. In addition to the Fenton reaction, iron may increase
the activity of enzymes responsible for lipid peroxidation and oxygen homeostasis, such as
lipoxygenase (ALOX) or prolyl hydroxylases (PHD) [106,107].

Besides these biochemical features, ferroptosis can be defined by cellular morphol-
ogy. Cells undergoing ferroptosis usually display an incomplete plasma membrane,
mitochondrial shrinkage with increased membrane density, and diminished or absent
cristae [106-108]. Regarding genetic characteristics, several genes and proteins have been
defined as biomarkers for ferroptosis. These include prostaglandin-endoperoxide synthase
2 (PTGS2/COX2), responsible for prostaglandin biosynthesis [109], and Acyl-CoA syn-
thetase long-chain family members (ACSL), involved in fatty acid metabolism [110-112].
The latter drives ferroptosis by increasing the PUFA content in phospholipids, which makes
them more susceptible to lipid peroxidation and, subsequently, ferroptosis.

3.4. Autophagy and Lysosomal Dysfunction

Autophagy is the process by which malfunctional organelles and cellular components,
such as oxidized proteins and lipids, are degraded in a process of self-digestion that takes
place in the lysosomes [113]. It is essential to regulate cell homeostasis, and it is a potent
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tool to alleviate FFA-mediated lipotoxic effects. Several studies show that treatment with
increasing concentrations of FAs helps overcome FFA-induced apoptosis by induction
of autophagy [114,115]. However, the mechanism behind this FA-mediated autophagy
induction is not yet fully understood. Previous observations suggest an involvement
of c-Jun N-terminal kinases (JNKs) [114,116,117], whereas others show that a reduction
in the AKT/mTOR signaling pathway increases autophagy independent of JNKs [115].
Besides, ceramides also have the potential to trigger autophagy, which can be perceived as
an indirect FFA-elicited effect [118]. The prolonged overload of lipids, oxidized proteins,
and nonfunctional organelles such as mitochondria leads to constitutive activation of
autophagy, resulting in lysosomal dysfunction, which, in turn, limits autophagy and leads
to cell death [119].

The relationship between oxidative stress, ER stress, and autophagy is still not fully
clear. One study showed that autophagy is a prerequisite for UPR activation in palmitic
acid-treated B-cells [120]. Similarly, as mentioned above, autophagy can be the result
of a direct FFA-induced JNK activation, leading to ER stress [116]. In addition, ROS
generation can result from FFA-induced autophagy that activates the protein kinase C o
(PKCx)/NOX4pathway [121]. As mentioned above, NOX are a source of ROS by catalyzing
the transfer of electrons from NADPH to Oy, resulting in superoxide formation [122].
All of these studies point to a relationship between these processes that is not yet fully
understood. Alternatively, autophagy can also take place independently of ROS and ER
stress [117]. Despite these documented autophagy-promoting roles, other publications
claim the opposite. Actually, several studies show that FFAs can inhibit autophagy, which
worsens their detrimental impact. Therefore, whether FFAs have an autophagy-promoting
or inhibiting role and how ROS, ER stress and autophagy are interconnected still needs to
be deciphered [123-125].

In summary, lipotoxicity is associated with oxidative stress in the cells, and its mech-
anisms are closely intertwined. However, responses to excess FFAs can be cell type- and
TME-dependent and should therefore be further explored. Since the TME can be enriched
with FFAs, it is important to know how tumor, stromal and immune cells react to a high
lipid burden to find targets for improving cancer therapy.

4. Implications of Lipotoxicity on T Cell-Based Therapies

T cells are one of the major immune subsets for tumor control. Therefore, T cells have
been extensively studied and exploited for cell-based therapies. However, depending on
the T cell subset, high lipid content in their environment is detrimental to their effector
functions and survival.

4.1. Differential Effects of FAs in T Cell Subsets

It is well known that T cells adapt their metabolism during the different stages of T
cell activation and differentiation [126]. In addition, microenvironmental cues, such as
the lack or abundance of certain nutrients, can also have an impact on T cell metabolic
activity. For instance, several studies have focused on the effects that lipids, particularly
fatty acids, might have on T cells. In general, low concentrations of fatty acids have a
positive impact on T cell proliferation and function, but high concentrations can lead to
lipotoxicity-mediated apoptosis [127-130]. This phenomenon is not only dependent on
the concentration but also on the type of fatty acid [127,128]. Furthermore, different T cell
subsets react differently to fatty acid exposure.

CD8" T cells are characterized by different metabolic requirements between effector
and memory subsets. Compared to effector T cells (Tef), central-memory T cells (Tem)
mostly rely on FAO fueled by de novo synthesis rather than by uptake of exogenous
fatty acids. In this case, fatty acid synthesis is fueled by glucose uptake that serves as
a substrate for triglyceride (TG) synthesis, which is then hydrolyzed in a process called
lipolysis. The reason why Tcm rely on this futile cycle still needs to be elucidated [8,131].
However, it has been proposed in other cell types that this phenomenon may protect
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cells from lipotoxicity given the reduced FA uptake and the increased storage of FAs as
TG [132]. Furthermore, the uncoupling of oxidative phosphorylation (OXPHOS) and ATP
production is proposed as another option to maintain mitochondrial integrity during high
lipid burden [82,133]. This hypothesis is supported by the fact that palmitate treatment
enhances the expression of one of the mitochondrial uncoupling proteins, UCP2, in rat
pancreatic islets [134]. Moreover, UCP2 inhibition enhances FFA-induced oxidative stress
in human hepatocytes [135]. Interestingly, antigen-induced UCP2 expression in CD8" T
cells reduces glycolysis, FAS, and ROS production. Inhibition of UCP2 drives CD8* T
cell differentiation towards terminal short-lived effector T cells. Therefore, it is discussed
as an interesting target for metabolic reprogramming of ex vivo expanded T cells for
adoptive therapy [136,137]. Furthermore, increased expression of UCP2 might help T
cells to overcome the detrimental effects of excess lipid levels regarding oxidative stress
and mitochondrial dysfunction. Additionally, it is reported for CD8* T cells that the ER
stress-XBP1 pathway is activated by high cholesterol levels in the TME of a melanoma
mouse model and is required for cholesterol-induced T cell exhaustion [138].

Regarding CD4* T cells, it is believed that cell fate is likely determined by a combi-
nation of environmental cues, such as substrate availability, and cell-intrinsic programs,
including the expression of certain transcription factors. Similar to CD8" T cells, CD4*
effector and regulatory T cells (Tregs) have distinct metabolic profiles. Whereas T, mostly
rely on glucose uptake and glycolysis, Tregs utilize FAO [139,140]. For instance, Tregs
cannot be formed in the absence of FA or upon FAO inhibition. Given that T rely less on
FA, it would be expected that they are more susceptible to lipotoxicity in an environment
of lipid overload. Interestingly, it was shown in a study that upon palmitate treatment,
T underwent lipotoxicity-mediated apoptosis, whereas Tregs were enriched, suggesting
that Tregs are protected from lipotoxicity [132]. Notably, it seems that Foxp3 expression
is sufficient to provide this advantage and induce metabolic reprograming based on FA
utilization. In the aforementioned study, Foxp3 induced the upregulation of proteins
involved in FAO and mitochondrial OXPHOS. Furthermore, the survival advantage of
Foxp3-expressing T cells upon treatment with FAs seemed to be dependent on FAO since
inhibition of enzymes from this pathway reversed the protective effects. Whether CD4*
T cells differentiate into Teg or Tregs under identical microenvironmental conditions still
needs to be fully understood. One possible explanation is the expression of pyruvate
dehydrogenase kinase (PDHK), which favors glycolysis. CD4" T expresses higher levels
of this enzyme, and PDHK inhibition leads to the enrichment of Tregs [141].

In summary, distinct metabolic programs determine how T cells behave in the lipid-
rich TME. Given that Teg mostly depend on glycolysis, and CD8* memory T cells lack
enzymes to catabolize or store very long chain FAs, TILs very frequently suffer from lipo-
toxicity caused by failed processing and accumulation of long-chain FAs in the cytoplasm.
In addition, the lipid-rich TME affects not only T cell fitness and function but also T cell
infiltration at the tumor site. For example, it was shown in a large-scale study that in tumors
with a higher lipid metabolism, TIL frequencies positively correlate with a lower abundance
of lipids in the TME [142]. Human and murine pancreatic ductal cancer, which are charac-
terized by lipid enrichment, also display scarce infiltration with CD8" T cells. In addition,
these TILs are functionally impaired and exhausted due to high intracellular levels of lipids
acquired from the lipid-rich TME [6], suggesting a detrimental effect of lipid accumulation
in T cell infiltration and trafficking to solid tumors. Interestingly, the lipotoxicity-mediated
poor migration and T cell dysfunction could be a potential mechanism to explain the lack
of success of immunotherapies, especially against solid tumors. Moreover, the lack of TILs
and their already exhausted phenotype, as well as the survival advantage for immuno-
suppressive Tregs in such a lipid-enriched environment [6,138,143,144], carries the risk of
failure of adoptive T cell therapy when ex vivo-expanded TILs are used. Besides, systemic
hyperlipidemia could also drive exhaustion of adoptively transferred T cells and decrease
their anti-tumor efficiency. To our knowledge, this has not yet been addressed in murine or
clinical studies but could be an interesting target for improving adoptive T cell therapy.
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4.2. The Role of CD36 Expression and Ferroptosis in T Cells

One of the key molecules responsible for lipid uptake is the FA transporter CD36, which
is expressed in many cell types and tissues, including T cells. Therefore, many studies have
focused on the relationship between the enhanced presence of lipids in the TME, CD36 ex-
pression and the subsequent effects of FAs, such as lipid peroxidation-mediated ferroptosis.

Again, the effects of CD36 expression in different T cell subsets are accompanied by
different outcomes. Wang et al. reported an increased expression of CD36 and PPAR-f3
in intra-tumoral Tregs, which promoted Treg survival and progression in their murine
cancer model [145]. This further strengthens the point of superior protection of Tregs
against lipotoxicity. Contrarily, CD36 expression and increased uptake of lipids by CD8" T
cells are associated with impaired effector function and proliferation as well as increased
exhaustion [138,143]. Interestingly, TILs had higher CD36 expression than CD8" T cells
from healthy adjacent tissue, and TILs with an exhausted phenotype (PD1" TOX*) had
an even higher CD36 expression compared to their non-exhausted counterparts (PD1*
TOX™) [143]. In addition, TILs from long-survival patients displayed overall reduced
expression of CD36 as compared to patients with a worse prognosis. CD36 was not only
associated with overall survival but also with response to checkpoint inhibitor therapy since
CD36 expression was downregulated in patients responding to anti-PD-1 treatment [144].
Similarly, in a different study, TILs from melanoma, colon adenocarcinoma and liver tumors
also displayed enhanced CD36 expression [146,147]. This increased CD36 expression is
the result of a TME rich in cholesterol, FAs, and oxidized lipids, as shown in these studies.
For instance, in cyclodextrin-treated tumors, which are depleted from cholesterol, CD36
expression is reduced in comparison to untreated conditions [144].

Besides T cell function and exhaustion, CD36 has also been linked to ferroptosis.
Ferroptosis is caused by lipid peroxidation, which requires lipids, iron, and ROS. Interest-
ingly, when analyzing TILs from CD36~/~ and WT mice, two pathways were differentially
expressed: the sirtuin pathway, which was activated, and OXPHOS, which was down-
regulated in CD36~/~ T cells. This is beneficial since OXPHOS is a major ROS producer,
and the sirtuin pathway protects from oxidative stress. Therefore, CD36"8" expressing
T cells are characterized by increased lipids and ROS levels. Moreover, CD36~/~ T cells
also displayed reduced expression of genes involved in ferroptosis and lipid peroxidation.
In addition to reduced expression of these key genes, CD36~/~ T cells indeed displayed
reduced lipid peroxidation, reduced iron levels and reduced cell death [144]. Consequently,
it seems that CD36 expression, induced by the lipid-rich TME, is responsible for increased
lipid peroxidation and, subsequently, ferroptosis.

