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Abstract

Chimeric antigen receptor T (CAR-T) cell therapy achieved advanced progress in the treatment of hematological tumors. Ho@
the application of CAR-T cell therapy for solid tumors still faces many challenges. Competition with tumor cells for metabolic
resources in an already nutrient-poor tumor microenvironment is a major contributing cause to CAR-T cell therapy’s low effec-
tiveness. Abnormal metabolic processes are now acknowledged to shape the tumor microenvironment, which is characterized by
increased interstitial fluid pressure, low pH level, hypoxia, accumulation of immunosuppressive metabolites, and mitochondrial
dysfunction. These factors are important contributors to restriction of T cell proliferation, cytokine release, and suppression of
tumor cell-killing ability. This review provides an overview of how different metabolites regulate T cell activity, analyzes the
current dilemmas, and proposes key strategies to reestablish the CAR-T cell therapy’s effectiveness through targeting metabolism,
with the aim of providing new strategies to surmount the obstacle in the way of solid tumor CAR-T cell treatment.

Keywords: CAR-T cell therapy; Metabolism; Tumor microenvironment; Immunotherapy; Mitochondrial fitness

Introduction

In the past decade, chimeric antigen receptor (CAR)-T
cells have been a revolutionary approach in cancer therapy.!!
Currently, ten CAR-T cell therapy products have been
approved by the U.S. Food and Drug Administration
(FDA) and National Medical Products Administration
(NMPA) in China respectively, for treating incurable
hematological tumors.**! Although CAR-T cell therapy
has achieved great strides and has shown some clinical
efficacy in patients with hematologic tumors and a subset
of solid tumors, many obstacles remain in the field of
tumor therapy,’® such as tumor antigen heterogeneity,
poor immune cell infiltration ability, immunosuppres-
sive microenvironment, metabolic microenvironment
disturbance, and T-cell depletion, which have limited
further improvement in solid tumor therapy. The effec-
tiveness of CAR-T cells therapy in solid tumor can be
improved by searching for new antigens, designing multi-
target CARs, overexpressing chemokine receptors and
cytokines, knocking down inhibitory signaling molecules,
enhancing the metabolic capacity of T cells, combining
with immune checkpoint inhibitors, and epigenetic
modifications.” With the in-depth exploration of the
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tumor immune system and the development of genetic
engineering techniques, high-throughput gene sequencing
and other technologies, strategies to improve the efficacy
of immune cell therapy are constantly being developed. T
cells are sentinels of CAR-T cell therapy that are tailored
to identify and eliminate tumor cells in the host. Nutrient
uptake and metabolism in tumors are very different from
those in healthy tissues, and support fundamental cellular
processes ranging from bioenergetics to biomass produc-
tion and T cell fate regulation."®!!I T cell activation and
metabolic reprogramming occur simultaneously. There
is growing evidence that the reduced anticancer efficacy
of T cells may be caused by disruptions in intratumoral
metabolic demands or metabolic reprogramming.!'?l T
cell persistence and anti-tumor activity are significantly
increased by increasing their metabolic fitness, and the
effectiveness of these metabolic drugs is being studied in
clinical settings.!'>'* Therefore, it is important to pursue
new approaches to modify the tumor microenvironment
(TME) metabolic profile and customize the metabolic
states of CAR-T cells to conquer the existing obstacles.!!
In this review, we introduce the complicated metabolic
reprogramming of T cells in the tumor microenvironment
and further discuss the latest developments in metabolic
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interventions exploited to facilitate the efficiency of
CAR-T cells, to offer new perspectives on enhancing
CAR-T cells therapeutic efficacy.

Overview of T cell Metabolism

Naive T cells without antigen stimulation circulate in
the body, monitoring the body’s external antigen. Once
foreign antigens activate T cells, they experience rapid
proliferation, triggering the effect to eliminate foreign
invaders, which requires changes in metabolic function
to adapt. Glucose, fatty acids, amino acids and other
nutrients support T cells reaction processes, provid-
ing nutrients and energy to different stages of T cells,
involving transcription and enzyme activity regulation of
multiple genes. Understanding the impact of metabolic
reprogramming on the fate of T cells will guide us to
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discover new strategies to enhance immune function!!¢-18]

[Figure 1].

