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Amino acid metabolism plays a pivotal role in tumor microenvironment, influencing various aspects of cancer
progression. The metabolic reprogramming of amino acids in tumor cells is intricately linked to protein synthesis,
nucleotide synthesis, modulation of signaling pathways, regulation of tumor cell metabolism, maintenance of oxi-
dative stress homeostasis, and epigenetic modifications. Furthermore, the dysregulation of amino acid metabolism
also impacts tumor microenvironment and tumor immunity. Amino acids can act as signaling molecules that modu-
late immune cell function and immune tolerance within the tumor microenvironment, reshaping the anti-tumor
immune response and promoting immune evasion by cancer cells. Moreover, amino acid metabolism can influence
the behavior of stromal cells, such as cancer-associated fibroblasts, regulate ECM remodeling and promote angio-
genesis, thereby facilitating tumor growth and metastasis. Understanding the intricate interplay between amino acid
metabolism and the tumor microenvironment is of crucial significance. Expanding our knowledge of the multifaceted
roles of amino acid metabolism in tumor microenvironment holds significant promise for the development of more
effective cancer therapies aimed at disrupting the metabolic dependencies of cancer cells and modulating the tumor
microenvironment to enhance anti-tumor immune responses and inhibit tumor progression.
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Introduction

The role of amino acid metabolism in the context of cancer
Metabolic reprogramming has emerged as a hallmark of
cancer, playing a crucial role in sustaining the aberrant
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proliferation and providing survival advantage for tumor
cells [1, 2]. Among the various metabolic alterations in
cancer, the dysregulation of amino acid metabolism has
gained increasing attention due to its profound impact
on tumor development and progression [3, 4]. Amino
acids, as the building blocks of proteins and vital signal-
ing molecules, are intricately involved in various cellular
processes, including energy production, redox homeosta-
sis, nucleotide synthesis and epigenetic regulation [5-8].
In recent years, extensive research has elucidated the
complex interplay between amino acid metabolic repro-
gramming and the tumor microenvironment, revealing
its multifaceted effects on immune evasion, angiogenesis,
and metastasis [9-12]. Furthermore, the dysregulated
amino acid metabolism in cancer cells has been linked
to therapeutic resistance, highlighting its clinical signifi-
cance [13].
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Importance of the tumor microenvironment in cancer
progression and treatment

The tumor microenvironment (TME) is a complex and
dynamic milieu consisting of various cell types, extracel-
lular matrix components, and signaling molecules, which
collectively shape the behavior of tumor cells [14, 15].
The reciprocal interactions between tumor cells and the
TME play a critical role in cancer progression, metasta-
sis, and therapeutic response [16—18]. Tumor cells can
actively remodel the TME to create a supportive niche
for their survival and growth, while TME also exerts
profound influences on tumor cell behavior, including
immune evasion and drug resistance [19-22]. Stromal
cells within the TME, such as cancer-associated fibro-
blasts (CAFs), can promote tumor growth and invasion
through the secretion of growth factors, cytokines, and
extracellular matrix remodeling [23, 24]. TME also plays
a critical role in angiogenesis, providing the necessary
vasculature for tumor growth and metastasis [25]. Addi-
tionally, the immune components of the TME, such as
T cells and myeloid-derived suppressor cells (MDSCs),
can exert pro-tumorigenic and anti-tumorigenic effects,
contributing to the subtle balance between immune
surveillance and immune evasion in cancer. The TME
is also recognized as a key determinant of the heteroge-
neous nature of tumors, contributing to the spatial and
functional diversity within tumor. Moreover, emerging
evidence suggests that the TME plays a significant part
in modulating the response of tumors to various thera-
peutic interventions [22, 26]. Understanding the intri-
cate interactions within the TME is crucial for unraveling
the complexities of cancer biology and devising effective
therapeutic strategies.

This review aims to provide a comprehensive overview
of the important effects of amino acid metabolic repro-
gramming on the tumor microenvironment, shedding
light on its implications for cancer biology and therapy.

The role of amino acids in tumor cells

Metabolic reprogramming of amino acids in tumor
cells is a pivotal aspect of cancer biology. Tumor cells
undergo alterations in amino acid metabolism to meet
their increased demands for energy, nucleic acid synthe-
sis, signaling pathway regulation, redox balance mainte-
nance, and epigenetic modifications.

Amino acids as building blocks for protein synthesis

The equilibrium between protein synthesis and degrada-
tion within the organism is dynamically regulated under
physiological conditions. The standard genetic code
incorporates 22 natural amino acids into the process of
protein synthesis, facilitating the accurate transmission

Page 2 of 26

of genetic information from DNA to mRNA and ulti-
mately to protein, thereby enabling the fulfillment of bio-
logical functions [27, 28]. Protein synthesis necessitates
both anabolic stimuli and amino acid constituents [29].
Amino acids and their corresponding mRNA codons
selectively bind through chemical affinity and synthesize
proteins. Leucine, a branched-chain amino acid, has the
capacity to generate metabolic cues and effectively facili-
tate growth, with supplementary leucine intake being
capable of stimulating protein synthesis in skeletal mus-
cle [30, 31]. Furthermore, leucine collaborates with other
anabolic signals, such as insulin, to augment protein syn-
thesis in vivo [32, 33]. Free amino acids in the body can
be incorporated into proteins as part of the proteome, or
they can be oxidized into amino acid pools to produce
carbon dioxide and nitrogen [33].