The same authors later published another study focusing on the metabolic differences
between different CD8" T cell subsets. In this study, they reported that both murine and
human cytotoxic T lymphocytes subset 9 (Tc9), which are activated by IL-9 signaling,
display lower lipid peroxidation and ferroptosis levels than Tc1 cells. This reduction was
shown to be due to activated STAT3 signaling, increased FAO, and mitochondrial activity.
These results supported that Tc9 cells are more suitable for adoptive transfer since they
adapt better to lipid-rich TMEs. Interestingly, they also showed that TILs in melanoma
patients expressed lower IL-9 levels than circulating T cells, which was correlated with
higher peroxidation and ferroptosis rates [148]. These findings indicate an advantage of
using T cells with an active lipid catabolism for adoptive immunotherapies.

Similar results were observed with oxidized LDL (oxLDL) in murine T cells. Uptake
of oxLDL via CD36 led to lipid peroxidation, decreased cytokine production and increased
expression of exhaustion markers. In contrast, CD36~/~ T cells displayed lower levels of
lipid peroxidation, oxidative stress, and p38, which is responsible for inducing cell death in
CD8* T cells. These results, including the alterations in viability and T cell function, could
be reverted by GPX4 overexpression, supporting the idea that CD36 expression leads to T
cell dysfunction via ferroptosis [143]. Moreover, it has been shown that in the absence of
GPX4, T cells undergo apoptosis due to enhanced lipid peroxidation, and GPX4 seems to
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be essential to protect T cells against viral and parasitic infections, further stretching the
importance of this pathway for T cell function and persistence [149,150].

In conclusion, several studies point out the implications of ferroptosis as well as the
important role of CD36 in T cell composition, fitness and function in the context of lipid-rich
TMESs, suggesting that CD36 expression in T cells used for adoptive cell transfer might be a
limiting factor for the therapy outcome.

5. Conclusions and Perspectives

In summary, adoptive T cell therapy provides a promising treatment strategy leading
to durable responses. However, this therapeutic option is not applicable to every tumor
entity, and not every patient reaches favorable results. Besides low expression of tumor
(neo)antigens and expression of inhibitory receptors, a hostile TME further limits the
efficacy after T cell transfer. Amongst others, enrichment of lipids in the TME can be found
in many tumor entities. This accumulation can result either from systemic causes, such
as obesity and aging, or from reprogramming of the stromal compartment by the tumor
cells themselves to meet their need for nutrients and bioenergetic intermediates. Due to
their high metabolic flexibility and development of apoptosis resistance, most cancer cells
are protected from this lipotoxicity. However, immune cells (with anti-tumor activity) are
often incapable of coping with this high lipid burden, resulting in loss of effector function,
exhaustion, and cell death, summarized as lipotoxicity. Interestingly, the accumulation
of lipids in the TME has opposite effects on T cells depending on the subset. On the
one hand, a lipid-enriched TME promotes the survival of Tregs due to their metabolic
reprogramming towards FA utilization and FAO. Importantly, enhanced survival of Tregs
in the TME leads to the suppression of several innate and adaptive effector immune cells,
cumulating in mitigated anti-tumor immunity. On the other hand, tumor-specific effector T
cells and consequently also transferred T cells are inhibited in their function and survival
by lipotoxicity, which also mediates tumor growth. Therefore, it is important to understand
and overcome the mechanisms of the lipid-mediated tumor immune evasion in order to
develop novel approaches and improve current therapies.

Overcoming this “metabolic immunobarrier” could be achieved on three levels:
(1) systemically, (2) at the level of tumor or (3) at the level of T cells. Targeting the systemic
deregulated lipid metabolism by weight management in overweight and obese cancer
patients is discussed to promote survival and delay progression [151]. Unfortunately, the
data situation in human cancer patients is so far rather insufficient and requires further
studies that are currently running worldwide [152-155]. Moreover, direct pharmacological
regulation of lipid concentrations in the blood and TME during cancer therapy could
also provide an advantage for patients” outcomes (Table 1). For instance, metformin, also
known as a fasting-mimicking substance, reduces blood cholesterol and triglycerides in
hyperglycemic and diabetic patients. However, to date the use of metformin has not (yet)
been proven beneficial in combination with anti-tumor therapies [156]. The use of statins,
which reduces blood cholesterol by HMG-CoA reductase inhibition, was found to improve
patients’ survival in several solid tumor entities, such as breast cancer, pancreatic cancer,
gastric cancer and lung cancer [157]. Furthermore, statins also improved patients” survival
and delayed the need for chemotherapy in CLL [64,65,158,159], whereas others report a
stage-dependent benefit of statin use [158]. Injection of simvastatin into the tumor bed
of a B16 tumor mouse model reduced the cholesterol content in the tumor and the TME
resulting in lower CD8* T cell exhaustion [138]. Interestingly, the combinations of statins
with chemotherapy or immunotherapy were and are already under investigation in clinical
trials [157,160].

However, if these effects are seen due to the systemic lowering of lipids or due to
direct inhibition in tumor cells and cells of the TME has to be determined. For instance,
inhibition of proliferation and induction of apoptosis by statins as a single agent has
been described for several cancer entities [157]. Amongst others, inhibition of the meval-
onate pathway, promotion of ferroptosis, and regulation of autophagy in cancer cells are
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discussed as the underlying mechanism for these statin-mediated effects. Furthermore,
the combination of statins with other anti-cancer drugs has been shown to increase the
efficacy of treatments [157,160]. The combination of simvastatin with pentoxifylline, a
sensitizer to chemotherapy and radiotherapy from the xanthine family, drives apoptosis,
autophagy, and cell cycle arrest in triple-negative MDA-MB231 breast cancer cells [161]. In
CLL, statins enhance the sensitivity to the proapoptotic BCL2-inhibitor venetoclax [162].
Moreover, pharmacologic inhibition of FAO in human leukemia cells can also reinforce
apoptosis sensitivity by inhibition of BCL2, similar to statins [163]. Inhibition of the B cell
receptor signaling on CLL cells by ibrutinib reduces LPL expression and FFA metabolism
in vitro, interrupting energy production and survival [164]. In BRAF(V600E)-mutant resid-
ual therapy-resistant melanoma cells, inhibition of peroxisomal FAO overcomes resistance
to BRAF/MEK inhibitors [165]. Furthermore, inhibition of lipid uptake in cancer cells
provides an additional target for combination therapy. In this regard, CD36 expression is
repeatedly discussed as a prognostic marker for several cancer entities concerning invasion
and metastasis [166]. For instance, high expression of CD36 promotes growth, migration
and tamoxifen resistance of breast cancer cells, which is reduced by CD36 siRNA [167].
Additionally, CD36 is essential for anti-HER?2 therapy resistance and is associated with poor
clinical prognosis [168]. CD36-expressing chronic myeloid leukemia cells are less sensitive
to imatinib treatment [169]. Interestingly, a blocking anti-CD36-antibody is currently under
development for cancer treatment [170].

As mentioned above, excessive uptake of lipids via CD36 by CD8" T cells leads to
ferroptosis, and CD36 blocking/knockout prevents T cell lipotoxicity [143,144]. Therefore,
adoptive T cell transfer might also benefit from CD36 inhibition/knock-down. Moreover,
targeting CD36 by, e.g., an anti-CD36 antibody, could decrease one important immunosup-
pressive compartment in tumor tissues because Tregs upregulate CD36 in the TME [171].
Thus, CD36 inhibition could have a dual effect on the T cell compartment in the TME:
(1) preserving effector T cells and (2) reducing immunosuppressive Tregs. Furthermore,
increasing fatty acid catabolism and oxidative metabolism in TILs to cope with excess intra-
cellular FFAs, for instance, by enhancing PPAR« signaling with fibrates, could also improve
effector function and survival in a lipid-enriched TME [172,173]. Recently, Kim et al. pub-
lished an interesting approach to metabolically reprogram T cells in B16F10 tumor-bearing
mice. They encapsulated fenofibrate in amphiphilic polygamma glutamic acid-based
nanoparticles carrying an anti-CD3e f(ab’)2 fragment on the surface that are taken up
by T cells. Injection of these nanoparticles into tumor sites increased FAO and restored
mitochondprial function of TILs, resulting in effective anti-tumor function [174]. Treatment
with these nanoparticles prior to adoptive transfer could enable T cells to overcome a
low-glucose but lipid-rich TME and break the metabolic barrier, especially in solid tumors.

Consequently, there are several options to reduce potential lipotoxicity in T cells for
adoptive therapy (Figure 5). Lifestyle modifications could help on a systemic level not
only to reduce the risk of tumor development but also to improve therapeutic outcomes
by monitoring weight and increasing physical activity when possible, resulting in normal
blood lipid levels and less lipid storage in adipose tissues. However, further carefully de-
signed studies are needed to extend the knowledge on the influence of overweight/obesity
as well as weight management on cancer development and therapy. Drugs used for sys-
temic treatment of dyslipidemia, e.g., statins, have shown promising results as mono- and
combinational therapy with other anti-cancer drugs (Table 1). However, these promising
results are possibly also effects of the drugs on tumor cells themselves. Direct targeting of
lipid metabolism and uptake in cancer cells and T cells are two other intervention options
(Table 1). Inhibition of lipid uptake on the tumor side, e.g., using anti-CD36 antibodies,
could inhibit tumor progression and metastasis on the one hand and promote anti-tumor
T without supporting Tregs on the other hand due to reduced lipid content producing
lipotoxicity. Furthermore, deletion of CD36 in T cells for adoptive transfer might also
produce favorable outcomes. Inhibition of lipid metabolism and thus promotion of lipotox-
icity in tumor cells and, conversely, promotion of lipid catabolism in transferred T cells to
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overcome the lipid burden need to be further explored in T cell-based therapies and may

prove to be a good way to improve treatment outcomes.

Table 1. Selected examples of intervention in fatty acid metabolism for cancer therapy.

Drug Tumor Entity Target Effect Source
Inhibition of hepatic
gluconeogenesis and
Metformin lipid synthesis
h / Various human Decreased adipose tissue fatty No beneficial
(monotherapy tumor entities acid synthesis and lipolysis effects proven [156]
combination therapy) yn poly
Decreased pancreatic
insulin secretion
Increased muscle glucose uptake
Ctlir:ii_cal Vari h Improvement of
studies tzﬁ)(:;senltlirggél Inhibition of HMG-CoA reductase patients’ Surviva¥ i‘n [157,160]
several tumor entities
Statins Improvement of
patients’ survival and [64,65,158,159]
CLL Inhibition of HMG-CoA reductase outcome;
delayed need for [64]
chemotherapy
Fibrates + immune Non-small cell lung Peroxisome proliferator-activated Improved overall [172]
checkpoint blockade cancer (NSCLC) receptor agonist survival
.. . Increased sensitivity to
Thioridazine + Human e
BRAF/MEK melanoma-bearing Peroxisomal FAO inhibitor BRAF/ MEIK inhibitors [165]
inhibitors mice In melanoma
persister cells
. . B16 tumor e Lower CD8" T cell
Simvastatin mouse model Inhibition of HMG-CoA reductase exhaustion [138]
Nanoparticles Increased FAO and
; carrying fenofibrate mitochondrial
Invive and surface m](a)hésg;nmo(gel Fatty acid metabolism of TILs functions of TILs; [174]
anti-CD3e f(ab)2 improved T cell
fragment anti-tumor function
Pretreatment of T cells with
Ferrostatin-1 Ble ttirr{:)(gerlnouse ferroptosis inhibitor before Itmf rovedfT C"gl [144]
adoptive transfer ant-tumor functon
Fenofibrate (+PD-1 Mouse melanoma : . Improved T cell
blockade) models Fatty acid metabolism of TILs anti-tumor function [173]
. . Triple-negative - Apoptosis, autophagy,
Simvastatin + Inhibition of ?
pentoxifylline MDA-MB231 breast HMG-CoA reductase and cell cycle arrest in (1]
cancer cells cancer cells
Statin + venetoclax CLL Inhibition of Egr}:sirtll‘ii? t?: [162]
n + venetoc HMG-CoA reductase Y
venetoclax
Etomoxir/ranolazine J
In vitro + . Increased apoptosis
ABT-737 Human leukemic Inhibition of FAO sensitivity in [163]
(Bcl-2/Bcl-xL leukemic cells
inhibitor)
Reduction of LPL
Ibrutinib CLL B cell receptor inhibition expression and FFA [164]
metabolism in CLL
CD36-blocking Multiple melanoma Fatty acid metabolism of TILs Reduction of [144]