Glucose

Distinct activation states of T-cells necessitate metabolic
programs that align with their specific functional needs. Upon
activation, naive T cells quickly reestablish connections to
their metabolic networks in order to fulfill the requirements
of clonal expansion and diverse biochemical processes. T-cell
activation is initiated by the T-cell receptor (TCR) complex
and co-stimulatory receptors. Upon antigen stimulation, T
cells initiate proliferation and effector function, provides
energy for this process through nutrient uptake and utiliza-
tion, and thus promotes anti-tumor immune responses. In
the tumor microenvironment, the utilization of glucose by
tumor cells imposes metabolic limitations on T cells, leading
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Figure 1: T cell metabolic crosstalk in TME. In the tumor microenvironment, TCR complex and co-receptor CD28 receive stimuli that activate T cells. GLUT1 expression is upregulated,
glucose is lacking in the tumor microenvironment, lactate content is high, and the cells are in an acidic environment. NAD+-dependent deacetylase (Sirt2) inhibits T cell function, lipid
accumulation increases, and CD36 expression is upregulated. Cholesterol accumulation induces the expression of immune checkpoints. eATP promotes Ca+ in the cytoplasm and then
enhances the mitochondrial activity. LDHA catalyzes 2-oxoglutarate to S-2HG under hypoxia to regulate T cells proliferation. Increased levels of Fe2+ results in lipid peroxidation, which
induces ferroptosis. Cu+ can bind to the lipoyl protein in TCA and promote abnormal oligomerization of the lipoyl protein. Increasing potassium levels cause an elevation in the total cellular
AcCoA. ACC: Acetyl-CoA carboxylase; AcCoA: Acetyl-coenzyme A; ACSS 1: Acyl-CoA synthetase short chain family member 1; CoA: Coenzyme A; CPT1a: Carnitine palmitoyl-transferase
1A; eATP: Extracellular adenosine 5'-triphosphate; ER: Endoplasmic reticulum; FABP: Fatty acid-binding protein; FAO: Fatty acid oxidation; FASN: Fatty acid synthase; GLUT: Glucose
transporter; HIF: Hypoxia inducible factor-1; LAG-3: Lymphocyte activation gene 3; LCFA: Long-chain fatty acids; LDH: Lactate dehydrogenase; LDL: Low density lipoprotein; LDLR: Low
density lipoprotein receptor; LDHA: Lactate dehydrogenase A; MCT: Medium-chain triglyceride; NAD: Nicotinamide adenine dinucleotide; OxLDL: Oxidized low-density lipoprotein; PD-1:
Programmed death 1; PDC: Pyruvate dehydrogenase complex; S-2HG: S-2-hydroxyglutarate; TCA: Tricarboxylic acid cycle; TCR: T cell receptor; TIM-3: T cell immunoglobulin domain and
mucin domain-3; TME: Tumor microenvironment.
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to a decrease in mechanistic target of rapamycin (mTOR)
function, glycolytic ability, and interferon-y (IFN-y) produc-
tion, which results in tumor progression.”!

Glucose transporter 1 (GLUT1) is the primary glucose
transporter protein, which maintains the glycolytic flux
in naive T cells. GLUT1 expression is lower in naive T
cells than in activated T cells. Quiescence or the transition
out of quiescence may be influenced by glucose uptake.?”!
Glucose is transported into the cell and broken down
into two pyruvate molecules through glycolytic reactions.
When T-cells are activated, pyruvate is converted to
lactate to regenerate nicotinamide adenine dinucleotide
(NAD+) followed by glycolytic reactions./?!! The reactant
phosphoenolpyruvate (PEP), which produces pyruvate, is
an important metabolic checkpoint in antitumor T cells.
Ho et al'*?! found that PEP plays an important role in
supporting the Ca**/nuclear factor of activated T cells
(NFAT) signaling and effector functions of T cell receptors
by inhibiting the activity of sarco/endoplasmic reticulum
(ER) Ca**/ATPase. Lactate, a crucial compound generated
through the glycolytic breakdown of glucose, exerts intri-
cate impacts on both tumor and T cells within the tumor
microenvironment. The exuberant glycolytic metabolism
of cancer cells in the tumor microenvironment generates
large amounts of lactate, leading to an acidic environment
for T cells in tumors, which inhibits the functioning of
CD8+ T cells. Mechanistically, lactic acidosis can impair
T cell function by inhibiting the T cell receptor-triggered
p38 and C-Jun N-terminal kinase (JNK)/c-JUN path-
ways.!23l Interestingly, Wen et al®*! showed that lactate
anions enhance T cell cytokine production and glycolysis
and enhance antitumor activity. Feng et al®’! revealed
that lactate increases the stemness of CD8+ T cells and
enhances anti-tumor immunity. Lactate dehydrogenase
(LDH) isozymes are tetramer of the translation products
of the LDHA and LDHB genes. Chen et al*®! found that
deletion of LDHA inhibited glycolysis, cell proliferation
and differentiation, whereas deletion of LDHB promoted
glycolysis but inhibited T-cell differentiation. In CD8+
effector T cells, the glycolytic enzyme lactate dehydrogenase
A (LDHA) is induced by phosphoinositide 3-kinase (PI3K)
signaling, and ablation of LDHA inhibits protein kinase
B (AKT) and forkhead box 1 (Foxol) activity, leading to
decreased T cell effector function.!?”) T cell metabolism is
suppressed by Sirtuin-2 (Sirt2), a deacetylase that relies
on NAD-+. Sirt2 inhibits T cell metabolism through key
enzymes involved in glycolysis, tricarboxylic acid cycle,
fatty acid oxidation, and glutamine catabolism.*®!

Antitumor T cells gradually upregulate the PD-1 molecules
during tumor immunity, and the action of PD-1 blocking
antibodies can restore T cell function to a certain extent.
Interestingly, Kumagai et al®*”! found that in the low-glucose
tumor microenvironment, Tregs actively take up lactic acid
to promote the entry of NFAT1 into the nucleus, which
enhances the expression of PD-1, while PD-1 expression by
effector T cell is inhibited, and PD-1 blockade therapy activates
PD-1-expressing Tregs, leading to therapeutic failure.

Reprogramming of glycolysis is a hallmark of tumors. Wu
et al®% found that deletion of two important glycolytlc
enzymes, GLUT1 and glucose-6-phosphate isomerase
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1, resulted in enhanced tumor cell killing by cytotoxic
T lymphocytes (CTL). Inactivation of GLUT1 leads to
metabolic rewiring toward oxidative phosphorylation,
which in turn leads to excessive reactive oxygen species
(ROS) production in tumor cells, sensitive to the tumor
necrosis factor alpha (TNF-o)-mediated death pathway
in CTLs. Zhang et al®" discovered that during the early
recall response, glycogen serves as the primary carbon
source for glycolysis. Following antigen stimulation, TCR
signaling directly phosphorylates glycogen phosphorylase
via lymphocyte-specific protein tyrosine kinase (LCK)-Ze-
ta-chain-associated protein kinase 70 (ZAP70), resulting
in glycogenolysis and the release of glucose-6-phosphate,
which primarily supply to the cellular glycolytic response,
facilitating memory T cells’ early recall response.