Amino acid metabolism is involved in nucleic acid
synthesis

Amino acid metabolism is important for the forma-
tion of nucleotides, the building blocks of nucleic acids
[34]. Amino acids serve as precursors for the synthesis
of purine and pyrimidine nucleotides, which are essen-
tial for DNA and RNA formation. Specific amino acids
contribute carbon, nitrogen, and functional groups nec-
essary for the de novo synthesis and salvage pathways of
nucleotide biosynthesis [35]. Furthermore, amino acids
are involved in the regulation of nucleotide pools and the
maintenance of nucleotide balance. Glutamate produces
pyruvate by transaminase action, which can provide
5-phosphoribose for nucleotide synthesis by entering the
pentose phosphate pathway. Alanine can act as a precur-
sor to purine and pyrimidine nucleotides by producing
pyruvate through combined deaminatio. Aspartic acid
can be converted to aspartic acid diphosphate, which is
an important precursor for adenosine and uracil synthe-
sis, and glutamic acid can also participate in nucleic acid
synthesis by converting to aspartic acid. Moreover, ser-
ine, glycine, histidine, etc. can be used as a carbon unit
donor and participate in nucleotide synthesis [36]. Folate
cycling based on serine, glycine and other alternative one
carbon donors such as choline and histidine is strongly
associated with metastasis and poor prognosis of malig-
nant tumors such as breast cancer and colorectal cancer
[37-39]. Downstream conversion of serine to carbon
units and formate contributes to enhanced cell migration
induced by purine depletion [40]. In addition, branched
chain amino acids provide nitrogen atoms for nucleo-
tides synthesis [41]. The sophisticated interplay between
amino acid metabolism and nucleotide formation is fun-
damental for the accurate transmission of genetic infor-
mation and the sustenance of cellular processes.
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Interaction of amino acids with signaling molecules
Amino acids exert remarkable function as signaling
molecules in cancer. The reprogrammed metabolism of
amino acids in cancer cells can influence signaling path-
ways that promote tumor growth, invasion, and metasta-
sis. Here are some hallmarks in which amino acids act as
signaling molecules in cancer:

mTOR Signaling: The mammalian target of rapamy-
cin (mTOR) is a central regulator for cell growth, prolif-
eration, and metabolism [42]. Active mTOR promotes
cellular anabolism and blocks catabolic processes. Acti-
vated mTORCI1 drives tumor cell growth and drug resist-
ance by regulating ribosome biogenesis, nucleotide, and
protein synthesis. The metabolism of arginine and the
methionine metabolite SAM can activate the mTORC1
signaling pathway by destabilizing the GATOR2 complex
and GATOR1 complex [43, 44]. Asparagine can maintain
the growth of tumor cells even when the respiratory elec-
tron transport chain (ETC) is inhibited by regulating the
feedback loop of ATF4 and enhancing mTORCI1 activ-
ity [45]. Amino acids, particularly leucine, isoleucine,
and valine, can activate the mTOR signaling pathway
[46—-48]. Leucine can induce the phosphorylation of p70«a
through oxidative carboxylation as a mitochondrial fuel
and as a mutational antagonist of glutamate dehydroge-
nase, suggesting that leucine regulates mTOR function
by regulating mitochondrial function and AMPK [49].
Dysregulated mTOR signaling is commonly observed in
cancer and is associated with increased protein synthesis
and tumor progression [50-52]. However, under condi-
tions of amino acid limitation, aberrant mTORC1 acti-
vation significantly impacts protein synthesis, leading to
the induction of endoplasmic reticulum stress and cellu-
lar apoptosis [53].

AMPK Signaling: Adenosine monophosphate-activated
protein kinase (AMPK) plays a pivotal role in regulating
cellular energy balance. AMPK modulates metabolism
by directly phosphorylating enzymes, or by influencing
metabolic transcription through the phosphorylation of
transcription factors and co-regulators [54, 55]. AMPK
activation can be triggered by amino acids like alanine,
aspartate, and cysteine [55, 56]. Phosphorylation of
branched-chain ketoacid dehydrogenase kinase regulates
EMT genes, contributing to colorectal cancer metasta-
sis [57]. Furthermore, phosphorylation of GLS promotes
tumorigenesis, while histone phosphorylation controls
gene transcription activation and apoptosis in tumor cells
[58, 59].

MYC Signaling: The oncogene MYC regulates the
expression of multiple key metabolic enzymes. Glu-
tamine serves as a source of energy and nitrogen for
nucleotide and amino acid biosynthesis [60]. Glutamine
metabolism influences signaling pathways such ¢-MYC,
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which are implicated in cancer cell growth and survival
[61, 62]. Arginine metabolism and the production of pol-
yamines, such as spermine and spermidine, are dysreg-
ulated in cancer [63]. Polyamines are important for cell
proliferation, and altered arginine metabolism can affect
signaling pathways involved in cancer cell growth and
survival [64]. Many carcinogenic signals, including MYC,
JUN, FOS, KRAS and BRAF, are crosstalk with polyam-
ine metabolism, which maintains the continuous prolif-
eration of tumor cells [65, 66]. Cancer cells often exhibit
increased serine and glycine metabolism, which can con-
tribute to nucleotide synthesis and maintenance of redox
balance [67]. The serine-glycine one-carbon metabolism
pathway can interact with oncogenic signaling and sup-
ports cancer cell proliferation. c-MYC plays a role in reg-
ulating serine biosynthesis, and P53 enables cancer cells
to overcome cellular stress by surmounting serine depri-
vation [68, 69].

AHR Pathway: Aryl hydrocarbon receptor (AHR)
is a ligand-activated transcription factor that regu-
lates numerous critical cellular functions. Tryptophan
metabolism through the kynurenine pathway can gen-
erate metabolites that modulate immune responses and
promote tumor immune evasion [70-72]. Indoleamine
2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase
(TDO) are key enzymes involved in this pathway, whose
activity can impact tumor progression [73]. Kynurenine
promotes nuclear translocation of AHR in colorectal
cancer, and blocking the interplay between AHR and
Kynurenine with CH223191 reduces the proliferation of
colon cancer cells [74].

Other signaling pathways are also included in the sign-
aling alteration of amino acid metabolic reprogramming.
For example, tumor cells can enhance tumor cell prolifer-
ation and suppress the intratumoral infiltration of CD8*
T cells by converting glutamine into y-aminobutyric acid
(GABA), thereby promoting Wnt/p-catenin signaling
[75]. NOTCHLI1 has been found to promote glutaminoly-
sis in acute lymphoblastic leukemia (T-ALL), whereas the
inhibition of NOTCH in T-ALL cells significantly sup-
presses glutaminolysis and induces autophagy [76]. Addi-
tionally, the glutaminase C (GAC) inhibitor C968 has
demonstrated efficacy in inhibiting the growth of erlo-
tinib-resistant non-small cell lung cancer (NSCLC) cells,
suggesting a potential influence of glutaminase (GLS) on
the epidermal growth factor receptor (EGFR) signaling
pathway [77, 78].