antibody

ferroptosis in T cells
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Figure 5. Therapeutic approaches to circumvent lipotoxic barriers. Overcoming T cell-related
lipotoxicity in cancer for adoptive therapy could be achieved at three levels: (a) on a systemic level,
(b) on a tumor cell level and (c) on a T cell level. (a) To decrease tumor-supporting adipose tissue and
consequently lower serum lipids in overweight and obese patients, weight management and physical
activity could be beneficial. In addition, metformin, statins and fibrates could be used to reduce
serum lipids. However, the clinical efficacy and reliability still have to be demonstrated. (b) Blockade
of lipid uptake, e.g., by an anti-CD36 antibody, and pharmacological inhibition of lipid metabolism,
e.g., by statins, restrict the lipid pool in tumor cells from which the cells could generate energy and
molecules for biosynthesis. As a result, tumor cells undergo apoptosis, exhibit reduced metastasis
and invasiveness, and become more sensitive to chemotherapy and radiotherapy. (c) Enhancing lipid
catabolism, e.g., by fenofibrate in CD3-targeted nanoparticles, and blocking the uptake of excess
lipids could prevent lipotoxicity in TILs and transferred T cells in a lipid-enriched TME, resulting in
T cell persistence and sustained anti-tumor effector function.

Author Contributions: Writing—investigation and original draft preparation, R.B.-L. and J.R.S;
review and editing, M.B., S.K. and D.M., supervision, D.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: All figures were created with BioRender.com (accessed on 5 August 2022).

Conflicts of Interest: The authors declare no conflict of interest.

1.  Kirtane, K.; Elmariah, H.; Chung, C.H.; Abate-Daga, D. Adoptive cellular therapy in solid tumor malignancies: Review of the
literature and challenges ahead. J. Immunother. Cancer 2021, 9, e002723. [CrossRef] [PubMed]

2. Dhatchinamoorthy, K.; Colbert, J.D.; Rock, K.L. Cancer Immune Evasion Through Loss of MHC Class I Antigen Presentation.
Front. Immunol. 2021, 12, 636568. [CrossRef] [PubMed]

3. Kim, G.B; Riley, ].L.; Levine, B.L. Engineering T cells to survive and thrive in the hostile tumor microenvironment. Curr. Opin.
Biomed. Eng. 2022, 21, 100360. [CrossRef]

4. Lim, A.R,; Rathmell, WK.; Rathmell, ].C. The tumor microenvironment as a metabolic barrier to effector T cells and immunother-
apy. eLife 2020, 9, e55185. [CrossRef]


BioRender.com
http://doi.org/10.1136/jitc-2021-002723
http://www.ncbi.nlm.nih.gov/pubmed/34301811
http://doi.org/10.3389/fimmu.2021.636568
http://www.ncbi.nlm.nih.gov/pubmed/33767702
http://doi.org/10.1016/j.cobme.2021.100360
http://doi.org/10.7554/eLife.55185

Biomolecules 2022, 12,1182 17 of 23

10.
11.
12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

De la Cruz-Lépez, K.G.; Castro-Mufioz, L.J.; Reyes-Hernandez, D.O.; Garcia-Carrancd, A.; Manzo-Merino, J. Lactate in the
Regulation of Tumor Microenvironment and Therapeutic Approaches. Front. Oncol. 2019, 9, 1143. [CrossRef] [PubMed]
Manzo, T.; Prentice, B.M.; Anderson, K.G.; Raman, A.; Schalck, A.; Codreanu, G.S.; Lauson, C.B.N.; Tiberti, S.; Raimondi, A.;
Jones, M.A.; et al. Accumulation of long-chain fatty acids in the tumor microenvironment drives dysfunction in intrapancreatic
CD8* T cells. J. Exp. Med. 2020, 217, €20191920. [CrossRef]

Howie, D.; Bokum, A.T.; Necula, A.S.; Cobbold, S.P.; Waldmann, H. The Role of Lipid Metabolism in T Lymphocyte Differentiation
and Survival. Front. Immunol. 2017, 8, 1949. [CrossRef]

De Jong, A.].; Kloppenburg, M.; Toes, R.E.; Ioan-Facsinay, A. Fatty acids, lipid mediators, and T-cell function. Front. Immunol.
2014, 5, 483. [CrossRef]

Nishi, H.; Higashihara, T.; Inagi, R. Lipotoxicity in Kidney, Heart, and Skeletal Muscle Dysfunction. Nutrients 2019, 11, 1664.
[CrossRef]

Geng, Y.; Faber, K.N.; de Meijer, V.E.; Blokzijl, H.; Moshage, H. How does hepatic lipid accumulation lead to lipotoxicity in
non-alcoholic fatty liver disease? Hepatol. Int. 2021, 15, 21-35. [CrossRef]

Kleinfeld, A.M.; Okada, C. Free fatty acid release from human breast cancer tissue inhibits cytotoxic T-lymphocyte-mediated
killing. J. Lipid. Res. 2005, 46, 1983-1990. [PubMed]

Goodwin, PJ.; Stambolic, V. Impact of the obesity epidemic on cancer. Annu. Rev. Med. 2015, 66, 281-296. [CrossRef] [PubMed]
Ringel, A.E.; Drijvers, ].M.; Baker, G.J.; Catozzi, A.; Garcia-Cafiaveras, J.C.; Gassaway, B.M.; Miller, B.C.; Juneja, V.R.; Nguyen,
T.H.; Joshi, S.; et al. Obesity Shapes Metabolism in the Tumor Microenvironment to Suppress Anti-Tumor Immunity. Cell 2020,
183, 1848-1866.€26. [CrossRef]

Avgerinos, K.I; Spyrou, N.; Mantzoros, C.S.; Dalamaga, M. Obesity and cancer risk: Emerging biological mechanisms and
perspectives. Metabolism 2019, 92, 121-135. [CrossRef]

Lichtman, M.A. Obesity and the risk for a hematological malignancy: Leukemia, lymphoma, or myeloma. Oncologist 2010,
15,1083-1101. [CrossRef] [PubMed]

Larsson, S.C.; Wolk, A. Body mass index and risk of non-Hodgkin’s and Hodgkin’s lymphoma: A meta-analysis of prospective
studies. Eur. J. Cancer 2011, 47, 2422-2430. [CrossRef]

Castillo, ].].; Reagan, J.L.; Ingham, R.R.; Furman, M.; Dalia, S.; Merhi, B.; Nemr, S.; Zarrabi, A.; Mitri, ]. Obesity but not overweight
increases the incidence and mortality of leukemia in adults: A meta-analysis of prospective cohort studies. Leuk. Res. 2012,
36, 868-875. [CrossRef]

Genkinger, ].M.; Kitahara, C.M.; Bernstein, L.; de Gonzalez, A.B.; Brotzman, M.; Elena, ].W.; Giles, G.G.; Hartge, P.; Singh, PN.;
Stolzenberg-Solomon, R.Z.; et al. Central adiposity, obesity during early adulthood, and pancreatic cancer mortality in a pooled
analysis of cohort studies. Ann. Oncol. 2015, 26, 2257-2266. [CrossRef]

Zhang, X.; Wu, K.; Giovannucci, E.L.; Ma, J.; Colditz, G.A.; Fuchs, C.S.; Willett, W.C.; Stampfer, M.].; Nimptsch, K.; Ogino, S.; et al.
Early life body fatness and risk of colorectal cancer in u.s. Women and men-results from two large cohort studies. Cancer Epidemiol.
Biomark. Prev. 2015, 24, 690-697. [CrossRef]

Teras, L.R.; Kitahara, C.M.; Birmann, B.; Hartge, P.A.; Wang, S.S.; Robien, K,; Patel, A.V.; Adami, H.-O.; Weiderpass, E.;
Giles, G.; et al. Body size and multiple myeloma mortality: A pooled analysis of 20 prospective studies. Br. . Haematol. 2014,
166, 667-676. [CrossRef]

Ataey, A.; Jafarvand, E.; Adham, D.; Moradi-Asl, E. The Relationship Between Obesity, Overweight, and the Human Development
Index in World Health Organization Eastern Mediterranean Region Countries. ]J. Prev. Med. Public Health 2020, 53, 98-105.
[CrossRef] [PubMed]

Tanaka, S.; Inoue, S.; Isoda, F.; Waseda, M.; Ishihara, M.; Yamakawa, T.; Sugiyama, A.; Takamura, Y.; Okuda, K. Impaired
immunity in obesity: Suppressed but reversible lymphocyte responsiveness. Int. J. Obes. Relat. Metab. Disord. 1993, 17, 631-636.
[PubMed]

Tanaka, S.I.; Isoda, F.; Ishihara, Y.; Kimura, M.; Yamakawa, T. T lymphopaenia in relation to body mass index and TNF-alpha in
human obesity: Adequate weight reduction can be corrective. Clin. Endocrinol. 2001, 54, 347-354. [CrossRef]

Boynton, A.; Neuhouser, M.L.; Wener, M.H.; Wood, B.; Sorensen, B.; Chen-Levy, Z.; Kirk, A.E.; Yasui, Y.; Lacroix, K,;
McTiernan, A.; et al. Associations between healthy eating patterns and immune function or inflammation in overweight or
obese postmenopausal women. Am. J. Clin. Nutr. 2007, 86, 1445-1455.

Misumi, I.; Starmer, J.; Uchimura, T.; Beck, M.A.; Magnuson, T.; Whitmire, ].K. Obesity Expands a Distinct Population of T Cells
in Adipose Tissue and Increases Vulnerability to Infection. Cell Rep. 2019, 27, 514-524.e5. [CrossRef]

Wijngaarden, L.H.; Taselaar, A.E.; Nuijten, F; van der Harst, E.; Klaassen, R.A.; Kuijper, T.M.; Jongbloed, F.; Ambagtsheer, G.;
Klepper, M.; ljzermans, ].N.M.; et al. T and B Cell Composition and Cytokine Producing Capacity Before and After Bariatric
Surgery. Front. Immunol. 2022, 13, 888278. [CrossRef]

Yang, H.; Youm, Y.-H.; Vandanmagsar, B.; Rood, J.; Kumar, K.G.; Butler, A.; Dixit, V.D. Obesity accelerates thymic aging. Blood
2009, 114, 3803-3812. [CrossRef]

Porsche, C.E.; Delproposto, J.B.; Geletka, L.; O'Rourke, R.; Lumeng, C.N. Obesity results in adipose tissue T cell exhaustion. JCI
Insight 2021, 6, €139793. [CrossRef]


http://doi.org/10.3389/fonc.2019.01143
http://www.ncbi.nlm.nih.gov/pubmed/31737570
http://doi.org/10.1084/jem.20191920
http://doi.org/10.3389/fimmu.2017.01949
http://doi.org/10.3389/fimmu.2014.00483
http://doi.org/10.3390/nu11071664
http://doi.org/10.1007/s12072-020-10121-2
http://www.ncbi.nlm.nih.gov/pubmed/15961785
http://doi.org/10.1146/annurev-med-051613-012328
http://www.ncbi.nlm.nih.gov/pubmed/25423596
http://doi.org/10.1016/j.cell.2020.11.009
http://doi.org/10.1016/j.metabol.2018.11.001
http://doi.org/10.1634/theoncologist.2010-0206
http://www.ncbi.nlm.nih.gov/pubmed/20930095
http://doi.org/10.1016/j.ejca.2011.06.029
http://doi.org/10.1016/j.leukres.2011.12.020
http://doi.org/10.1093/annonc/mdv355
http://doi.org/10.1158/1055-9965.EPI-14-0909-T
http://doi.org/10.1111/bjh.12935
http://doi.org/10.3961/jpmph.19.100
http://www.ncbi.nlm.nih.gov/pubmed/32268464
http://www.ncbi.nlm.nih.gov/pubmed/8281221
http://doi.org/10.1046/j.1365-2265.2001.1139/cn2155.x
http://doi.org/10.1016/j.celrep.2019.03.030
http://doi.org/10.3389/fimmu.2022.888278
http://doi.org/10.1182/blood-2009-03-213595
http://doi.org/10.1172/jci.insight.139793

Biomolecules 2022, 12,1182 18 of 23

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.
47.
48.