Lipid

Nutrition and metabolism are key factors that deter-
mine the fate of T cells, and lipids are among these key
metabolites. Lipids are important components of the T
cell membrane and are intermediates in cellular activi-
ties. Extracellular lipids, including fatty acids (FAs) and
cholesterol, are important sources of cellular metabolic
energy.l3%33 Cellular lipid biosynthesis is linked to glucose
metabolism as a component of T cell activation. T cells
can also be energized by fatty acid degradation, which
is closely related to T cell memory differentiation.>*
Memory T cells require fatty acid oxidation to respond
rapidly to restimulation.® The acquired immune
response depends on the development of immune memory.
Metabolic profiling has revealed that memory T cells
mainly obtain their energy from fatty acid oxidation and
oxidative phosphorylation processes, and that the switch
from glycolysis to fatty acid oxidation is essential for
memory CD8+ T cell development and survival.[3%37]

A common metabolic change in the tumor microenviron-
ment is increased lipid accumulation, where accumulation
of ultra-long-chain fatty acids or cholesterol leads to dys-
function of CD8+ tumor-infiltrating lymphocytes (TIL).
CD36, also known as fatty acid translocase, is a trans-
porter of free fatty acids and oxidized lipids such as
oxidized low-density lipoproteins (OxLDLs) and phos-
phocholine-containing phospholipids. In the tumor
microenvironment, CD36 expression is upregulated in
CD8+ T cells, which results in the upregulation of OxLDL
uptake and lipid peroxidation rates, whereas knockdown
of CD36 results in decreased OxLDL uptake and lipid
peroxidation in CD8+ TIL, increased cytokine produc-
tion and tumor control.’%3°! In addition, another study
showed that CD8+ T cells in the tumor microenvironment
ingested fatty acids from the TME via CD36, inducing
lipid peroxidation and ferroptosis, as well as a decrease in
anti-tumor function; blocking CD36 or inhibiting ferrop-
tosis effectively restored the anti-tumor activity of CD8+ T
cells, and the combination of targeting CD36 with anti-PD-1
antibodies had a more potent anti-tumor activity.*’!

Linoleic acid (LA) modulates CD8+ T cell activity by
improving metabolic adaptations, stimulating the forma-
tion of a memory T cell phenotype with superior effector
function, and LA treatment promotes the formation of
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endoplasmic reticulum-mitochondrial contacts (MERC),
which in turn facilitates calcium signaling, mitochondrial
energetics, and CTL effector function, leading to enhanced
antitumor activity.*!) Lysosomal acid lipase breaks down
cholesteryl ester (CE) and triacylglycerol (TAG) to pro-
duce free FA and cholesterol in the lysosomes of cells,
supporting the metabolic reprogramming of CD8+ mem-
ory T cells.*?l A significant proportion of the material
obtained from glucose metabolism after T-cell activation
is used to synthesize fatty acids de novo. Upregulation of
de novo fatty acid synthesis initiated by mechanistic target
of rapamycin complex 1 (mMTORC1) through induction of
the activity of sterol-responsive element-binding proteins
(SREBPs) also regulates cholesterol metabolism, and
in effector T-cells, the SREBPs induce the expression of
acetyl coenzyme A carboxylase, fatty acid synthase and
hydroxy methyl glutaryl coenzyme A reductase, which
are the rate-limiting enzymes for synthesizing fatty acids
and cholesterol, respectively. Fatty acid synthesis plays an
important role in T-cell activation./*3!

How the hypoxic and low-glucose tumor microenvi-
ronment constrains T cells from exerting their effector
functions at the metabolic level is not less well understood.
Zhang et al** found that under hypoxic and low-glucose
conditions, CD8+ TIL enhanced peroxisome prolifera-
tor-activated receptor (PPAR)-a signaling and fatty acid
(FA) catabolism, and this metabolic alteration partially
retained the CD8+ TIL effector function; further promo-
tion of fatty acid catabolism could increase the ability of
CD8+ TIL to retard tumor growth. Tumor-infiltrating
CD8+ T cells often lose function, however the underlying
mechanisms are not fully understood. Ma et al*! found
that cholesterol in the tumor microenvironment induced
the upregulation of immune checkpoint expression,
including lymphocyte activation gene 3 (LAG-3), 2B4,
T cell immunoglobulin domain and mucin domain-3
(TIM3), and programmed death 1 (PD-1), and depletion
of CD8+ T cells by increasing endoplasmic reticulum
stress in CD8+ T cells. The endoplasmic reticulum stress
sensor, X-box binding protein 1 (XBP1), was activated
and regulated the transcription of the inhibitory receptor.
Inhibition of XBP1 or reduction of cholesterol in CD8+ T
cells was effective in restoring anti-tumor activity, which
has important implications for the recovery of immu-
nosuppressed CD8+ T cells and provides ideas for new
strategies to enhance immunotherapy.*)