Overall, the dysregulated metabolism of amino acids
in cancer cells can influence multiple signaling pathways
that contribute to tumor development and progression
(Table 1). Understanding the role of amino acids as sign-
aling molecules in cancer can shed light for the develop-
ment of novel targeted therapies.
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Table 1 Interaction of amino acids with signaling molecules

Signaling Molecules Description Amino Reference
Acids and
Metabolites

MTOR mTOR is a central regulator for cell growth, proliferation, and metabolism. Arginine [43]
Methionine [44]
Asparagine [45]
BCAAs [46-49]
Glutamine [49]

AMPK AMPK plays a pivotal role in regulating cellular energy balance. Alanine (55]
Aspartate [56]
Cysteine [56]
BCAAs [57]
Glutamine (58]

MYC The oncogene MYC regulates the expression of multiple key metabolic enzymes. Glutamine [60-62]
Arginine [63]
Serine [67]
Glycine [67]
Polyamine [64-66]

AHR AHR is a ligand-activated transcription factor that regulates numerous critical cellular functions.  Tryptophan [70-72]
Kynurenine [73,74]

KRAS KRAS is the best-known oncogene with the highest mutation rate among all cancers. polyamine [65, 66]

P53 The tumor suppressor p53 halts the cell cycle and cellular repair or induces apoptosis. Serine (68, 69]

Wnt/B-Catenin The Wnt signaling pathway is a highly conserved pathway throughout species evolution, play- ~ GABA [75]

ing a critical role in physiological processes such as organ formation and tissue regeneration.
NORTCH The Notch signaling pathway influences cell differentiation, apoptosis, and proliferation. Glutamine [76]
EGFR EGFR is a receptor for epidermal growth factor, linked to tumor cell proliferation, angiogenesis, ~ Glutamine [77,78]

tumor invasion, metastasis, and inhibition of apoptosis.

BCAA Branched chain amino acid, GABA y-aminobutyric acid

Amino acids as regulators of cell metabolism

Amino acids can serve as precursors for the tricarboxylic
acid (TCA) cycle via the gluconeogenesis pathway to fuel
tumor cells during nutrient scarcity. Moreover, amino
acids also play a regulatory role in tumor cell metabolism
[79]. Branched-chain amino acids can impact systemic
glucose metabolism independently of mTOR signal-
ing by regulating insulin secretion and the sensitivity of
peripheral tissues to insulin, thereby coordinating amino
acid and carbohydrate metabolism in the organism [80].
Serine exerts regulatory control over the glycolytic rate
of tumor cells through allosteric modulation of PKM2
[81]. Within the glycolytic pathway, pyruvate kinase
(PK) facilitates the conversion of phosphoenolpyruvate
(PEP) to pyruvate [82]. The accumulation of glycolytic
intermediates serves as a reservoir for metabolic path-
ways such as the pentose phosphate pathway (PPP) and
serine biosynthesis [83]. PKM2 activity diminishes with
serine deprivation, leading to a shift of pyruvate towards
the oxidative phosphorylation pathway in mitochondria
to fuel cellular metabolism, while glycolytic metabo-
lites redirect towards serine synthesis to sustain cellular

proliferation [84]. Consequently, serine sustains aero-
bic glycolysis and lactic acid production, critical for the
growth and survival of cancer cells.

Amino acid metabolism regulates redox homeostasis

The proliferation of cancer cells leads to the accumula-
tion of reactive oxygen species (ROS), which can dam-
age biological macromolecules and ultimately result in
cell death. Throughout the stages of tumor development,
the ability to counteract oxidative stress is essential for
the survival of cancer cells. In this context, cancer cells
depend on the synthesis of glutathione (GSH), a crucial
antioxidant, which is achieved through the utilization
of glutamate, glycine, and cysteine to regulate the cel-
lular redox balance [85, 86]. Glutamine is catalytically
converted to glutamate by glutaminase (GLS) upon
transport into the cell by transporters, which further par-
ticipating in the biosynthesis of GSH. Cancer cells inhibit
cytochrome C-mediated apoptosis through regulation
dependent on the production of intracellular glutathione
[87]. Xc- cystine transporter is implicated in pancreatic
cancer growth by enhancing glutathione biosynthesis
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[88]. Moreover, the induction of autophagy by PNO1 can
upregulate the cystine/glutamate antiporter SLC7All,
leading to increased intracellular levels of cysteine and
glutamate, thereby sustaining glutathione synthesis and
protecting HCC cells from ferroptosis [89]. In the pres-
ence of oxidative stress, cysteine undergoes conversion to
cystine, and tumor cells demonstrate vulnerability in cys-
tine metabolism [90]. SLC7A11 overexpression at mod-
erate levels has been observed to shield cancer cells from
oxidative stress induced by H,O, and prevent cell death
[91]. Conversely, heightened SLC7A11 expression leads
to excessive NADPH consumption and triggers disulfide
stress, ultimately promoting cell death under H,O, treat-
ment. Furthermore, elevated SLC7A11 expression fosters
primary tumor growth while impeding tumor metastasis
[92]. Thus, the role of SLC7A11 is contingent on environ-
mental factors [93].

In addition, Thioredoxin (Trx) and thioredoxin reduc-
tase (TrxR) also play crucial roles in maintaining the
intracellular redox balance. Thioredoxin, characterized
by the presence of two adjacent cysteine residues in the
CXXC motif, can reversibly reduce disulfide bonds and
improve the antioxidant capacity of tumor cells [94]. Trxs
form disulfides upon oxidation, which are subsequently
reduced in a reaction catalyzed by TrxR. This process
involves the transfer of electrons from NADPH to restore
the reduced dithiol form of Trxs. Reduction of Trx ena-
bles electron transfer to ribonucleotide reductase for
DNA synthesis, or to peroxiredoxins for the elimination
of peroxides [95].