49.

50.

51.

52.

53.

54.

55.

Sheridan, P.A.; Paich, H.A.; Handy, J.; Karlsson, E.A.; Hudgens, M.G.; Sammon, A.B.; Holland, L.A.; Weir, S.; Noah, T.L.; Beck,
M.A. Obesity is associated with impaired immune response to influenza vaccination in humans. Int. J. Obes. 2012, 36, 1072-1077.
[CrossRef]

Kado, T.; Nawaz, A.; Takikawa, A.; Usui, 1; Tobe, K. Linkage of CD8(*) T cell exhaustion with high-fat diet-induced tumourigene-
sis. Sci. Rep. 2019, 9, 12284. [CrossRef]

Franceschi, C.; Bonafe, M.; Valensin, S.; Olivieri, F.; De Luca, M.; Ottaviani, E.; De Benedictis, G. Inflamm-aging. An evolutionary
perspective on immunosenescence. Ann. N. Y. Acad. Sci. 2000, 908, 244-254. [CrossRef] [PubMed]

Frasca, D.; Blomberg, B.B.; Paganelli, R. Aging, Obesity, and Inflammatory Age-Related Diseases. Front. Immunol. 2017, 8, 1745.
[CrossRef] [PubMed]

Xu, M.; Palmer, A.; Ding, H.; Weivoda, M.M.; Pirtskhalava, T.; White, A.T.; Sepe, A.; O Johnson, K.; Stout, M.B.; Giorgadze, N.; et al.
Targeting senescent cells enhances adipogenesis and metabolic function in old age. eLife 2015, 4, €12997. [CrossRef]

Gustafson, B.; Nerstedt, A.; Smith, U. Reduced subcutaneous adipogenesis in human hypertrophic obesity is linked to senescent
precursor cells. Nat. Commun. 2019, 10, 2757. [CrossRef] [PubMed]

Mitterberger, M.C.; Lechner, S.; Mattesich, M.; Zwerschke, W. Adipogenic differentiation is impaired in replicative senescent
human subcutaneous adipose-derived stromal/progenitor cells. J. Gerontol. A Biol. Sci. Med. Sci. 2014, 69, 13-24. [CrossRef]
[PubMed]

Schwartz, R.S.; Shuman, W.P,; Bradbury, V.L.; Cain, K.C.; Fellingham, G.W.; Beard, ].C.; Kahn, S.E.; Stratton, ].R.; Cerqueira, M.D;
Abrass, I.B. Body fat distribution in healthy young and older men. J. Gerontol. 1990, 45, M181-M185. [CrossRef]

Shimokata, H.; Tobin, ].D.; Muller, D.C.; Elahi, D.; Coon, PJ.; Andres, R. Studies in the distribution of body fat: I. Effects of age,
sex, and obesity. |. Gerontol. 1989, 44, M66-M73. [CrossRef]

Justesen, J.; Stenderup, K.; Ebbesen, E.; Mosekilde, L.; Steiniche, T.; Kassem, M. Adipocyte tissue volume in bone marrow is
increased with aging and in patients with osteoporosis. Biogerontology 2001, 2, 165-171. [CrossRef]

Liu, HH,; Li, ].J. Aging and dyslipidemia: A review of potential mechanisms. Ageing Res. Rev. 2015, 19, 43-52. [CrossRef]

Bays, H. Central obesity as a clinical marker of adiposopathy; increased visceral adiposity as a surrogate marker for global fat
dysfunction. Curr. Opin. Endocrinol. Diabetes Obes. 2014, 21, 345-351. [CrossRef]

Yang, Y.-H.K,; Ogando, C.R.; See, C.W.; Chang, T.-Y.; Barabino, G.A. Changes in phenotype and differentiation potential of human
mesenchymal stem cells aging in vitro. Stem. Cell Res. Ther. 2018, 9, 131. [CrossRef] [PubMed]

Singh, L.; Brennan, T.A.; Russell, E.; Kim, J.-H.; Chen, Q.; Johnson, F.B.; Pignolo, R.J. Aging alters bone-fat reciprocity by shifting
in vivo mesenchymal precursor cell fate towards an adipogenic lineage. Bone 2016, 85, 29-36. [CrossRef]

Ambrosi, T.H.; Scialdone, A.; Graja, A.; Gohlke, S.; Jank, A.-M.; Bocian, C.; Woelk, L.; Fan, H.; Logan, D.W.; Schiirmann, A.; et al.
Adipocyte Accumulation in the Bone Marrow during Obesity and Aging Impairs Stem Cell-Based Hematopoietic and Bone
Regeneration. Cell Stem Cell 2017, 20, 771-784.e6. [CrossRef] [PubMed]

Kohlgruber, A.C.; LaMarche, N.M.; Lynch, L. Adipose tissue at the nexus of systemic and cellular immunometabolism. Semin.
Immunol. 2016, 28, 431-440. [CrossRef] [PubMed]

Wu, Q.; Li, B; Li, J.; Sun, S.; Yuan, J.; Sun, S. Cancer-associated adipocytes as immunomodulators in cancer. Biomark. Res. 2021,
9, 2. [CrossRef]

Tam, B.T.; Morais, J.A.; Santosa, S. Obesity and ageing: Two sides of the same coin. Obes. Rev. 2020, 21, €12991. [CrossRef]
Hanahan, D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022, 12, 31-46. [CrossRef]

Cerne, D.; Melki¢, E.; Trost, Z.; Sok, M.; Marc, J. Lipoprotein lipase activity and gene expression in lung cancer and in adjacent
noncancer lung tissue. Exp. Lung Res. 2007, 33, 217-225. [CrossRef]

Cao, D.; Song, X.; Che, L.; Li, X,; Pilo, M.G; Vidili, G.; Porcu, A.; Solinas, A.; Cigliano, A.; Pes, G.M.; et al. Both de novo
synthetized and exogenous fatty acids support the growth of hepatocellular carcinoma cells. Liver Int. 2017, 37, 80-89. [CrossRef]
Dong, W.; Gong, H.; Zhang, G.; Vuletic, S.; Albers, J.; Zhang, J.; Liang, H.; Sui, Y.; Zheng, J. Lipoprotein lipase and phospholipid
transfer protein overexpression in human glioma cells and their effect on cell growth, apoptosis, and migration. Acta Biochim.
Biophys. Sin. 2017, 49, 62-73. [CrossRef]

Kuemmerle, N.B.; Rysman, E.; Lombardo, P.S.; Flanagan, A.].; Lipe, B.C.; Wells, W.A_; Pettus, ].R.; Froehlich, HM.; Memoli, V.A ;
Morganelli, PM.; et al. Lipoprotein lipase links dietary fat to solid tumor cell proliferation. Mol. Cancer Ther. 2011, 10, 427-436.
[CrossRef] [PubMed]

Dirat, B.; Bochet, L.; Dabek, M.; Daviaud, D.; Dauvillier, S.; Majed, B.; Wang, Y.Y.; Meulle, A.; Salles, B.; Le Gonidec, S.; et al.
Cancer-associated adipocytes exhibit an activated phenotype and contribute to breast cancer invasion. Cancer Res. 2011,
71,2455-2465. [CrossRef] [PubMed]

Gyamfi, J.; Yeo, ]. H.; Kwon, D.; Min, B.S.; Cha, Y.J.; Koo, J.S.; Jeong, J.; Lee, J.; Choi, ]. Interaction between CD36 and FABP4
modulates adipocyte-induced fatty acid import and metabolism in breast cancer. NP] Breast Cancer 2021, 7, 129. [CrossRef]
[PubMed]

Wen, Y.-A,; Xing, X.; Harris, ].W.; Zaytseva, Y.Y.; Mitov, LM.; Napier, D.L.; Weiss, H.L.; Evers, B.M.; Gao, T. Adipocytes activate
mitochondrial fatty acid oxidation and autophagy to promote tumor growth in colon cancer. Cell Death Dis. 2017, 8, e2593.
[CrossRef]

Fernandez, L.P.; Gomez de Cedron, M.; Ramirez de Molina, A. Alterations of Lipid Metabolism in Cancer: Implications in
Prognosis and Treatment. Front. Oncol. 2020, 10, 577420. [CrossRef] [PubMed]


http://doi.org/10.1038/ijo.2011.208
http://doi.org/10.1038/s41598-019-48678-0
http://doi.org/10.1111/j.1749-6632.2000.tb06651.x
http://www.ncbi.nlm.nih.gov/pubmed/10911963
http://doi.org/10.3389/fimmu.2017.01745
http://www.ncbi.nlm.nih.gov/pubmed/29270179
http://doi.org/10.7554/eLife.12997
http://doi.org/10.1038/s41467-019-10688-x
http://www.ncbi.nlm.nih.gov/pubmed/31227697
http://doi.org/10.1093/gerona/glt043
http://www.ncbi.nlm.nih.gov/pubmed/23657974
http://doi.org/10.1093/geronj/45.6.M181
http://doi.org/10.1093/geronj/44.2.M66
http://doi.org/10.1023/A:1011513223894
http://doi.org/10.1016/j.arr.2014.12.001
http://doi.org/10.1097/MED.0000000000000093
http://doi.org/10.1186/s13287-018-0876-3
http://www.ncbi.nlm.nih.gov/pubmed/29751774
http://doi.org/10.1016/j.bone.2016.01.014
http://doi.org/10.1016/j.stem.2017.02.009
http://www.ncbi.nlm.nih.gov/pubmed/28330582
http://doi.org/10.1016/j.smim.2016.09.005
http://www.ncbi.nlm.nih.gov/pubmed/27789087
http://doi.org/10.1186/s40364-020-00257-6
http://doi.org/10.1111/obr.12991
http://doi.org/10.1158/2159-8290.CD-21-1059
http://doi.org/10.1080/01902140701481054
http://doi.org/10.1111/liv.13183
http://doi.org/10.1093/abbs/gmw117
http://doi.org/10.1158/1535-7163.MCT-10-0802
http://www.ncbi.nlm.nih.gov/pubmed/21282354
http://doi.org/10.1158/0008-5472.CAN-10-3323
http://www.ncbi.nlm.nih.gov/pubmed/21459803
http://doi.org/10.1038/s41523-021-00324-7
http://www.ncbi.nlm.nih.gov/pubmed/34561446
http://doi.org/10.1038/cddis.2017.21
http://doi.org/10.3389/fonc.2020.577420
http://www.ncbi.nlm.nih.gov/pubmed/33194695

Biomolecules 2022, 12,1182 19 of 23

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Kumar, B.; Orellana, M.; Brooks, J.; Madabushi, S.S.; Vishwasrao, P.; Parra, L.E.; Sanchez, ].; Salhotra, A.; Stein, A.;
Chen, C.-C,; et al. Exosomes-driven lipolysis and bone marrow niche remodeling supports leukemia expansion. Haematologica
2020, 106, 1484-1488. [CrossRef] [PubMed]

Zhang, L.; Zhao, Q.; Cang, H.; Wang, Z.; Hu, X; Pan, R.; Yang, Y,; Chen, Y. Acute Myeloid Leukemia Cells Educate Mesenchymal
Stromal Cells toward an Adipogenic Differentiation Propensity with Leukemia Promotion Capabilities. Adv. Sci. 2022, 9, 2105811.
[CrossRef]