Amino acids

Amino acid metabolism of T cells and their crosstalk
affects tumor immunity and therapeutic efficacy in patients
with tumors, with T cell maturation, differentiation, and
function largely reliance on amino acid metabolism.*®!
L-arginine is a multipurpose amino acid that is essential
for the synthesis of proteins and a precursor to several
metabolites, such as nitric oxide (NO) and polyamines,
which are critical for T-cell immunity. Analysis of the
metabolome and proteome profiles of activated human
T-cells by high-resolution mass spectrometry revealed that
arginine metabolism underwent a major alteration, with
a decrease in intracellular L-arginine concentration, and
that the overall metabolic level of T cells could be altered
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by adding L-arginine. Three transcriptional regulatory
factors (translin [TSN], Bromodomain adjacent to zinc
finger domain 1B [BAZ1B], and PC4 and SRSF1 inter-
acting protein 1 [PSIP1]) sensed intracellular L-arginine
levels and promoted T-cell survival. These included a shift
in activated T cell metabolism from primarily glycolytic
metabolism to oxidative phosphorylation, up-regulation
of several intermediates of the mitochondrial tricarboxylic
acid cycle, enhancement of mitochondrial spare respiratory
capacity (SRC) accompanied by the generation of more
central memory-like T cells, and enhanced anti-tumor
activity in an antitumor mouse model.*”! Tumor-associ-
ated arginine deprivation is the primary mechanism via
which tumor immunity eludes T cell-mediated anti-tumor
immune responses. Proline and arginine metabolism is
important for the anticancer activity of T cells, although
the precise function of proline metabolism in T cell func-
tion is unknown, new research has proven the crucial
regulatory role of proline metabolism in T cells.[*®]

Activated T cells upregulate enzymes of the serine, gly-
cine, one-carbon metabolic network and rapidly increase
the processing of serine into one-carbon metabolism, even
when glucose is sufficient. Extracellular serine is required
for optimal T cell expansion and is converted to glycine
by serine hydroxy methyl transferase, which helps drive
the folate cycle by transferring methyl groups from serine
to tetrahydrofolate, the active carrier of the one-carbon
units used for the de novo synthesis of nucleotides. Serine
restriction impairs T-cell expansion after activation.*’!
Serine stimulates glutathione (GSH) synthesis and access
to the carbon metabolic network necessary for effector
T cell (Teff) responses. Glutamine restriction during
in vitro T cell activation promotes memory CD8+ T cell
differentiation, and activated T cells upregulate glutamine
metabolism to support immune responses and cell fate
decisions. Extracellular signal-regulated kinase (ERK)
activity is necessary to establish a connection to TCR
signaling in order to induce glutamine uptake and metab-
olism.’% Moreover, glutamate levels can control T cell
growth and cytokine production; after TCR activation,
both CD4+ and CD8+ T cells upregulate glutamate recep-
tors, which is correlated with higher activation molecule
expression and IFN-y production; on the other hand, high
extracellular glutamate concentrations (>100 pmol/L)
can prevent T cell activation.!*!

The mechanism by which amino acids play a role in T
cells can also directly regulate the activation of T cell
signaling pathways in addition to their own metabolic
effects. Increasing the level of the non-essential amino
acid aspartic acid strongly enhances the activation
and anti-tumor response of CD8+ T cells. In contrast,
restricting the uptake or lowering the intracellular level
of aspartic acid impairs the activity and response of
CD8+ T cells. Aspartic acid binds LCK, a member of the
SRC-family protein, and increases LCK activity and T
cell responsiveness. This indicates even more that LCK is
a natural aspartate sensor that alerts T cells to aspartate
sufficiency.®! Roy et all’*?! used metabolomics to discover
that methionine is quickly absorbed by activated T cells
and acts as the main building block for the synthesis
of S-adenosyl-L-methionine (SAM), a universal methyl



Chinese Medical Journal 2024;137(8)

donor. Methionine is an essential molecule for T cell
histone methylation and SAM production. Methionine
restriction inhibits the growth and function of T helper
17 (Th17) cells by lowering histone H3K4 methylation
(H3K4me3) in the promoter region of critical genes
involved in Th17 cell proliferation and cytokine gen-
eration. Ammonia is processed in the liver through the
urea cycle, but recent studies have shown that CD8+
memory T cells also utilize the urea and citrulline cycles
to process ammonia by mobilizing mitochondrial argin-
ase 2 (ARG2) to catalyze the production of urea from
arginine, and that carbamoyl phosphate (CP) synthase-1
regulation may play a critical role in ammonia processing
and affect the formation of memory T cells, and that, as
in hepatocytes, all ammonia-detoxifying enzymes are
present in memory T cells and are lacking in the initial
and effector T cells.!*3!

Others

In addition to the previously indicated rationales, metab-
olites present in the TME may also affect lymphocyte
infiltration and function. Extracellular nucleotides are one
of the most abundant products and can be metabolized to
produce adenosine by ectoenzymes, such as extracellular
adenosine 5’-triphosphate (eATP) and NAD+ in the TME.
Extracellular adenosine (eADO) inhibits the function of
cytotoxic T cells in cancers.’*%% Another characteristic of
the TME is hypoxia, which results in an increase in hypox-
ia-inducible factor-1 (HIF-1) transcriptional complexes
in activated CD8+ T cells to produce S-2-hydroxygluta-
rate (S-2HG), which may mediate T cell differentiation,
anti-tumor activity, and proliferation.l’®7! In addition,
immunomodulatory products secreted during tumor
cells death can impair the T-cell activity. Prostaglandin
E2 (PGE2) released by tumor cells during ferroptosis, a
unique type of mediated cell death, has been regarded as
an immunosuppressive molecule beneficial to tumor eva-
sion.’$%1 Cuproptosis is a recently reported form of cell
death caused by excess copper. Intracellular copper pro-
motes the degradation of Fe-S cluster proteins and protein
toxicity by stimulating sulfur-acylation and aggregation
process of mitochondria-related proteins, eventually
leading to cell death.l°! Higher extracellular potassium
concentration triggered by tumor necrosis can reduce Akt-
mTOR phosphorylation activated by T-cell receptors to
depress the cytotoxic function of CD8+T cells.[1-¢%! Nitric
oxide (NO) produced by inducible nitric oxide synthase
(iINOS) in myeloid-derived suppressor cells (MDSCs) may
be an essential contributor to the suppression of T-cell

proliferation and function.[®3:64]

Strategies for Improving the Effectiveness of CAR-T cells by
Metabolic Interventions

Despite the fact that CAR-T cell therapy has exhibited
promise in treating hematologic tumors, obstacles remain
in solid tumors.[®’! The accumulation of immunosup-
pressive metabolites in TME of solid tumor, dynamically
changing metabolic flow, and the competition for nutri-
ents from tumor cells leading to an insufficient supply of
CAR-T cells are the vital elements. Therefore, rational and
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effective metabolic intervention approaches are needed to
improve the metabolic adaptability and anti-tumor ability
of CAR-T cells in TME [Figure 2].