NADPH is an essential reducing coenzyme that par-
ticipates in various biochemical reactions within the
cell, including the maintenance of the reduced states of
GSH and thioredoxin. The cytoplasmic NADPH serves
as a crucial substrate for the synthesis of fatty acids and
reduced GSH. In proliferating cells, cytosolic NADPH is
primarily derived from the oxidative pentose phosphate
pathway. Glutamate is catalyzed by glutamate dehydroge-
nase GDH to convert to a-KG, which participates in the
TCA cycle and further produces NADPH. Additionally,
in serine-driven one-carbon metabolism, 5,10-methyl-
enetetrahydrofolate can be oxidized to 10-formyltetrahy-
drofolate and coupled with NADP+ to generate NADPH,
suggesting an alternative function of serine-driven one-
carbon metabolism in promoting tumor cell proliferation
beyond nucleotide synthesis [96]. Moreover, aspartate
and proline biosynthesis play an important role in the
maintenance of NAD+ consumption and regeneration
[97, 98]. The transportation of glutamine-derived aspar-
tate from mitochondria to the cytoplasm is essential for
generating the metabolic precursor NADPH [99]. Proline
is synthesized from glutamine by PYCR1 to support the
oxidation of NADH [97, 99].
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Amino acid metabolism can also modulate the intra-
cellular redox equilibrium by furnishing intermediates
for the TCA cycle. Amino acids can be catabolized into
TCA cycle intermediates, such as citric acid and alpha-
ketoglutaric acid, which can enter the cycle and partake
in energy generation and biomolecular synthesis. Simul-
taneously, these intermediates can serve as substrates
for redox reactions, influencing cellular redox balance
[7]. Additionally, active oxygen species and active nitro-
gen directly affect redox sensitive amino acids (mainly
cysteine, tryptophan, tyrosine, etc.) in proteins, thus
affecting signal transduction [100, 101]. Under oxida-
tive stress, proteins are vulnerable to oxidative damage,
and tumor cells can use amino acid metabolism to pro-
vide amino acids required for protein repair or synthesis,
thereby maintaining the normal structure and function
of cellular proteins and reducing oxidative stress [102]
(Fig. 1).

Amino acid metabolism regulates epigenetic modifications
Amino acid metabolism can support cancer cell sur-
vival and malignant behaviors by modulating epigenetic
modifications (Fig. 2). Amino acid metabolism is intri-
cately involved in the modulation of epigenetic processes,
encompassing methylation, acetylation, succinylation,
citrullination and B-Hydroxybutyrylation.

DNA methylation is facilitated by DNA methyltrans-
ferase, targeting 5-carbocytosine residues within CpG
dinucleotides [103]. Methionine is a sulfur-contain-
ing amino acid necessary for epigenetic modification.
Methionine can be converted to S-adenylyl methionine
(SAM) by methionine adenylytransferase (MAT), which
is a universal methyl donor for DNA and histone meth-
ylation [104]. SAM can not only provide methylation
donors for DNA and histone methylation, but also help
maintain RNA methylation modification and promote
tumorigenesis and metastasis [105]. mTORCI can also
increase the expression of methionine adenosine trans-
ferase 2A (MAT2A) and further stimulate m6A RNA
modification, thus promoting tumor proliferation [106].
Histone methylation is catalyzed by histone methyl-
transferase, predominantly occurs at the N-terminal of
arginine or lysine, thereby influencing gene expression
activation and inhibition [107]. Arginine methylation is
associated with DNA damage repair, transcription, splic-
ing and cell cycle [108]. Protein arginine methyltrans-
ferases (PRMTs) catalyze the methylation of guanidine
in arginine of histone or other proteins [109]. Arginine
methylation has a dichotomous function in the target
protein depending on the type of methyltransferase [8,
110]. Moreover, Histone lysine methylation involves the
transfer of one to three methyl groups from S-adeno-
sylmethionine to the e-nitrogen group of lysine residues
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Fig. 1 Amino acid metabolism maintains the redox homeostasis in tumor cells. The intracellular maintenance of redox balance primarily relies

on glutathione, Thioredoxin and NADPH. Cysteine and glutamate are transported into and out of tumor cells via the bidirectional transporter
SLC7A11. Cysteine is intracellularly converted to cystine, while glutamine enters cells through the transporter SLC1A5 and is converted to glutamate
by GLS. Furthermore, glutamate can also be converted to glutamine through GS. Both glutamate and cysteine serve as precursors for GSH synthesis.
Glutamate can further be metabolized into a-KG and aspartate, generating NADPH through the TCA cycle. Moreover, the PPP pathway of glucose
metabolism also contributes to NADPH production. Additionally, glutamate can be transformed into GSA and P5C, eventually leading to proline
synthesis, a process that involves the interconversion of NADPH and NADP+. Within thioredoxin, cysteine participates in antioxidant activities

by serving as a substrate for protein reduction, facilitated by sulfhydryl-disulfide exchange reactions with TrxR and the NADPH system. SLC7A11

Solute carrier family 7 member 1

1, SLCTAS Solute carrier family T member 5, NADPH nicotinamide adenine dinucleotide phosphate diaphorase,

GSH glutathione, GLS glutaminase, GS glutamine synthetase, GSA glutamic semialdehyde, P5C pyrroline-5-carboxylate, TCA tricarboxylic acid cycle,

PPP pentose phosphate pathway. Image created with BioRender.com

[111]. The methylation of lysine is catalyzed by histone
lysine methyltransferases (HKMTs) [112]. Methionine
cycle and folate cycle are central components of one-
carbon metabolism. Folate cycle supplies methyl groups
for the conversion of homocysteine to methionine. The
interconnectedness of the methionine cycle with the
folate cycle facilitates the metabolism of one-carbon
units (methyl groups) [113]. In addition to serving as
methyl donors, amino acid metabolism can also regu-
late the activity of demethylases. The catalytic process of
branched-chain amino acid transaminase (BCAT1/2) on
branched-chain amino acids can facilitate the conversion

of a-KG to glutamine, leading to a decrease in intracel-
lular a-KG levels [114]. Given that a-KG serves as a
co-factor for various DNA demethylases and histone
demethylases, the metabolism of branched-chain amino
acids can thereby indirectly regulate methylation modifi-
cations [115].

Histone acetylation is regulated by histone acetyltrans-
ferases (HATs) and histone deacetylases (HDACs), gov-
erning the electrostatic interaction between histones and
DNA to enhance gene expression, with the acetyl group
primarily derived from acetyl-CoA [116]. Branched-chain
amino acids (BCAAs) are converted to branched-chain
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Fig.2 Amino acid metabolism regulates the epigenetic modification in tumor cells. Amino acid metabolism participates in epigenetic regulation
by providing methyl groups, acetyl coenzyme A, succinyl-CoA, citrulline, B-hydroxybutyrylation and serving as modification sites. In the intricate
processes of the folate and methionine cycles involving one-carbon metabolism, the conversions of serine and glycine play pivotal roles.