Tabe, Y.; Yamamoto, S.; Saitoh, K.; Sekihara, K.; Monma, N.; Ikeo, K.; Mogushi, K.; Shikami, M.; Ruvolo, V.; Ishizawa, J.; et al.
Bone Marrow Adipocytes Facilitate Fatty Acid Oxidation Activating AMPK and a Transcriptional Network Supporting Survival
of Acute Monocytic Leukemia Cells. Cancer Res. 2017, 77, 1453-1464. [CrossRef]

Ye, H.; Adane, B.; Khan, N.; Sullivan, T.; Minhajuddin, M.; Gasparetto, M.; Stevens, B.; Pei, S.; Balys, M.; Ashton, ].M.; et al.
Leukemic Stem Cells Evade Chemotherapy by Metabolic Adaptation to an Adipose Tissue Niche. Cell Stem Cell 2016, 19, 23-37.
[CrossRef]

Salunkhe, S.; Mishra, S.V.; Ghorai, A.; Hole, A.; Chandrani, P; Dutt, A.; Chilakapati, M.; Dutt, S. Metabolic rewiring in drug
resistant cells exhibit higher OXPHOS and fatty acids as preferred major source to cellular energetics. Biochim. Biophys. Acta
Bioenerg. 2020, 1861, 148300. [CrossRef]

Bottcher, M.; Panagiotidis, K.; Bruns, H.; Stumpf, M.; V6lkl, S.; Geyh, S.; Dietel, B.; Schroeder, T.; Mackensen, A.; Mougiakakos, D.
Bone marrow stroma cells promote induction of a chemoresistant and prognostic unfavorable S100A8/A%high AML cell subset.
Blood Adv. 2022. [CrossRef] [PubMed]

Thurgood, L.A.; Best, O.G.; Rowland, A.; Lower, KM.; Brooks, D.A.; Kuss, B.]. Lipid uptake in chronic lymphocytic leukemia.
Exp. Hematol. 2022, 106, 58-67. [CrossRef] [PubMed]

McCaw, L.; Shi, Y.; Wang, G.; Li, Y.-].; Spaner, D.E. Low Density Lipoproteins Amplify Cytokine-signaling in Chronic Lymphocytic
Leukemia Cells. EBioMedicine 2017, 15, 24-35. [PubMed]

Chow, S.; Buckstein, R.; Spaner, D.E. A link between hypercholesterolemia and chronic lymphocytic leukemia. Leuk. Lymphoma
2016, 57, 797-802. [CrossRef]

Mozessohn, L.; Earle, C.; Spaner, D.; Cheng, S.Y.; Kumar, M.; Buckstein, R. The Association of Dyslipidemia With Chronic
Lymphocytic Leukemia: A Population-Based Study. J. Natl. Cancer Inst. 2017, 109, djw226. [CrossRef]

Masoodi, M.; Lee, E.; Eiden, M.; Bahlo, A.; Shi, Y.; Ceddia, R.B.; Baccei, C.; Prasit, P.; Spaner, D.E. A role for oleoylethanolamide in
chronic lymphocytic leukemia. Leukemia 2014, 28, 1381-1387. [CrossRef]

Spaner, D.E; Lee, E.; Shi, Y.; Wen, F; Li, Y,; Tung, S.; McCaw, L.; Wong, K.; Gary-Gouy, H.; Dalloul, A.; et al. PPAR-alpha is a
therapeutic target for chronic lymphocytic leukemia. Leukemia 2013, 27, 1090-1099. [CrossRef]

Prieto, D.; Seija, N.; Uriepero, A.; Souto-Padrén, T.; Oliver, A ; Irigoin, V.; Guillermo, C.; Navarrete, M.A.; Landoni, A.I; Dighiero,
G.; et al. LPL protein in Chronic Lymphocytic Leukaemia have different origins in Mutated and Unmutated patients. Advances
for a new prognostic marker in CLL. Br. J. Haematol. 2018, 182, 521-525. [CrossRef]

Bilous, N.; Abramenko, I.; Chumak, A.; Dyagil, I.; Martina, Z. Analysis of LPL gene expression in patients with chronic
lymphocytic leukemia. Exp. Oncol. 2019, 41, 39—45. [CrossRef]

Kaderi, M.A.; Kanduri, M.; Buhl, A.M.; Sevov, M.; Cahill, N.; Gunnarsson, R.; Jansson, M.; Smedby, K.E.; Hjalgrim, H.; Jurlander,
J.; et al. LPL is the strongest prognostic factor in a comparative analysis of RNA-based markers in early chronic lymphocytic
leukemia. Haematologica 2011, 96, 1153-1160.

Rohrig, E; Schulze, A. The multifaceted roles of fatty acid synthesis in cancer. Nat. Rev. Cancer 2016, 16, 732-749. [CrossRef]
[PubMed]

Nagarajan, S.R.; Butler, L.M.; Hoy, A.]. The diversity and breadth of cancer cell fatty acid metabolism. Cancer Metab. 2021, 9, 2.
[PubMed]

Bhatt, A.P.; Jacobs, S.R.; Freemerman, A.].; Makowski, L.; Rathmell, J.C.; Dittmer, D.P.; Damania, B. Dysregulation of fatty acid
synthesis and glycolysis in non-Hodgkin lymphoma. Proc. Natl. Acad. Sci. USA 2012, 109, 11818-11823. [CrossRef] [PubMed]
Uddin, S.; Hussain, A.R.; Ahmed, M.; Bu, R.; Ahmed, S.O.; Ajarim, D.; Al-Dayel, E,; Bavi, P.; Al-Kuraya, K.S. Inhibition of fatty
acid synthase suppresses c-Met receptor kinase and induces apoptosis in diffuse large B-cell lymphoma. Mol. Cancer Ther. 2010,
9, 1244-1255. [CrossRef] [PubMed]

Simeone, P.; Tacconi, S.; Longo, S.; Lanuti, P.; Bravaccini, S.; Pirini, F; Ravaioli, S.; Dini, L.; Giudetti, A. Expanding Roles of De
Novo Lipogenesis in Breast Cancer. Int. |. Environ. Res. Public Health 2021, 18, 3575. [CrossRef]

Sies, H.; Jones, D.P. Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat. Rev. Mol. Cell Biol. 2020,
21, 363-383. [CrossRef]

Hua, W.; Huang, H.-Z,; Tan, L.-T.; Wan, J.-M.; Gui, H.-B.; Zhao, L.; Ruan, X.-Z.; Chen, X.-M.; Du, X.-G. CD36 Mediated Fatty
Acid-Induced Podocyte Apoptosis via Oxidative Stress. PLoS ONE 2015, 10, e0127507.

Chen, Y.; Zhang, J.; Cui, W,; Silverstein, R.L. CD36, a signaling receptor and fatty acid transporter that regulates immune cell
metabolism and fate. J. Exp. Med. 2022, 219, e20211314. [CrossRef]

Szeto, H.H.; Liu, S.; Soong, Y.; Alam, N.; Prusky, G.T.; Seshan, S.V. Protection of mitochondria prevents high-fat diet-induced
glomerulopathy and proximal tubular injury. Kidney Int. 2016, 90, 997-1011. [CrossRef]

Penzo, D.; Tagliapietra, C.; Colonna, R.; Petronilli, V.; Bernardi, P. Effects of fatty acids on mitochondria: Implications for cell
death. Biochim. Biophys. Acta 2002, 1555, 160-165. [CrossRef]


http://doi.org/10.3324/haematol.2019.246058
http://www.ncbi.nlm.nih.gov/pubmed/33054109
http://doi.org/10.1002/advs.202105811
http://doi.org/10.1158/0008-5472.CAN-16-1645
http://doi.org/10.1016/j.stem.2016.06.001
http://doi.org/10.1016/j.bbabio.2020.148300
http://doi.org/10.1182/bloodadvances.2021005938
http://www.ncbi.nlm.nih.gov/pubmed/35390134
http://doi.org/10.1016/j.exphem.2021.12.193
http://www.ncbi.nlm.nih.gov/pubmed/34896245
http://www.ncbi.nlm.nih.gov/pubmed/27932296
http://doi.org/10.3109/10428194.2015.1088651
http://doi.org/10.1093/jnci/djw226
http://doi.org/10.1038/leu.2014.10
http://doi.org/10.1038/leu.2012.329
http://doi.org/10.1111/bjh.15427
http://doi.org/10.32471/exp-oncology.2312-8852.vol-41-no-1.12391
http://doi.org/10.1038/nrc.2016.89
http://www.ncbi.nlm.nih.gov/pubmed/27658529
http://www.ncbi.nlm.nih.gov/pubmed/33413672
http://doi.org/10.1073/pnas.1205995109
http://www.ncbi.nlm.nih.gov/pubmed/22752304
http://doi.org/10.1158/1535-7163.MCT-09-1061
http://www.ncbi.nlm.nih.gov/pubmed/20423996
http://doi.org/10.3390/ijerph18073575
http://doi.org/10.1038/s41580-020-0230-3
http://doi.org/10.1084/jem.20211314
http://doi.org/10.1016/j.kint.2016.06.013
http://doi.org/10.1016/S0005-2728(02)00272-4

Biomolecules 2022, 12,1182 20 of 23

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.
105.

Kumar, B.; Kowluru, A.; Kowluru, R.A. Lipotoxicity augments glucotoxicity-induced mitochondrial damage in the development
of diabetic retinopathy. Investig. Ophthalmol. Vis. Sci. 2015, 56, 2985-2992. [CrossRef]

Schrauwen, P.; Schrauwen-Hinderling, V.; Hoeks, J.; Hesselink, M.K. Mitochondrial dysfunction and lipotoxicity. Biochim. Biophys.
Acta 2010, 1801, 266-271. [CrossRef] [PubMed]

Dludla, P.V;; Silvestri, S.; Orlando, P.; Mazibuko-Mbeje, S.E.; Johnson, R.; Marcheggiani, F,; Cirilli, I.; Muller, C.J.; Louw, J.; Chellan,
N.; et al. Palmitate-induced toxicity is associated with impaired mitochondrial respiration and accelerated oxidative stress in
cultured cardiomyocytes: The critical role of coenzyme Q9/10. Toxicol. In Vitro 2020, 68, 104948. [CrossRef] [PubMed]

Itami, N.; Shirasuna, K.; Kuwayama, T.; Iwata, H. Palmitic acid induces ceramide accumulation, mitochondrial protein hyper-
acetylation, and mitochondrial dysfunction in porcine oocytes. Biol. Reprod. 2018, 98, 644-653. [CrossRef] [PubMed]

Xu, S.; Nam, SM.; Kim, J.-H.; Das, R.; Choi, S.-K.; Nguyen, T.T.; Quan, X.; Chung, C.H.; Lee, E.Y,; Lee, 1.-K; et al. Palmitate
induces ER calcium depletion and apoptosis in mouse podocytes subsequent to mitochondrial oxidative stress. Cell Death Dis.
2015, 6, €1976. [CrossRef] [PubMed]

Read, A.; Schroder, M. The Unfolded Protein Response: An Overview. Biology 2021, 10, 384. [CrossRef]

Szegezdi, E.; Logue, S.; Gorman, A.; Samali, A. Mediators of endoplasmic reticulum stress-induced apoptosis. EMBO Rep. 2006,
7, 880-885. [CrossRef]

Nivala, A.M.; Reese, L.; Frye, M.; Gentile, C.L.; Pagliassotti, M.]. Fatty acid-mediated endoplasmic reticulum stress in vivo:
Differential response to the infusion of Soybean and Lard Oil in rats. Metabolism 2013, 62, 753-760. [CrossRef]

Pardo, V.; Gonzalez-Rodriguez, A.; Muntané, J.; Kozma, S.C.; Valverde, A.M. Role of hepatocyte S6K1 in palmitic acid-induced
endoplasmic reticulum stress, lipotoxicity, insulin resistance and in oleic acid-induced protection. Food Chem. Toxicol. 2015,
80, 298-309. [CrossRef]