Enhancing CAR-T Cell effectiveness by decreasing the
inhibitory effects of immunosuppressive metabolites

Elevated kynurenine (Kyn) levels are frequently asso-
ciated with poor prognosis and limit effector T cells
function. Indoleamine 2,3-dioxigenase 1 (IDO1) and
tryptophan 2,3-dioxygenase (TDO) are the key enzymes
that catalyze the conversion of tryptophan to Kyn.[®®!
IDO1 overexpression mediates the inhibition of CD8*
T cells infiltration and function./®”7% It has been shown
that the IDO1 vaccine can strengthen the major histo-
compatibility complex-II (MHC-II) signal and facilitate
the differentiation of the central memory T cells (Tcy)
CD44MCD62LM population cells. The percentage of Tey
that displays increased self-renewal, prolonged survival,
and reduced exhaustion is a crucial factor in determining
the survival and anti-tumor function of CAR-T cells. An
increased Tcy; percentage in CAR-T cells has been shown
to enhance metabolic adaptability and long-term anti-tu-
mor response.”7* IDO has been reported to inhibit
CD19-CART activity, by inducing the Kyn pathway, and
fludarabine and cyclophosphamide could inhibit IDO
expression in lymphoma cells before CAR-T cells admin-
istration in IDO-positive lymphoma.l®’l Huang’s team has
demonstrated that microRNA (miR)-153 inhibited the
IDO1 expression in colon cancer cells by targeting its 3’
non-coding region, and enhanced the anti-tumor effects
of CAR-T cells both in in vitro and in vivo studies.!”*! Fur-
thermore, epacadostat (INCB024360), an IDO1 inhibitor
that has been utilized in clinical trials over the years, has
not shown successful results due to the complicated solid
tumor microenvironment. In our previous study, we have
demonstrated that Kyn suppressed the cytokine secretion
and cytotoxic activity of CAR-T cells. With the utilizing
of epacadostat-loaded hyaluronic acid-modified nano-
material graphene oxide (HA-GO) nanosheets, CAR-T
cells exhibit a more powerful anti-tumor ability.”®! To
overcome the immunosuppressive impact of TME with
high concentrations of Kyn, Yang et al””! have modified
CAR-T cells through overexpression (OE) of KYUN. They
found that KYUN-OE CAR-T cells showed a superior
anti-tumor activity even in the immunosuppressive TME
with high Kyn.[””!

Adenosine is also a pivotal metabolite in the TME that
induces immunosuppression and mediates immune
escape. Adenosine inhibits T cell function. CD39 and
CD73 are the key enzymes which are responsible for
the conversion of adenosine 5’-triphosphate (ATP) to
adenosine diphosphate (ADP) and adenosine monophos-
phate (AMP), which eventually generates extracellular
adenosine. More importantly, when adenosine binds to
the adenosine to adenosine 2A receptors (A2AR), which
are expressed on the surface of T cells, the activation of
TCR signaling can be inhibited,!”8! blocking the cytotoxic
function, cytokine secretion, and infiltration of CD8+ T
cells,”8% and inducing T cells exhaustion.!®!l An inhibi-
tory effect of A2AR on human epidermal growth factor 2
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Figure 2: Metabolic interventions for improving CAR-T cells efficacy in TME. 4-1BB co-stimulation signaling or AMPK or PGC1c. agonist activate PGC1c.-NRF1/2 and Notch/FOXM1
signaling to facilitate mitochondrial biogenesis and OXPHOS to increase mitochondrial stemness leading to Tgg,, population elevation. Treatment with the inhibitors of PI3K or mTORC
or MEK or AKT activator metformin could also promote FAO and TCA cycle to increase mitochondrial biogenesis. Blocking the binding of 2-AR and Nor-adrenaline could also increase
mitochondrial biogenesis. Cytokines such as IL-15, IL-7 and IL-21 could also accelerate FAO and OXPHOS rate. Inhibition of IDO with the vaccine or Flu+Cy or epacadost or overexpression
of miR153 could increase tryptophan and restore the activity of CAR-T cells. Treatment with CD39 or CD73 inhibitors could prevent conversion of ATP/ADP to AMP and INO and further
block the binding of INO to A2AR expressed on CAR-T cells. Blockade of A2AR using genetic shRNA or CRISPR/Cas9, or distinct antagonists enhanced the anti-tumor efficiency of
CAR-T cells. A2AR: A2A receptor; ADO: Adenosine; ADP: Adenosine 5’-diphosphate; AKT: Protein kinase B; AMP: Adenosine monophosphate; AMPK: AMP-activated protein kinase; ATP:
Adenosine 5'-triphosphate; $2-AR: 32-adrenergic receptor; CAR: Chimeric antigen receptor; Cy: Cyclophosphamide; FAO: Fatty acid oxidation; Flu: Fludarabine; FOXM1: Forkhead box
M1; IDO: Indoleamine-2,3-dioxygenase; IL: Interleukin; INO: Inosine; KYN: Kynurenine; MAPK: Mitogen-activated protein kinase; MEK: Mitogen-activated extracellular signal-regulated
kinase; miR: MicroRNA; mTORC: Mechanistic target of rapamycin complex; NRF: Nuclear factor erythroid 2-related factor; OXPHOS: Oxidative phosphorylation; PD1: Programmed death
1; PGC1a: Peroxisome proliferator-activated receptor-y coactivator (PGC)-1c; PI3K: Phosphoinositide 3-kinase; shRNA: Short hairpin RNA; TCA: Tricarboxylic acid cycle; TME: Tumor
microenvironment; Tscm: Stem cell-like memory T cell.