Within the methionine cycle, homocysteine and methionine yield SAM, functioning as a methyl donor for DNA, RNA, and histone methylation.
Branch-chain amino acids undergo transamination to form BCKAs, eventually leading to the conversion of a-ketoglutarate to glutamate. Glutamate
further transforms into glutamine, participating in TCA cycle. The BCKAs are catalyzed by BCKDH to yield R-CoA, subsequently metabolized

into acetyl-CoA. Acetyl-CoA can either be converted into citrate by CS or via ACLY to replenish the acetyl-CoA pool. Additionally, gluconeogenic
amino acids can fuel the TCA cycle. Succinyl-CoA, an intermediate metabolite from branch-chain amino acid breakdown and TCA cycle, serves

as a substrate for histone succinylation. Moreover, acetyl-CoA participates in ketone body-mediated modifications and the conversion of glutamate
to arginine within the TCA cycle supports histone citrullination. SAM S-adenosylmethionine, BCKAs branched-chain keto acids, ATP-citrate lyase,
BCKDH branched-chain a-ketoacid dehydrogenase complex, CS citrate synthase. Image created with BioRender.com

alpha-ketoacids (BCKAs) catalyzed by branched-chain
aminotransferases (BCATs), which are further metabo-
lized to acetyl-CoA and succinyl-CoA for the TCA cycle
[117]. Some gluconeogenic and ketogenic amino acids
can also generate acetyl-CoA through pathways such as
gluconeogenesis and glycolysis, providing substrates for
histone acetylation. Under specific stress, acetate can
also serve as a carbon source to specifically promote the
acetylation of histone H4K16 (H4K16ac) near telomeres,
disrupting telomeric heterochromatin structure and
accelerating cellular aging [118].

The intermediate product of branched-chain amino
acid metabolism, succinyl-CoA, serves as a substrate

for histone succinylation, catalyzed by succinyltrans-
ferase OXCT1 adding onto lysine residues [119]. Suc-
cinylation of histones, akin to acetylation, activates
gene expression. Accumulation of succinyl-CoA in the
process of branched-chain amino acid metabolism can
promote cancer initiation and progression [120]. Suc-
cinylation modification promoting the activation of the
anticancer protein LACTB, inhibiting LACTB’s pro-
tease activity, can enhance hepatocellular carcinoma
development [119]. In addition, succinylation of GLS
increases enzyme activity, promoting glutaminolysis
and tumor growth [121].
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Histone citrullination is catalyzed by peptidylarginine
deiminases (PADs) as a post-translational modifica-
tion. PAD4-mediated histone citrullination can promote
tumor development through NETs (Neutrophil extra-
cellular traps) [122]. PAD4 can inhibit the expression of
p53 target gene OKL38, thus regulating apoptosis [123].
Moreover, PAD4 can interact with HDAC2, participating
in the regulation of gene expression during DNA dam-
age [124]. Furthermore, Citrullinated histone H3 (H3Cit)
can predict venous thromboembolism (VTE) in cancer
patients [125].

B-hydroxybutyrylation emerges as a novel histone
modification, where acetyltransferase p300 catalyzes the
addition of B-hydroxybutyrate to lysine (Kbhb), while
histone deacetylases 1 (HDAC1) and HDAC2 enzy-
matically remove Kbhb [126]. Acetyl-CoA intercon-
verts with ketone bodies and serves as a precursor to
B-hydroxybutyrate. Research by Liu et al. has demon-
strated that p53 Kbhb leads to reduced acetylation levels
of p53, resulting in decreased expression of downstream
gene p21, reduced apoptosis, and promotion of tumori-
genesis and progression [127].

In conclusion, amino acid metabolism can directly and
indirectly participate in tumor epigenetic regulation by
providing methyl groups, acetyl-CoA, succinyl-CoA, cit-
rulline, B-hydroxybutyrylation and serving as modifica-
tion sites.

The role of amino acid metabolism in tumor
microenvironment

Amino acid metabolism plays a pivotal part in sculpting
the tumor microenvironment, with significant impact
on diverse facets of tumorigenesis such as regulation
of immune cells function (Table 2), immune evasion,
remodeling extracellular matrix and angiogenesis. Addi-
tionally, the elaborate interplay between tumor cells and
the surrounding stromal and immune cells highlights the
substantial role of amino acid metabolism in orchestrat-
ing the tumor immune landscape and fostering tumor
growth.

Influence of amino acid metabolism on immune cells
T cells
T cells are instrumental to cellular immunity, being capa-
ble of recognizing tumor-associated antigens and selec-
tively eliminating tumor cells. T cells can be classified
into CD4* T cell subsets, encompassing follicular helper
T cells (Tfh), helper T cells (Th), and regulatory T cells
(Treg) based on their membrane markers, and CD8" T
clusters comprising of cytotoxic T cells and memory T
cells [128].

Methionine and cystine are of significance to the
immune infiltration and function of T cells. T cells
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enhance the expression of the methionine transporter
SLC7AS5 following antigen stimulation [129]. Conversely,
tumor cells competitively acquire methionine via the
methionine transporters SLC7A5 and SLC43A2 [130].
Restriction of methionine results in diminished his-
tone H3K4 methylation (H3K4me3), leading to a reduc-
tion in T-cell mediated neuroinflammation and disease,
while impelling immune function in tumors [131]. How-
ever, methionine and its downstream catabolic prod-
uct S-adenosylmethionine (SAM) modulate the DNA
methylation and chromatin accessibility of CD8* T cells,
thereby attenuating the anti-tumor capabilities of T cells
[132]. Methionine can also act as a methyl-donor to assist
RNA m6A methylation of T cells, while methionine dep-
rivation can enhance infiltrating levels of CD8% T cells
and prevent tumor growth [106]. Amino acid metabo-
lism can affect the function of T cells, and T cells can
also affect the amino acid metabolism of tumor cells.
Cystine plays a crucial role as an intermediate metabo-
lite in both methionine metabolism and the sulfur trans-
fer pathway. Cysteine is significant in enabling T cells to
exert anti-tumor immune responses. However, T cells
lack cystathionase and the xc- transporter, necessitating
reliance on exogenous cysteine [133]. In instances where
extracellular cysteine is constrained, tumor-specific T
cells fail to activate, resulting in the suppression of anti-
tumor immunity [134]. Effector T cells have the capacity
to release interferon (IFN) upon activation, which in turn
down-regulates the expression of SLC7A11 and SLC3A2
in tumor cells. This downregulation effectively inhibits
cystine uptake, ultimately culminating in ferroptosis and
subsequent cell death [135]. Additionally, H,S-mediated
sulfhydration of cysteine increases the expression of
adaptor-associated protein kinase 1 (AAK1), leading to
the inhibition of recruitment and infiltration of CD8" T
cells [136].