Volmer, R.; Ron, D. Lipid-dependent regulation of the unfolded protein response. Curr. Opin. Cell Biol. 2015, 33, 67-73. [CrossRef]
Fu, S; Yang, L.; Li, P; Hofmann, O.; Dicker, L.; Hide, W,; Lin, X.; Watkins, S.M.; Ivanov, A.R.; Hotamisligil, G.S. Aberrant
lipid metabolism disrupts calcium homeostasis causing liver endoplasmic reticulum stress in obesity. Nature 2011, 473, 528-531.
[CrossRef] [PubMed]

Li, Y;; Ge, M.; Ciani, L.; Kuriakose, G.; Westover, E.J.; Dura, M.; Covey, D.E; Freed, ].H.; Maxfield, ER.; Lytton, J.; et al. Enrichment
of endoplasmic reticulum with cholesterol inhibits sarcoplasmic-endoplasmic reticulum calcium ATPase-2b activity in parallel
with increased order of membrane lipids: Implications for depletion of endoplasmic reticulum calcium stores and apoptosis in
cholesterol-loaded macrophages. |. Biol. Chem. 2004, 279, 37030-37039. [PubMed]

Schroder, M.; Clark, R.; Kaufman, R.J. IRE1- and HACI-independent transcriptional regulation in the unfolded protein response
of yeast. Mol. Microbiol. 2003, 49, 591-606. [CrossRef] [PubMed]

Haywood, J.; Yammani, R.R. Free fatty acid palmitate activates unfolded protein response pathway and promotes apoptosis in
meniscus cells. Osteoarthr. Cartil. 2016, 24, 942-945. [CrossRef]

Karaskov, E.; Scott, C.; Zhang, L.; Teodoro, T.; Ravazzola, M.; Volchuk, A. Chronic palmitate but not oleate exposure induces
endoplasmic reticulum stress, which may contribute to INS-1 pancreatic beta-cell apoptosis. Endocrinology 2006, 147, 3398-3407.
[CrossRef]

Haze, K,; Yoshida, H.; Yanagi, H.; Yura, T.; Mori, K. Mammalian transcription factor ATF6 is synthesized as a transmembrane
protein and activated by proteolysis in response to endoplasmic reticulum stress. Mol. Biol. Cell 1999, 10, 3787-3799. [CrossRef]
Schindler, A.J.; Schekman, R. In vitro reconstitution of ER-stress induced ATF6 transport in COPII vesicles. Proc. Natl. Acad. Sci.
USA 2009, 106, 17775-17780. [CrossRef]

Rennert, C.; Heil, T.; Schicht, G.; Stilkerich, A.; Seidemann, L.; Kegel-Hiibner, V.; Seehofer, D.; Damm, G. Prolonged Lipid
Accumulation in Cultured Primary Human Hepatocytes Rather Leads to ER Stress than Oxidative Stress. Int. ]. Mol. Sci. 2020,
21,7097. [CrossRef]

Guo, W.; Wong, S.; Xie, W,; Lei, T.; Luo, Z. Palmitate modulates intracellular signaling, induces endoplasmic reticulum stress,
and causes apoptosis in mouse 3T3-L1 and rat primary preadipocytes. Am. . Physiol. Endocrinol. Metab. 2007, 293, E576-E586.
[CrossRef]

Anusornvongchai, T.; Nangaku, M.; Jao, T.-M.; Wu, C.-H.; Ishimoto, Y.; Maekawa, H.; Tanaka, T.; Shimizu, A.; Yamamoto, M.;
Suzuki, N.; et al. Palmitate deranges erythropoietin production via transcription factor ATF4 activation of unfolded protein
response. Kidney Int. 2018, 94, 536-550. [CrossRef]

Cao, J.; Dai, D.L,; Yao, L.; Yu, H.H.; Ning, B.; Zhang, Q.; Chen, J.; Cheng, WH.; Shen, W.; Yang, Z.X. Saturated fatty acid induction
of endoplasmic reticulum stress and apoptosis in human liver cells via the PERK/ATF4/CHOP signaling pathway. Mol. Cell.
Biochem. 2012, 364, 115-129. [CrossRef] [PubMed]

Marwarha, G.; Claycombe, K.; Schommer, J.; Collins, D.; Ghribi, O. Palmitate-induced Endoplasmic Reticulum stress and
subsequent C/EBPalpha Homologous Protein activation attenuates leptin and Insulin-like growth factor 1 expression in the brain.
Cell. Signal. 2016, 28, 1789-1805. [PubMed]

Volmer, R.; van der Ploeg, K.; Ron, D. Membrane lipid saturation activates endoplasmic reticulum unfolded protein response
transducers through their transmembrane domains. Proc. Natl. Acad. Sci. USA 2013, 110, 4628-4633. [CrossRef] [PubMed]
Dixon, S.J.; Stockwell, B.R. The Hallmarks of Ferroptosis. Annu. Rev. Cancer Biol. 2019, 3, 35-54.

Ayala, A.; Munoz, M.E; Arguelles, S. Lipid peroxidation: Production, metabolism, and signaling mechanisms of malondialdehyde
and 4-hydroxy-2-nonenal. Oxid. Med. Cell. Longev. 2014, 2014, 360438. [CrossRef] [PubMed]


http://doi.org/10.1167/iovs.15-16466
http://doi.org/10.1016/j.bbalip.2009.09.011
http://www.ncbi.nlm.nih.gov/pubmed/19782153
http://doi.org/10.1016/j.tiv.2020.104948
http://www.ncbi.nlm.nih.gov/pubmed/32683093
http://doi.org/10.1093/biolre/ioy023
http://www.ncbi.nlm.nih.gov/pubmed/29385411
http://doi.org/10.1038/cddis.2015.331
http://www.ncbi.nlm.nih.gov/pubmed/26583319
http://doi.org/10.3390/biology10050384
http://doi.org/10.1038/sj.embor.7400779
http://doi.org/10.1016/j.metabol.2012.12.001
http://doi.org/10.1016/j.fct.2015.03.029
http://doi.org/10.1016/j.ceb.2014.12.002
http://doi.org/10.1038/nature09968
http://www.ncbi.nlm.nih.gov/pubmed/21532591
http://www.ncbi.nlm.nih.gov/pubmed/15215242
http://doi.org/10.1046/j.1365-2958.2003.03585.x
http://www.ncbi.nlm.nih.gov/pubmed/12864846
http://doi.org/10.1016/j.joca.2015.11.020
http://doi.org/10.1210/en.2005-1494
http://doi.org/10.1091/mbc.10.11.3787
http://doi.org/10.1073/pnas.0910342106
http://doi.org/10.3390/ijms21197097
http://doi.org/10.1152/ajpendo.00523.2006
http://doi.org/10.1016/j.kint.2018.03.011
http://doi.org/10.1007/s11010-011-1211-9
http://www.ncbi.nlm.nih.gov/pubmed/22246806
http://www.ncbi.nlm.nih.gov/pubmed/27555288
http://doi.org/10.1073/pnas.1217611110
http://www.ncbi.nlm.nih.gov/pubmed/23487760
http://doi.org/10.1155/2014/360438
http://www.ncbi.nlm.nih.gov/pubmed/24999379

Biomolecules 2022, 12,1182 21 of 23

106.
107.

108.

109.

110.

111.

112.

113.
114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.
127.

128.

129.

130.

131.

132.

133.

Chen, X;; Yu, C.; Kang, R.; Tang, D. Iron Metabolism in Ferroptosis. Front. Cell Dev. Biol. 2020, 8, 590226. [CrossRef]

Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Patel, D.N.; Bauer, A.].; Cantley, A.M.; Yang,
W.S.; et al. Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 2012, 149, 1060-1072. [CrossRef]

Li, J.; Cao, F; Yin, H.L.; Huang, Z.J.; Lin, Z.T.; Mao, N.; Sun, B.; Wang, G. Ferroptosis: Past, present and future. Cell Death Dis.
2020, 11, 88. [CrossRef]

Yang, W.S,; SriRamaratnam, R.; Welsch, M.E.; Shimada, K.; Skouta, R.; Viswanathan, V.S.; Cheah, ].H.; Clemons, P.A.; Shamji, A.F;
Clish, C.B.; et al. Regulation of ferroptotic cancer cell death by GPX4. Cell 2014, 156, 317-331.

Doll, S.; Proneth, B.; Tyurina, Y.; Panzilius, E.; Kobayashi, S.; Ingold, I.; Irmler, M.; Beckers, M.1].; Aichler, M.; Walch, M.A.A ; et al.
ACSLA4 dictates ferroptosis sensitivity by shaping cellular lipid composition. Nat. Chem. Biol. 2017, 13, 91-98. [CrossRef]

Yuan, H.; Li, X.; Zhang, X.; Kang, R.; Tang, D. Identification of ACSL4 as a biomarker and contributor of ferroptosis. Biochem.
Biophys. Res. Commun. 2016, 478, 1338-1343. [CrossRef]

Beatty, A.; Singh, T.; Tyurina, Y.Y.; Tyurin, V.A.; Samovich, S.; Nicolas, E.; Maslar, K.; Zhou, Y.; Cai, K.Q.; Tan, Y.; et al. Ferroptotic
cell death triggered by conjugated linolenic acids is mediated by ACSL1. Nat. Commun. 2021, 12, 2244. [CrossRef] [PubMed]
Mizushima, N.; Komatsu, M. Autophagy: Renovation of cells and tissues. Cell 2011, 147, 728-741. [PubMed]

Yin, J.; Wang, Y.; Gu, L.; Fan, N.; Ma, Y,; Peng, Y. Palmitate induces endoplasmic reticulum stress and autophagy in mature
adipocytes: Implications for apoptosis and inflammation. Int. J. Mol. Med. 2015, 35, 932-940. [CrossRef] [PubMed]

Choi, S.E.; Lee, S.M.; Lee, Y.J.; Li, L.].; Lee, S.J.; Lee, .H.; Kim, Y.; Jun, H.S.; Lee, KW.; Kang, Y. Protective role of autophagy in
palmitate-induced INS-1 beta-cell death. Endocrinology 2009, 150, 126-134. [CrossRef] [PubMed]

Chen, Y.Y;; Sun, L.Q.; Wang, B.A.; Zou, XM.; Mu, YM.; Lu, ].M. Palmitate induces autophagy in pancreatic beta-cells via
endoplasmic reticulum stress and its downstream JNK pathway. Int. J. Mol. Med. 2013, 32, 1401-1406. [CrossRef]

Komiya, K.; Uchida, T.; Ueno, T.; Koike, M.; Abe, H.; Hirose, T.; Kawamori, R.; Uchiyama, Y.; Kominami, E.; Fujitani, Y.; et al. Free
fatty acids stimulate autophagy in pancreatic beta-cells via JNK pathway. Biochem. Biophys. Res. Commun. 2010, 401, 561-567.
[CrossRef]

Russo, S.B.; Baicu, C.E; Van Laer, A.; Geng, T.; Kasiganesan, H.; Zile, M.R.; Cowart, L.A. Ceramide synthase 5 mediates
lipid-induced autophagy and hypertrophy in cardiomyocytes. J. Clin. Investig. 2012, 122, 3919-3930. [CrossRef]

Yamamoto, T.; Takabatake, Y.; Takahashi, A.; Kimura, T.; Namba, T.; Matsuda, J.; Minami, S.; Kaimori, J.-Y.; Matsui, I.; Matsusaka,
T.; et al. High-Fat Diet-Induced Lysosomal Dysfunction and Impaired Autophagic Flux Contribute to Lipotoxicity in the Kidney.
J. Am. Soc. Nephrol. 2017, 28, 1534-1551. [CrossRef]

Quan, W,; Hur, K.Y,; Lim, Y.; Oh, S.H.; Lee, ].-C.; Kim, K.H.; Kim, G.H.; Kim, S.-W.; Kim, H.L.; Lee, M.-K; et al. Autophagy
deficiency in beta cells leads to compromised unfolded protein response and progression from obesity to diabetes in mice.
Diabetologia 2012, 55, 392-403. [CrossRef]