(HER2)-CAR-T cells in patients with primary melanomas  favor antitumor immunity.”"! It is noteworthy that that
has been reported by Paul et al,'®?! suggesting that A2ZAR ~ A2AR antagonists have been tested phase III clinical trials
is a potential metabolic target for CAR-T cell therapy.®?!  for Parkinson’s disease and ongoing phase I trials for can-
Blockade of A2AR using genetic short hairpin RNA  cer. Combining CAR-T cells with A2AR antagonists or
(shRNA),®3 or clustered regularly interspaced short CD73/CD39 blockers may improve the efficacy of clinical
palindromic repeats (CRISPR)/Cas 9,8%84 or distinct  treatments.
pharmacological compounds!®*#”! profoundly enhanced
IFN-y production by CAR-T cells and enhanced activation ~ In the TME, D-2-hydroxyglutarate (D2HG) is also
of CD8+ and CD4+ CAR-T cells both in hematological and ~ recognized as an immunosuppressive factor with the
solid tumors. However, due to the complicated TME, the characteristic that impaired activated T cell function.!*!%?]
delivery of A2AR antagonists is limited. To overcome this ~ The inducible enzyme D-2-hydroxyglutarate dehydro-
limitation, Natnaree et all®®) reported a new drug delivery ~ genase (D2ZHGDH) transforms D2HG into endogenous
nanotechnology that enhanced the validity of CAR-T cells ~ metabolite 2-oxoglutarate. Over-expression of D2HGDH
through Chemically Conjugating A2AR antagonist_loaded m CAR'T Cells eXhlblted lncrea.SCd E}Htl-tumor effe(?tlve-
cross-linked multilamellar liposomal vesicles (¢(MLVs) ex ~ ness and improved overall survival in the metabolically
vivo prior to systemic administration, to facilitate CAR-T ~ !mmunosuppressive TME."!
cells infiltration into the deep immunosuppressive TME.
Adenosine deaminase is an enzyme involved in converting  promoting GAR-T Cell function through enhanced metabolite
adenosine into inosine, which is necessary for the immune

. 189 . X : uptake
system function.®*”) Adenosine deaminase overexpression
in CAR-T cells augments the exhaustion resistance, expan-  Low arginine levels in the TME affect the production of the
sion, infiltration of CAR-T cells and remodels the TME to  arginine resynthesis enzymes ornithine transcarbamylase
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(OTC) and argininosuccinate synthase (ASS), which are
essential for the proper function of CAR-T cells. Based
on this principle, ASS or OTC modified CAR-T cells were
designed and exhibited an effective increasing proliferation
and promoted solid tumor clearance without influencing
the cytotoxicity or exhaustion of CAR-T cells.”* Apart
from arginine, proline metabolism is also crucial in the T cell
anti-tumor response. Proline dehydrogenase 2 (PRODH?2),
an extremely tissue-specific enzyme that is normally not
expressed in immune cells but is mostly expressed in the
liver and kidney, catalyzes the trans-4-hydroxy-L-proline
catabolism as the first step in the catabolism of proline.
Chen et al*® exploited a dead-guide RNA (dgRNA)-based
CRISPR activation screen method in primary T cells, and
subsequently found that overexpression of PRODH2
improved the ability of CAR-T cells to fight tumor cells
in multiple cancer types through reprogramming proline
metabolism and facilitating oxidative phosphorylation
(OXPHOS) and mitochondrial fitness.[*”! This suggests
that targeting proline metabolism is an important means
of strengthening CAR-T cells function.

Tumor cells can regulate their own metabolism and adapt
to a metabolically dysregulated microenvironment to
support their growth.”>) Tumor cells rely primarily on
aerobic glycolysis to consume large amounts of glucose
and ingest large amounts of glutamine, which results in
the accumulation of lactic acid and the formation of a
hypoxic, acidic tumor microenvironment.”®! It is known
that tumor cells compete with T cells in the TME for glu-
cose uptake. Given that T-cell activation entails the fast
development of aerobic glycolysis and that the metabolic
profiles of glycolytic T-cells are linked to improved effec-
tor T-cell function,l”’1% the limitation of glucose uptake
in the tumor microenvironment results in the incapable
function of CAR-T cells. The contribution of glucose to
CAR-T cell activity was supported by Cribioli et al.1%
GLUT3 possesses an enhanced transport capacity in
addition to a greater affinity for glucose.?>19%1%] Primary
CD8+ T cells overexpressing GLUT3 showed improved
glucose uptake, and greater glycogen and fatty acid stor-
age. It has also been linked to improved stress tolerance,
decreased reactive oxygen species levels, and mitochon-
drial fitness,'°! suggesting that GLUT3 reinforcement
offers a useful tactic to enhance metabolic fitness and
maintain effective activity of CAR-T cells. Products of
CAR-T cells with high glycolytic metabolism and low
terminal differentiation were linked to better outcomes in
another cohort of patients with chronic lymphocytic leu-
kemia, which highlights the link between metabolism and
outcomes of CAR-T products.!'® Except the modification
of CAR-T cells with genetically engineered key metabolic
enzymes,!'3l controlling the nutrient supplementation
during CAR-T cells culturing is an alternative approach.
Gross et all'®! have found that replacing the carbon
source of culture media from glucose to galactose could
increase mitochondrial activity in CAR-T cells, leading
to an improved anti-tumor efficacy. Inosine (INO) is the
metabolite of adenosine in the TME. INO supplement
could also enhanced CAR-T cells function by inducing
metabolic reprogramming, diminishing glycolysis and
increasing oxidative phosphorylation during scalable
manufacturing of CAR-T cells.[1%¢]
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Promoting CAR-T cell function by enhancing mitochondrial
metabolism