Glutamine is central to modulate the activation and
functionality of T cells. It serves as a precursor for the
acylation of protein O-GIcNAc and is involved in the
regulation of T cell self-renewal [137]. Furthermore, glu-
tamine catabolism promotes the de novo synthesis of glu-
tathione (GSH), thereby impacting T cell differentiation
[138]. The overexpression of the glutamine transporter
SLC38A1 significantly enhances the mitochondrial func-
tion of CD4" T cells [139]. Additionally, another glu-
tamine transporter, SLC38A2 regulates T cell production
and memory function by modulating mTORC1 activity
to some extent [140]. SLC1AS5 deficiency can hinder Glu-
tamine internal flow and damage the polarization of Thl
and Th17 [141].

Tryptophan depletion can lead to T cell energy defi-
ciency and proliferation arrest, while tryptophan metab-
olites can act as immunosuppressive factors of T cells.
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Table 2 Influence of amino acid metabolism on immune cells
Type Immune Cells Amino Acids and Metabolites  Influence Reference
Lymphoid cells T cells Methionine T cells enhance the expression of the methionine transporter [106, 129-132]
following antigen stimulation. Methionine promotes T cells
infiltration and function.
Cystine Cysteine enables T cells to exert anti-tumor immune [133-136]
responses, recruitment and infiltration.
Glutamine Glutamine modulates the activation and differentiation of T [137-141]
cells, polarization of Th1 and Th17.
Tryptophan Tryptophan promotes T cell proliferation and anti-tumor [142,143,149]
immunity.
Kynurenine Kynurenine inhibits T cell response and proliferation. [144,147]
Glutaric acid Glutaric acid influences T cell metabolism and differentiation. [145, 146)
I3A I3A stimulates the production of interferon-y by T cells. [14 ]
Arginine Arginine promotes the function and proliferation of T cells. [150-154]
Polyamines Polyamines promote the proliferation, cell cycle and histone  [155-159]
acetylation modifications of T cells, and induce cell lysis of T
lymphocytes after TCR stimulation.
Serine Serine provides single carbon metabolites to support T cell  [160]
proliferation and adaptive immunity.
Glycine Glycine promotes T cell proliferation and adaptive immunity.  [160]
Branched-chain amino acids BCAAs provide nutrients for T cell survival and enhance anti-  [161-163]
tumor immune function.
Asparagine Asn enhances the activity and proliferation of T cells. [43, 164, 165]
Tregs Methionine Methionine is important for Treg survival. [168]
Cystine Cystine promotes the proliferation and function of Tregs. [169]
Glutamate Glutamate is essential for the proliferation and function [169]
of Tregs.
Serine Serine inhibits the function of Tregs. [170]
Tryptophan Tryptophan promotes the function of Tregs. [171,172]
Polyamines Polyamines promote Tregs differentiation. [173,174]
Natural killer cells  Glutamine Glutamine enhances the anti-tumor activity of NK cells. [177-179]
Tryptophan L-kynurenine induce NK cell apoptosis in an AHR-independ-  [180, 181]
ent manner.
Selenium-containing amino acids  Se-AAs enhance the activity of NK cells. [182,183]
B cells Leucine Leucine promotes B cell differentiation and support the pro-  [184]
duction of IgG and cytokine.
Glutamine Glutamine affects IgM production in B cells. [185]
Tryptophan Tryptophan affects B cell development. [186]
Methionine Methionine regulates epigenome remodeling in B cells. [187]
Arginine Polyamines promote B cell activation and tumor antigen [188]
presentation.
GABA B cells secrete GABA to promote the proliferation of Tregs. [189]




Liu et al. Cell Communication and Signaling (2024) 22:380 Page 10 of 26
Table 2 (continued)
Type Immune Cells Amino Acids and Metabolites  Influence Reference
Myeloid cells ~ Macrophages Methionine Methionine induces M1/classical macrophage activation. [194-196]
Tryptophan NAD+ enhances macrophage phagocytosis; PA activates [197-200]
the pro-inflammatory function of macrophages. TAMs
exert immunosuppressive function through tryptophan
metabolism.
Glutamine Glutamine facilitates the polarization towards M2 mac- [201-203]
rophages.
Arginine Activated macrophages uptake arginine; Creatine promotes  [204-207]
the polarization of M2-like macrophages.
Branched-chain amino acids Accumulated BCAAs activates the TLR4/NF-kB signaling [208]
pathway.
Serine Serine metabolism is intricately linked to M1 macrophage [209-212]
polarization.
Neutrophils Leucine Leucine regulates the antigen presentation mechanism [214]
of neutrophils.
Glutamine Glutamine inhibits inflammatory response, migration [215-217]
and Redox balance of Neutrophils.
Branched-chain amino acids Neutrophils release BCAAs when they contact with fibronec-  [218]
tin.
Aromatic amino acids Aromatic amino acids were released by neutrophils. [218]
Dendritic cells Glutamine Glutamine enhances CD8* T cell immunity mediated [224]
by DCTs; tumor cells and DC1s compete for glutamine
uptake.
Tryptophan IDO inhibits the tryptophan-sensitive differentiation in DCs.  [225-227]
Arginine Arginine metabolism transform DCs into an immunosup- [228]
pressive phenotype.
Myeloid-derived  Arginine MDSCs outcompete tumor immune cells for arginine, [230,231]
suppressor cells arginase-1 have been found to effectively suppress T cell
responses.
Tryptophan Tryptophan metabolism helps MDSCs to exert immunosup-  [232, 233]
pressive effects.
Glutamate Glutamate promotes the infiltration of MDSCs. [234]
Glutamine Glutamine promotes generation and mobilization of MDSCs,  [235-237]
but other studies indicates that glutamine deprivation
promotes the generation of MDSCs.
Asparagine Asparagine promotes immunosuppressive function [234]
of MDSCs by ERK/ETS2 signaling.
Cystine MDSCs express the cystine transporter xc-, diminishing [134]

the cysteine supply for T cells.