Chen, P,; Liu, H.; Xiang, H.; Zhou, J.; Zeng, Z.; Chen, R.; Zhao, S.; Xiao, J.; Shu, Z.; Chen, S.; et al. Palmitic acid-induced autophagy
increases reactive oxygen species via the CaZ*/ PKCalpha/NOX4 pathway and impairs endothelial function in human umbilical
vein endothelial cells. Exp. Ther. Med. 2019, 17, 2425-2432. [PubMed]

Rezaei, M.; Handali, S.; Pourahmad, J. Mitochondria as Balancers of Reduction/Oxidation for Intracellular Environment.
In Mitochondrial Metabolism; Pourahmad, ]., Rezaei, M., Eds.; Academic Press: Cambridge, MA, USA, 2021; pp. 1-17.
Guerrero-Ros, I; Clement, C.C.; Reynolds, C.A ; Patel, B.; Santambrogio, L.; Cuervo, A.M.; Macian, F. The negative effect of lipid
challenge on autophagy inhibits T cell responses. Aufophagy 2020, 16, 223-238. [CrossRef]

Mir, S.U.; George, N.M.; Zahoor, L.; Harms, R.; Guinn, Z.; Sarvetnick, N.E. Inhibition of autophagic turnover in beta-cells by fatty
acids and glucose leads to apoptotic cell death. J. Biol. Chem. 2015, 290, 6071-6085. [CrossRef]

Ortiz-Rodriguez, A.; Acaz-Fonseca, E.; Boya, P.; Arevalo, M.A.; Garcia-Segura, L.M. Lipotoxic Effects of Palmitic Acid on
Astrocytes Are Associated with Autophagy Impairment. Mol. Neurobiol. 2019, 56, 1665-1680. [CrossRef] [PubMed]

Buck, M.D.; O’Sullivan, D.; Pearce, E.L. T cell metabolism drives immunity. J. Exp. Med. 2015, 212, 1345-1360. [PubMed]
Cury-Boaventura, M.E; Gorjao, R.; de Lima, T.M.; Newsholme, P.; Curi, R. Comparative toxicity of oleic and linoleic acid on
human lymphocytes. Life Sci. 2006, 78, 1448-1456. [PubMed]

Lima, TM.; Lima, T.; Kanunfre, C.; Pompéia, C.; Verlengia, R.; Curi, R. Ranking the toxicity of fatty acids on Jurkat and Raji cells
by flow cytometric analysis. Toxicol. In Vitro 2002, 16, 741-747. [CrossRef]

Takahashi, H.K.; Cambiaghi, T.D.; Luchessi, A.D.; Hirabara, S.M.; Vinolo, M.A.R.; Newsholme, P.; Curi, R. Activation of survival
and apoptotic signaling pathways in lymphocytes exposed to palmitic acid. J. Cell. Physiol. 2012, 227, 339-350. [CrossRef]
Zurier, R.; Rossetti, R.; Seiler, C.; Laposata, M. Human peripheral blood T lymphocyte proliferation after activation of the T cell
receptor: Effects of unsaturated fatty acids. Prostaglandins Leukot. Essent. Fat. Acids 1999, 60, 371-375. [CrossRef]

O’Sullivan, D.; van der Windt, G.J.; Huang, S.C.-C.; Curtis, ].D.; Chang, C.-H.; Buck, M.D.; Qiu, J.; Smith, A.M.; Lam, W.Y.; DiPlato,
L.M.; et al. Memory CD8(*) T cells use cell-intrinsic lipolysis to support the metabolic programming necessary for development.
Immunity 2014, 41, 75-88. [CrossRef]

Howie, D.; Cobbold, S.P.; Adams, E.; Ten Bokum, A.; Necula, A.S.; Zhang, W.; Huang, H.; Roberts, D.J.; Thomas, B.; Hester, S.S.;
et al. Foxp3 drives oxidative phosphorylation and protection from lipotoxicity. JCI Insight 2017, 2, e89160. [CrossRef] [PubMed]
Samartsev, V.N.; Kozhina, O.V. Oxidative stress as regulatory factor for fatty-acid-induced uncoupling involving liver mitochon-
drial ADP/ATP and aspartate/glutamate antiporters of old rats. Biochemistry 2008, 73, 783-790. [CrossRef] [PubMed]


http://doi.org/10.3389/fcell.2020.590226
http://doi.org/10.1016/j.cell.2012.03.042
http://doi.org/10.1038/s41419-020-2298-2
http://doi.org/10.1038/nchembio.2239
http://doi.org/10.1016/j.bbrc.2016.08.124
http://doi.org/10.1038/s41467-021-22471-y
http://www.ncbi.nlm.nih.gov/pubmed/33854057
http://www.ncbi.nlm.nih.gov/pubmed/22078875
http://doi.org/10.3892/ijmm.2015.2085
http://www.ncbi.nlm.nih.gov/pubmed/25647410
http://doi.org/10.1210/en.2008-0483
http://www.ncbi.nlm.nih.gov/pubmed/18772242
http://doi.org/10.3892/ijmm.2013.1530
http://doi.org/10.1016/j.bbrc.2010.09.101
http://doi.org/10.1172/JCI63888
http://doi.org/10.1681/ASN.2016070731
http://doi.org/10.1007/s00125-011-2350-y
http://www.ncbi.nlm.nih.gov/pubmed/30906429
http://doi.org/10.1080/15548627.2019.1606635
http://doi.org/10.1074/jbc.M114.605345
http://doi.org/10.1007/s12035-018-1183-9
http://www.ncbi.nlm.nih.gov/pubmed/29916142
http://www.ncbi.nlm.nih.gov/pubmed/26261266
http://www.ncbi.nlm.nih.gov/pubmed/16236329
http://doi.org/10.1016/S0887-2333(02)00095-4
http://doi.org/10.1002/jcp.22740
http://doi.org/10.1016/S0952-3278(99)80015-5
http://doi.org/10.1016/j.immuni.2014.06.005
http://doi.org/10.1172/jci.insight.89160
http://www.ncbi.nlm.nih.gov/pubmed/28194435
http://doi.org/10.1134/S0006297908070067
http://www.ncbi.nlm.nih.gov/pubmed/18707586

Biomolecules 2022, 12,1182 22 of 23

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Patane, G.; Anello, M.; Piro, S.; Vigneri, R.; Purrello, F.; Rabuazzo, A.M. Role of ATP production and uncoupling protein-
2 in the insulin secretory defect induced by chronic exposure to high glucose or free fatty acids and effects of peroxisome
proliferator-activated receptor-gamma inhibition. Diabetes 2002, 51, 2749-2756. [CrossRef]

Ma, S.; Yang, D.; Li, D,; Tan, Y.; Tang, B.; Yang, Y. Inhibition of uncoupling protein 2 with genipin exacerbates palmitate-induced
hepatic steatosis. Lipids Health Dis. 2012, 11, 154. [CrossRef] [PubMed]

Chaudhuri, L.; Srivastava, R K.; Kos, E; Shrikant, P.A. Uncoupling protein 2 regulates metabolic reprogramming and fate of
antigen-stimulated CD8* T cells. Cancer Immunol. Immunother. 2016, 65, 869-874. [CrossRef] [PubMed]

Sukumar, M.; Cheng, K.; Gangaplara, A.; Patel, Y.; Vodnala, S.K,; Islam, R.; Eidizadeh, A.; Subramaniam, C.; Lee, P.; Kishton,
R.; et al. Abstract 1527: Integrated computational and experimental analysis identifies the mitochondrial uncoupling protein 2
(Ucp?2) as a key regulator of T cell anti-tumor function. Cancer Res. 2021, 81, 1527. [CrossRef]

Ma, X.; Bi, E.;; Lu, Y,; Su, P; Huang, C.; Liu, L.; Wang, Q.; Yang, M.; Kalady, M.F.; Qian, J.; et al. Cholesterol Induces CD8(*) T Cell
Exhaustion in the Tumor Microenvironment. Cell Metab. 2019, 30, 143-156.e5. [CrossRef]

Macintyre, A.N.; Gerriets, V.A.; Nichols, A.G.; Michalek, R.D.; Rudolph, M.C.; DeOliveira, D.; Anderson, S.M.; Abel, E.D.; Chen,
B.J.; Hale, L.P; et al. The glucose transporter Glutl is selectively essential for CD4 T cell activation and effector function. Cell
Metab. 2014, 20, 61-72. [CrossRef]

Michalek, R.D.; Gerriets, V.A ; Jacobs, S.R.; Macintyre, A.N.; Maclver, N.J.; Mason, E.E; Sullivan, S.A.; Nichols, A.G.; Rathmell, J.C.
Cutting edge: Distinct glycolytic and lipid oxidative metabolic programs are essential for effector and regulatory CD4* T cell
subsets. . Immunol. 2011, 186, 3299-3303. [CrossRef]

Gerriets, V.A.; Kishton, R.J.; Nichols, A.G.; Macintyre, A.; Inoue, M.; Ilkayeva, O.; Winter, P.S.; Liu, X.; Priyadharshini, B.;
Slawinska, M.E.; et al. Metabolic programming and PDHK1 control CD4* T cell subsets and inflammation. J. Clin. Investig. 2015,
125, 194-207. [CrossRef]

Wu, X.-N.; Su, D.; Mei, Y.-D.; Xu, M.-Q.; Zhang, H.; Wang, Z.-Y,; Li, L.-L.; Peng, L.; Jiang, J.-Y.; Yang, J.-Y.; et al. Identified
lung adenocarcinoma metabolic phenotypes and their association with tumor immune microenvironment. Cancer Immunol.
Immunother. 2021, 70, 2835-2850. [PubMed]

Xu, S.; Chaudhary, O.; Rodriguez-Morales, P,; Sun, X.; Chen, D.; Zappasodi, R.; Xu, Z.; Pinto, A.F; Williams, A.; Schulze, L; 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, 1561-1577.e7. [CrossRef] [PubMed]

Ma, X,; Xiao, L.; Liu, L.; Ye, L.; Su, P; Bi, E.; Wang, Q.; Yang, M.; Qian, ].; Yi, Q. CD36-mediated ferroptosis dampens intratumoral
CD8(*) T cell effector function and impairs their antitumor ability. Cell Metab. 2021, 33, 1001-1012.e5. [CrossRef] [PubMed]
Wang, H.; Franco, E; Tsui, Y.-C.; Xie, X.; Trefny, M.P.; Zappasodi, R.; Mohmood, S.R.; Fernandez-Garcia, J.; Tsai, C.-H.;
Schulze, I.; et al. CD36-mediated metabolic adaptation supports regulatory T cell survival and function in tumors. Nat. Immunol.
2020, 21, 298-308. [CrossRef] [PubMed]

Philip, M.; Fairchild, L.; Sun, L.; Horste, E.; Camara, S.; Shakiba, M.; Scott, A.; Viale, A.; Lauer, P.; Merghoub, T.; et al. Chromatin
states define tumour-specific T cell dysfunction and reprogramming. Nature 2017, 545, 452-456. [CrossRef]

Staveley-O’Carroll, K.; Schell, T.D.; Jimenez, M.; Mylin, L.M.; Tevethia, M.].; Schoenberger, S.P.; Tevethia, S.S. In vivo ligation of
CD40 enhances priming against the endogenous tumor antigen and promotes CD8* T cell effector function in SV40 T antigen
transgenic mice. J. Immunol. 2003, 171, 697-707. [CrossRef]

Xiao, L.; Ma, X; Ye, L,; Su, P; Xiong, W.; Bi, E.; Wang, Q.; Xian, M.; Yang, M.; Qian, J.; et al. IL-9/STAT3/fatty acid oxidation-
mediated lipid peroxidation contributes to Tc9 cell longevity and enhanced antitumor activity. J. Clin. Investig. 2022, 132, 153247.
[CrossRef]

Matsushita, M.; Kopf, M.; Bornkamm, G.W.; Schneider, C.; Conrad, M.; Freigang, S.B. T cell lipid peroxidation induces ferroptosis
and prevents immunity to infection. J. Exp. Med. 2015, 212, 555-568. [CrossRef]

Xu, C.; Sun, S.; Johnson, T.; Qi, R;; Zhang, S.; Zhang, J.; Yang, K. The glutathione peroxidase Gpx4 prevents lipid peroxidation and
ferroptosis to sustain Treg cell activation and suppression of antitumor immunity. Cell Rep. 2021, 35, 109235. [CrossRef]
Anderson, A.S.; Martin, R M.; Renehan, A.G.; Cade, J.; Copson, E.R.; Cross, A.].; Grimmett, C.; Keaver, L.; King, A.; Riboli, E.; et al.
Cancer survivorship, excess body fatness and weight-loss intervention-where are we in 2020? Br. J. Cancer 2021, 124, 1057-1065.
[CrossRef]

Pancreatic Nutritional Program for Weight Loss in Overweight/Obese Patients with Stage I-III Breast Cancer. Available online:
https:/ /ClinicalTrials.gov/show /NCT02432950 (accessed on 8 July 2022).