The development of Tcy cell subsets, the persistence of
CAR-T cells following infusion, and the proliferation, acti-
vation, and anti-tumor potential of CAR-T cells are also
significantly influenced by mitochondrial dynamics.['?7-108!
Jaco et al'™ reported that increased mitochondrial mass
and biogenesis were observed in CD19-directed CAR-T
cells derived from chronic lymphocytic leukemia patients
with a complete response, which showed good clinical
outcomes compared with non-responders.

Peroxisome proliferator-activated receptor-y coacti-
vator-la (PGC-1a) is triggered by enhanced energy
demand, which is activated by phosphorylation following
AMP-activated protein kinase (AMPK) activation and
acts through the binding and activation of NRF1 and
NRF2, and involved in the control of excessive reactive
oxygen species generated in response to enhanced mito-
chondrial activity.11%112I T cell differentiation is regulated
by glycolysis, which involves pyruvate oxidation. How-
ever, unlike glycolysis, oxidative phosphorylation allows
T cells to develop into memory stem cells, which have
more potent anti-tumor properties. The mitochondrial
pyruvate carrier (MPC), which is expressed on the inner
mitochondrial membrane, is the only channel through
which pyruvate enters the mitochondria. Targeted inhi-
bition of MPC can aid in the differentiation of memory
T cells. It has been demonstrated that adding MPC inhib-
itors to nutrient-rich cultures during the production of
CAR-T cells increases the anti-tumor effects of these cells,
accompanied by increased uptake of glutamine and fatty
acids.! PGC-1a expression is decreased in resting CD8+
T cells in chronic lymphocytic leukemia (CLL) patients.
Mitochondria and ROS are the cardinal metabolic
features of Ty, induction,''3! which is essential for the
efficiency of CAR-T cells. Increased PGC-1a expression
shows sustained mitochondrial structural and functional
fitness and leads to the formation of Ty in the antitumor
response.l'"* Overexpression of PGC-1a. raised CD8+
T cell mitochondrial mass and enhanced tumor-killing
ability in a mouse model of melanoma.l''*) Combining
benzafibrate, a PGCla agonist, with anti-PD-1 treatment
resulted in increased OXPHOS and decreased T-cell
apoptosis. Konstantinos et all''®l also found that in
CAR-T cells, a modified form of PGC-1a can efficiently
stimulate mitochondrial biogenesis, metabolically repro-
gram CAR-T cells, and result in a substantially improved
antitumor efficiency in solid tumors. The costimulatory
domain of CAR molecule determines the mitochondrial
biogenesis of CAR-T cells. Previous studies demonstrate
that 4-1BB costimulatory domain of CD8+ T cells
engages in PGC-1a signaling via p38-mitogen-activated
protein kinase (MAPK) pathway activation and leads to
increased mitochondrial capacity and aids in overcoming
the tumor microenvironment’s immunosuppressive met-
abolic landscape.!''”! Complement Clq binding protein
(C1QBP), another mitochondrial protein, was also
confirmed to play an indispensable role in the antitumor
activity of CAR-T cells by maintaining mitochondrial
biogenesis and morphology through AMPK-PPAR1 and
the mitochondrial dynamics protein dynamin-related
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protein 1 signaling.!''®! B2-adrenergic receptor (B2-AR)
is another potential targetable checkpoint in boosting
the efficiency of CAR-T cell therapy via modulating
metabolic reprogramming,[''”! especially in the mito-
chondrial metabolism. The inhibition of B2-AR signaling
increases mitochondrial biogenesis, respiration capacity,
and membrane potential.'2%122 As a key metabolic fac-
tor which controls the cellular oxidative process, IDH2
is located in mitochondria, and catalyzes the reversible
conversion of isocitric acid to a-ketoglutaric acid in the
tricarboxylic acid cycle, using NADP+ as a cofactor.
Blocking IDH2 activity by gene knockdown or targeted
drugs can remodel the central carbon metabolism pattern
and epigenetic regulation of CAR T cells and increase
the anti-tumor ability of CAR T cells. Si et all'*3l have
reported that by inhibiting the activity of IDH2 in CAR T
cells with Enasidenib, an FDA-approved clinical drug for
leukemia, glucose utilization was strongly diverted into
the pentose phosphate pathway (PPP), which provides
antioxidant capacity and reduces CAR-T cell exhaustion
and support acetyl-CoA-mediated epigenetic activation of
memory differentiation of CAR-T cells, particularly under
nutrient-restricted conditions. This study mechanistically
resolved the mechanism of mitochondrial key metabolic
steps on the fate decision of CAR-T cells, and provided
a safety-guaranteed intervention strategy to enhance the
metabolic adaptability and therapeutic efficacy of CAR-T
cells. In another study, the researchers have reported that
deletion or pharmacological inhibition of protein tyrosine
phosphatase, mitochondrial 1 (PTPMT1) significantly
reduces the development and clonal expansion of CD8+
effector T cells. In addition, PTPMT1 deletion accelerated
CD8+ T cells dysfunction, leading to increased tumor
growth. Mechanistically, PTPMT1 deletion severely
affected pyruvate utilization, resulting in enhanced fatty
acid utilization. Overall, this study reveals the important
role of PTPMT1 in promoting mitochondrial carbohy-
drate utilization and that mitochondrial flexibility in
energy source selection is critical for anti-tumor immunity
of CD8+ T cells. These results have important implica-
tions for CAR-T cells therapeutic efficacy.!'?*!