BCAA Branched chain amino acid, GABA y-aminobutyric acid, MDSCs Myeloid-derived suppressor cells

During stem cell transplantation, the up-regulation of
extracellular kynurenine can effectively inhibit T cell
response and proliferation [142, 143]. The ratio of tryp-
tophan to kynuridine can be used as a predictor of CD4™"
T cell populations [144]. Glutaric acid in the form of
Coenzyme A (CoA) is an important intermediate in the
catabolism of tryptophan and lysine. Glutaric acid and
its metabolites succinate and fumarate are structural

analogues of a-ketoglutarate (a-KG), all of which can act
as competitive inhibitors of a-KG dependent dioxygenase
(a-KGDDs), strongly influencing cell metabolism and T
cell differentiation [145, 146]. Metformin increases the
availability of tryptophan in CD8" T cells, and promotes
anti-tumor immunity by inhibiting tryptophan metabo-
lism in colorectal cancer cells [147]. Nevertheless, the
dietary tryptophan metabolite I3A has been shown to
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stimulate the production of interferon-y by CD8" T cells,
thereby augmenting the therapeutic efficacy of immune
checkpoint inhibitors (ICIs) and demonstrating anti-
tumor immune activity [148]. Indoleamine 2,3-dioxyge-
nase 1 (IDO1) can participate in the anti-tumor effects
mediated by IFNy through the depletion of tryptophan.
However, IDO1 inhibition not only reduces the produc-
tion of tryptophan metabolites but also exerts unfavora-
ble protective effects, rendering melanoma cells less
susceptible to the influence of IFNy [149].

Arginine can promote the function and proliferation
of T cells [150]. Arginine transporter cationic amino acid
transporter-1 (CAT1) maintains the proliferation and
activation of naive and memory CD4" T cells and CD8*
T cells [151]. The arginine transported by SLC7A1 regu-
lates the production and persistence of memory T cells
and the T cell cycle through mTORC1 [140]. Extracellu-
lar L-arginine concentration regulates antigen recogni-
tion function of T cells [152]. Methylglyoxal, a derivative
metabolite of glycine, can enter CD8" T cells and bind
to arginine, depleting free L-arginine, thereby inhibiting
the activation and function of CD8* T cells [153]. Argi-
nase 1 drives the immunosuppressive microenvironment
of pancreatic cancer by consuming arginine and inhibit-
ing T cell activation [154]. Polyamines, a metabolite of
arginine, have a dual potential to influence inflamma-
tion and tumor immunogenicity. Polyamines can pro-
mote the proliferation of T cells and induce cell lysis of
T lymphocytes after TCR stimulation [155, 156]. In addi-
tion, polyamines regulate the cell cycle and modulate dif-
ferentiation of helper CD4" T cells into their functional
subsets [157, 158]. Polyamines can also regulate the his-
tone acetylation modifications of the T cell epigenome
through the synthesis of hypusine [157]. Deletion of the
histone acetyltransferase (HAT) can restore differentia-
tion of polyamine-deficient Th cells [159].

Serine synthesis is increased in activated T cells to
provide intracellular glycine and single carbon metabo-
lites to support T cell proliferation and promote adaptive
immunity [160].

Branched-chain amino acids (BCAAs) serve as essen-
tial nutrients for T cell survival. In PP2Cm deficient
mice with impaired BCAA degradation, heightened
activity of CD8* T cells and enhanced anti-tumor
immune function have been observed. Exogenous sup-
plementation of BCAAs exhibits a synergistic effect
with anti-PD-1 treatment, positioning BCAAs as a sup-
plementary component to augment the clinical efficacy
of anti-PD-1 immunotherapy in cancer treatment [161].
The metabolite of BCAAs, f-hydroxy-B-methylbutyrate
(HMB), is conducive to the conversion of Thl cells to
Th2 cells [162]. Antigen signaling mediated by the
interaction of T cell receptor (TCR) and leucine/
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glutamine bidirectional transporter LAT1 increases
leucine uptake [163]. In addition, Leucine can also reg-
ulate T cell proliferation and differentiation by control-
ling mTOR activity [163].

Asparagine (Asn) has been shown to enhance the activ-
ity of CD8" T cells by upregulating the LCK signaling
pathway. In vitro experiments have demonstrated that
Asn promotes the activation of CD8" T cells through
uptake by T cells rather than acting as an exchange fac-
tor, thus enhancing the function of immune cells to
suppress tumor growth, challenging previous notions
of Asn’s pro-cancer properties [45, 164]. Interestingly,
Asparagine deprivation inhibits the early activation of
CD8" T cells, yet reshapes the metabolic program by
triggering the nuclear factor erythroid 2 related factor 2
(NRF2) dependent stress response during differentiation.
This leads to a reduction in overall glucose and glutamine
consumption while increasing intracellular nucleotides
to promote proliferation, thereby endowing CD8* T cells
with robust proliferative and effector functions [165].

Tregs

Tregs, characterized as CD4" CD25% T cells, exert a
significant regulatory role in immune surveillance and
anti-tumor immune responses by suppressing the activ-
ity of CD4" helper and CD8" cytotoxic T cells [166]. The
upregulation of immunosuppressive molecules, including
CTLA-4, PD-1, and PD-L], is also essential for immune
evasion during tumorigenesis [167].

Methionine transporter SLC43A2 is indispensable for
Treg survival, and its downregulation reduces methionine
uptake, thereby promoting Treg apoptosis [168]. Cystine/
glutamate reverse transporter SLC7A11 is essential for
the proliferation and function of Tregs. This transporter
may facilitate the capture of free cystine in the tumor
microenvironment by tumor cells or immunosuppressive
cells, thereby promoting tumor growth and undermin-
ing the function of anti-tumor immunity [169]. Hydrogen
sulfide (H2S) promotes Treg activation through sulfhy-
drating enolase 1 (ENO1) on cysteine residues via ELK4
[136]. However, Serine can activate the mTOR signaling
pathway to inhibit the function of Tregs, but the conver-
sion of serine to glutathione via glutamate-cysteine ligase
(Gclc) helps maintain the immunosuppressant function
of Tregs [170]. Tryptophan can be converted into N-for-
mylkynurenine through indoleamine 2,3-dioxygenase
enzyme (IDO), which is upregulated in DCs and M2-like
macrophages to promote the function of Tregs, leading
to the suppression of immune response [171, 172]. Poly-
amines and Spermidine can promote T cell differentia-
tion to regulatory phenotype by inducing FOXP3 [173,
174].
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Natural killer cells

NK cells can mediate direct cytotoxicity to alloantigens
and tumor-associated antigen [175]. Human NK cells
can be distinguished by two main subgroups includ-
ing CD56dim cells and CD56bright cells based on cell
marker expression [176].