A Study of Ketogenic Diet in Newly Diagnosed Overweight or Obese Endometrial Cancer Patients. Available online: https:
/ /ClinicalTrials.gov/show /NCT03285152 (accessed on 8 July 2022).

A Study of the Body’s Response to Exercise and a Plant-Based Diet in Overweight Postmenopausal Women with Breast Cancer.
Available online: https://ClinicalTrials.gov/show /NCT04298086 (accessed on 8 July 2022).

Breast Cancer Weight Loss Study (BWEL Study). Available online: https:/ /ClinicalTrials.gov/show /NCT02750826 (accessed on
8 July 2022).

Skuli, S.J.; Alomari, S.; Gaitsch, H.; Bakayoko, A.; Skuli, N.; Tyler, B.M. Metformin and Cancer, an Ambiguanidous Relationship.
Pharmaceuticals 2022, 15, 626. [CrossRef] [PubMed]

Jiang, W.; Hu, J.-W.; He, X.-R;; Jin, W.-L.; He, X.-Y. Statins: A repurposed drug to fight cancer. J. Exp. Clin. Cancer Res. 2021, 40, 241.
[PubMed]


http://doi.org/10.2337/diabetes.51.9.2749
http://doi.org/10.1186/1476-511X-11-154
http://www.ncbi.nlm.nih.gov/pubmed/23151243
http://doi.org/10.1007/s00262-016-1851-4
http://www.ncbi.nlm.nih.gov/pubmed/27271549
http://doi.org/10.1158/1538-7445.AM2021-1527
http://doi.org/10.1016/j.cmet.2019.04.002
http://doi.org/10.1016/j.cmet.2014.05.004
http://doi.org/10.4049/jimmunol.1003613
http://doi.org/10.1172/JCI76012
http://www.ncbi.nlm.nih.gov/pubmed/33659999
http://doi.org/10.1016/j.immuni.2021.05.003
http://www.ncbi.nlm.nih.gov/pubmed/34102100
http://doi.org/10.1016/j.cmet.2021.02.015
http://www.ncbi.nlm.nih.gov/pubmed/33691090
http://doi.org/10.1038/s41590-019-0589-5
http://www.ncbi.nlm.nih.gov/pubmed/32066953
http://doi.org/10.1038/nature22367
http://doi.org/10.4049/jimmunol.171.2.697
http://doi.org/10.1172/JCI153247
http://doi.org/10.1084/jem.20140857
http://doi.org/10.1016/j.celrep.2021.109235
http://doi.org/10.1038/s41416-020-01155-2
https://ClinicalTrials.gov/show/NCT02432950
https://ClinicalTrials.gov/show/NCT03285152
https://ClinicalTrials.gov/show/NCT03285152
https://ClinicalTrials.gov/show/NCT04298086
https://ClinicalTrials.gov/show/NCT02750826
http://doi.org/10.3390/ph15050626
http://www.ncbi.nlm.nih.gov/pubmed/35631452
http://www.ncbi.nlm.nih.gov/pubmed/34303383

Biomolecules 2022, 12,1182 23 of 23

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.
171.
172.

173.

174.

Chae, YK,; Trinh, L.; Jain, P.; Wang, X.; Rozovski, U.; Wierda, W.G.; Keating, M.].; Estrov, Z. Statin and aspirin use is associated
with improved outcome of FCR therapy in relapsed/refractory chronic lymphocytic leukemia. Blood 2014, 123, 1424-1426.
[CrossRef] [PubMed]

Friedman, D.R.; Magura, L.A.; Warren, H.A.C.; Harrison, J.D.; Diehl, L.E; Weinberg, ].B. Statin use and need for therapy in
chronic lymphocytic leukemia. Leuk. Lymphoma 2010, 51, 2295-2298. [CrossRef]

Tilija Pun, N.; Jeong, C.H. Statin as a Potential Chemotherapeutic Agent: Current Updates as a Monotherapy, Combination
Therapy, and Treatment for Anti-Cancer Drug Resistance. Pharmaceuticals 2021, 14, 470. [CrossRef]

Castellanos-Esparza, Y.C.; Wu, S.; Huang, L.; Buquet, C.; Shen, R.; Sanchez-Gonzalez, B.; Latorre, E.A.G.; Boyer, O.; Varin, R,;
Jimenez-Zamudio, L.A ; et al. Synergistic promoting effects of pentoxifylline and simvastatin on the apoptosis of triple-negative
MDA-MB-231 breast cancer cells. Int. . Oncol. 2018, 52, 1246-1254. [CrossRef]

Lee, ].S.; Roberts, A.; Juarez, D.; Vo, T.-T.; Bhatt, S.; Herzog, L.-O.; Mallya, S.; Bellin, R.J.; Agarwal, S.K.; Salem, A.H.; et al. Statins
enhance efficacy of venetoclax in blood cancers. Sci. Transl. Med. 2018, 10, eaaq1240. [CrossRef]

Samudio, I.; Harmancey, R.; Fiegl, M.; Kantarjian, H.; Konopleva, M.; Korchin, B.; Kaluarachchi, K.; Bornmann, W.; Duvvuri, S.;
Taegtmeyer, H.; et al. Pharmacologic inhibition of fatty acid oxidation sensitizes human leukemia cells to apoptosis induction. J.
Clin. Investig. 2010, 120, 142-156. [CrossRef]

Rozovski, U.; Harris, D.M.; Li, P; Liu, Z,; Jain, P,; Ferrajoli, A.; Burger, J.; Thompson, P,; Jain, N.; Wierda, W.; et al. Ibrutinib
inhibits free fatty acid metabolism in chronic lymphocytic leukemia. Leuk. Lymphoma 2018, 59, 2686-2691. [CrossRef]

Shen, S.; Faouzi, S.; Souquere, S.; Roy, S.; Routier, E.; Libenciuc, C.; André, F; Pierron, G.; Scoazec, J.-Y.; Robert, C. Melanoma
Persister Cells Are Tolerant to BRAF/MEK Inhibitors via ACOX1-Mediated Fatty Acid Oxidation. Cell Rep. 2020, 33, 108421.
[CrossRef]

Enciu, A.M,; Radu, E.; Popescu, LD.; Hinescu, M.E.; Ceafalan, L.C. Targeting CD36 as Biomarker for Metastasis Prognostic: How
Far from Translation into Clinical Practice? Biomed. Res. Int. 2018, 2018, 7801202. [CrossRef] [PubMed]

Liang, Y.; Han, H.; Liu, L.; Duan, Y.; Yang, X.; Ma, C.; Zhu, Y.; Han, J; Li, X.; Chen, Y. CD36 plays a critical role in proliferation,
migration and tamoxifen-inhibited growth of ER-positive breast cancer cells. Oncogenesis 2018, 7, 98. [CrossRef] [PubMed]
Feng, W.; Wilkins, O.; Bang, S.; Ung, M.; Li, J.; An, J.; Del Genio, C.; Canfield, K.; DiRenzo, J.; Wells, W.; et al. CD36-Mediated
Metabolic Rewiring of Breast Cancer Cells Promotes Resistance to HER2-Targeted Therapies. Cell Rep. 2019, 29, 3405-3420.€5.
[CrossRef] [PubMed]

Landberg, N.; Von Palffy, S.; Askmyr, M.; Lilljebjorn, H.; Sandén, C.; Rissler, M.; Mustjoki, S.; Hjorth-Hansen, H.; Richter,
I Agerstam, H.; et al. CD36 defines primitive chronic myeloid leukemia cells less responsive to imatinib but vulnerable to
antibody-based therapeutic targeting. Haematologica 2018, 103, 447—455. [CrossRef] [PubMed]

Dolgin, E. A drug to block fat intake and combat cancer spread. Nature 2021. [CrossRef] [PubMed]

Horton, B.L.; Spranger, S. CD36-the Achilles” heel of Treg cells. Nat. Immunol. 2020, 21, 251-253. [CrossRef]

Stokes, W.A; Behera, M; Jiang, R.; Gutman, D.A.; Huang, Z.; Burns, A.; Sebastian, N.T.; Sukhatme, V.; Lowe, M.C.; Ramalingam,
S.S.; et al. Impact of concomitant fibrates on immunotherapy outcomes for advanced non-small cell lung cancer. Cancer Med.
2022. [CrossRef]

Zhang, Y.,; Kurupati, R.; Liu, L.; Zhou, X.Y.; Zhang, G.; Hudaihed, A ; Filisio, F; Giles-Davis, W.; Xu, X.; Karakousis, G.C.; et al.
Enhancing CD8(*) T Cell Fatty Acid Catabolism within a Metabolically Challenging Tumor Microenvironment Increases the
Efficacy of Melanoma Immunotherapy. Cancer Cell 2017, 32, 377-391.€9. [CrossRef]

Kim, D.; Wu, Y;; Li, Q.; Oh, Y.-K. Nanoparticle-Mediated Lipid Metabolic Reprogramming of T Cells in Tumor Microenvironments
for Immunometabolic Therapy. Nanomicro Lett. 2021, 13, 31. [CrossRef]


http://doi.org/10.1182/blood-2013-07-517102
http://www.ncbi.nlm.nih.gov/pubmed/24578497
http://doi.org/10.3109/10428194.2010.520050
http://doi.org/10.3390/ph14050470
http://doi.org/10.3892/ijo.2018.4272
http://doi.org/10.1126/scitranslmed.aaq1240
http://doi.org/10.1172/JCI38942
http://doi.org/10.1080/10428194.2018.1439167
http://doi.org/10.1016/j.celrep.2020.108421
http://doi.org/10.1155/2018/7801202
http://www.ncbi.nlm.nih.gov/pubmed/30069479
http://doi.org/10.1038/s41389-018-0107-x
http://www.ncbi.nlm.nih.gov/pubmed/30573731
http://doi.org/10.1016/j.celrep.2019.11.008
http://www.ncbi.nlm.nih.gov/pubmed/31825825
http://doi.org/10.3324/haematol.2017.169946
http://www.ncbi.nlm.nih.gov/pubmed/29284680
http://doi.org/10.1038/d41586-021-01667-8
http://www.ncbi.nlm.nih.gov/pubmed/34168357
http://doi.org/10.1038/s41590-020-0601-0
http://doi.org/10.1002/cam4.4847
http://doi.org/10.1016/j.ccell.2017.08.004
http://doi.org/10.1007/s40820-020-00555-6

	Introduction 
	Sources of Lipids within the Tumor Microenvironment 
	Risk Factors Obesity and Age 
	Lipids Support Cancer Cell Survival and Progression 

	Mechanisms of Cellular Lipotoxicity 
	Oxidative Stress and Mitochondrial Dysfunction 
	Endoplasmatic Reticulum Stress 
	Ferroptosis 
	Autophagy and Lysosomal Dysfunction 

	Implications of Lipotoxicity on T Cell-Based Therapies 
	Differential Effects of FAs in T Cell Subsets 
	The Role of CD36 Expression and Ferroptosis in T Cells 

	Conclusions and Perspectives 
	References