During the manufacturing process, cytokines are crucial
for the differentiation of CAR-T cells. Various cytokines,
such as IL-2, IL-7, and IL-15 are frequently employed to
keep CAR-T cells expanding, differentiating, and function-
ing.!"?’! Cui et al"?%! found that IL-7 favor memory CD8+
T cells to express water/glycerol channel protein aqua-
porin-9 (AQP9). Long-term memory CD8+ T cell survival
depends on AQPY, and its absence inhibits glycerol entry
into memory CD8+ T cells for fatty acid esterification
and triglyceride (TAG) synthesis and storage. Memory T
cell survival is restored by rescuing TAG synthesis, and
long-term IL-7-mediated memory T cell survival depends
on TAG synthesis. IL-15 regulates mitochondrial SRC and
oxidative metabolism by facilitating the CPT1a expression
and mitochondrial biogenesis, which in turn maintains the
viability of memory CD8+ T cells.'?”! Meanwhile, IL-15
preserved CAR-T cells in a T memory stem cell (Tscy)-less
differentiated state, mainly expressing CD62L+ CD45RA+
CC chemokine receptor 7 (CCR7)+, and showed low
expression of exhaustion molecules, high anti-apoptotic
capacity, and proliferative activity. IL-15 promotes the
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expression of glycolytic enzymes mainly by inhibiting
mTORC1 activity and increasing mitochondrial fitness.
Rapamycin, an mTORCT1 inhibitor, or the AMPK activa-
tor metformin, restores the phenotypic features of CAR-T
cells by intensifying the rates of fatty acid oxidation and
OXPHOS."?8 TL-10 has the function of reprogramming
T cell metabolism, and IL-10-Fc fusion protein can signifi-
cantly enhance the OXPHOS metabolism of intratumor
T cells and effectively enhance the proliferation and effec-
tor function of terminally depleted T cells, which has great
potential for the treatment of solid tumors.['*’! In a recent
report, the investigators constructed IL-10-expressing
CAR-T cells that prevented T cells exhaustion in the TME
through sustained mitochondrial fitness and increased
OXPHOS in a mitochondrial pyruvate carrier-dependent
manner, leading to an enhanced Froliferative capacity and
effector function of CAR-T cells.['3% There are three ongo-
ing clinical trials (NCT06120166, NCT05715606, and
NCT05747157) evaluating the safety and effectiveness
of IL-10-producing CAR T cells in patients with relapsed
and/or refractory diffuse large B-cell lymphoma or B-cell
acute lymphoblastic leukemia.

Other signaling pathways, such as NOTCH-FOXM1,
transfer conventional CAR-T cells to those with Tscum
characteristics by promoting mitochondrial biogenesis
and fatty acid oxidation.!'3"13% Inhibition of MEK1/2
signaling was found to maintain T cells activation and
proliferation,!'3’! ameliorate the tumor-killing efficiency
of GD2-CAR-T cells,"3¢ and induce Tscy, which has
enhanced multipotency and proliferative capacity
achieved by enhancing mitochondrial biogenesis and
FAO,!"¥"l indicating that enhancing CAR-T cells treat-
ment may potentially benefit from focusing on MEK1/2
signaling. Idelalisib, the first PI3K inhibitor approved
by FDA, and other PI3K inhibitors prolong the survival
of CAR-T cells and increase their effectiveness in killing
tumor cells iz vivo by keeping the cells less differentiated
in vitro without affecting their activation.['33-14%1 Phar-
macological inhibition of the PI3K§ pathway during the
CAR-T cell production process may also improve the
differentiation of CAR-T cells into CD8+ CAR-T cells
with stemness characteristics. This is predicated on the
increased enrichment of transcription factors Tcf-1 and
Lef-1, exhibiting metabolic plasticity following tumor
antigen recognition, as evidenced by enhanced glucose
uptake and mitochondrial function.!'*!l In the meantime,
encouraging the expression and epigenetic reprogram-
ming of the mitochondrial fusion proteins mitofusins1
and 2 (MFN1/2) of CAR-T cells enables an increase in the
overall mitochondrial cross-sectional area.!!*?!

Conclusion

Regarding the effectiveness and safety of CAR-T cell treat-
ment in solid tumors, there are still a lot of unanswered
questions. Concurrently, a series of metabolic inter-
ventions have been investigated both in preclinical and
clinical studies of CAR-T cells to strengthen its efficiency.
However, it is important to consider the gap between the
basic research and clinical success. More interventions
need to be explored and confirmed for these patients. With
the development of single-cell sequencing, multi-omics, and
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especially spatial multi-omics technologies, it is beneficial
for scientists and clinicians to analyze specimens from
patients undergoing clinical CAR-T cell therapy to explore
the changes in metabolites in real-world patients with effec-
tive and ineffective CAR-T cell therapies. Therefore, more
innovative and effective strategies for targeting metabo-
lisms can be developed while ensuring patient safety. By
using innovative engineering techniques and combination
therapies, we believe that CAR-T cells will overcome
various physiological constraints. We remain convinced of
the immense promise of CAR-T cell therapy to offer cancer
patients a long-term, durable remission. Numerous theo-
retical applications exist, and the platform is robust.
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