Glutamine has been shown to enhance the anti-tumor
activity of NK cells. SLC7A5 functions as a principal
systemic L-amino acid transporter in activated NK cells
and activates mTORCI1 signaling [177]. Furthermore,
cytokines such as IL-2, IL-12, and IL-18 have the ability
to stimulate the expression of SLC7A5/SLC3A2, conse-
quently promoting the proliferation of NK cells through
the mTORC1 pathway [178]. The membrane protein
metabolic glutamate receptor 5 (mGIuR5) augments
the cytotoxicity of NK cells following glutamate activa-
tion [179]. Moreover, L-kynurenine generated through
IDO-catalyzed tryptophan metabolism can induce NK
cell apoptosis in an AHR-independent manner, contrib-
uting to immunosuppression in gastric cancer [180].
This is different from previous reports that kyn/AhR
signals enhance the cytotoxicity of NK cells, reflecting
the complexity of kyn’s effect on NK cells [181]. Addi-
tionally, Selenium-containing amino acids (Se-AAs)
have the ability to modulate crosstalk between immune
and tumor cells, thereby reshaping the Tumor Micro-
environment (TME) [182]. By activating a variety of
enzyme systems within lymphocytes, Se-AAs not only
enhance the activity of immune cells such as NK cells
but also further stimulate the secretion of lymphocytic
factors [183].

B cells

B cells play a central part in humoral immunity. B cells
defend against foreign antigens through antibody secre-
tion, antigen presentation and direct killing through anti-
body-dependent cellular cytotoxicity (ADCC).

Leucine is transported into B cells via SLC7AS5, tar-
geting mTORC1 to promote B cell differentiation and
support the production of IgG and cytokine [184]. Glu-
tamine transporter SLC1A5 or key enzyme of glutamine
metabolism can affect IgM production in B cells [185].
In addition, tryptophan can affect B-cell development
in bone marrow [186]. Methionine metabolism may
regulate epigenome remodeling in B cells infected with
Epstein-Barr virus by influencing methylation potential
[187]. The increase of polyamines, a metabolite of argi-
nine, promotes B cell activation and tumor antigen pres-
entation [188]. Moreover, B cells can also secrete GABA,
thus inhibiting the function of CD4" T cells and cyto-
toxic CD8' T cells, while promoting the proliferation of
regulatory T cells [189].

Page 12 of 26

Macrophages

Macrophages are essential myeloid cells and represent
a major cell type within the mononuclear phagocyte
system (MPS) [190]. They polarize into M1/M2 mac-
rophages in response to various internal and external
stimuli. M1 macrophages exert anti-tumor effects by
recognizing and clearing tumor cells, whereas M2 mac-
rophages promote tumor growth, invasion, and metasta-
sis, exhibiting pro-tumorigenic effects [191].

Cell competition represents a mechanism for cellular
malignant potential and acquisition of adaptive advan-
tages [192]. In the context of breast cancer, overexpres-
sion of MYC in cancer cells mediates the mTORC1
signaling pathway, leading to adaption and evolution of
dominant cancer cells through cell competition. These
dominant cancer cells engulf and eliminate fragments of
other cancer cells to acquire nutrients. However, tumor-
associated macrophages (TAMs) can modulate their own
mTORCI1 signaling activity through regulation of protein
intake and genetic reprogramming, which allows TAMs
to engage in competition with cancer cells, exerting a
suppressive effect on tumor growth [193].

Methionine induces Ml/classical macrophage acti-
vation, correlated with pro-inflammatory responses
characterized by TNF-a release [194]. Methionine also
modulates extracellular nucleotide metabolism, facili-
tating an increase in ATPase/ADPase activity within
macrophages [194]. Moreover, activated macrophages
fine-tune their metabolic pathways to drive a pro-inflam-
matory phenotype [195]. The one-carbon units provided
by serine metabolism can synergistically integrate into
the methionine cycle, promoting SAM production dur-
ing LPS-induced inflammatory processes. SAM is an
essential metabolite for inflammatory macrophages, and
disruption of the metabolic pathways results in anti-
inflammatory outcomes [196].

Tryptophan undergoes decomposition into small mol-
ecules, including NAD+, pyridinic acid (PA), ATP, and
CO2 via the kynuridine pathway [197]. NAD+ has been
shown to enhance macrophage phagocytosis [198], while
PA is capable of activating the pro-inflammatory function
of macrophage [199]. Tumor-associated macrophages
can exert their immunosuppressive function through
tryptophan metabolism or the conversion of dietary
tryptophan into indole [200].

Glutamine has been found to facilitate the polariza-
tion towards M2 macrophages, while glutamine depriva-
tion inhibits M2 polarization and the production of the
chemokine CCL22 [201]. The cleavage of glutamine to
produce o-KG has been shown to promote the activa-
tion of M2-like macrophages, and a reduction in a-KG
enhances the pro-inflammatory function of M1-like mac-
rophage [202]. Furthermore, glutamine metabolism has



Liu et al. Cell Communication and Signaling (2024) 22:380

been demonstrated to enhance macrophage phagocytosis
for the elimination of apoptotic cells [203].

Arginine can be transported into activated mac-
rophages via SLC7A2 and undergo distinct metabolic
pathways [204]. In M1l-like macrophages, arginine is
metabolized to produce NO, which inhibits tumor devel-
opment [205]. Conversely, M2-like macrophages con-
sume arginine through arginase-1, thereby limiting the
uptake of arginine by other anti-tumor immune cells
[206]. Moreover, the metabolism of arginine can gener-
ate creatine through glycine aminotransferase and meth-
yltransferase guanidinoacetate, which can promote the
polarization of M2-like macrophages [207].

The impaired BCAAs catabolism in human mono-
cytes and mouse macrophages has been associated with
atherosclerosis (AS), while promoting BCAAs catabo-
lism in macrophages may improve the progression of
AS. The accumulated BCAAs activates the mitochon-
drial H,0O, (mtH,0,) signaling pathway and increases
the formation of disulfide HMGBI, thus activating the
TLR4/NF-«B signaling pathway and its downstream cas-
cade [208]. However, the regulation of branched-chain
amino acids in macrophages within tumors is currently
underreported.

Serine metabolism is intricately linked to the function
of macrophages, where exogenous serine supports M1
macrophage polarization through mTOR signaling or
synthesis of SAM and GSH [209, 210]. However, inhibit-
ing PHGDH to suppress endogenous serine synthesis can
also promote M1 macrophage polarization by increasing
IGF1 expression through SAM [211]. These conflicting
results suggest that serine metabolism, encompassing
both exogenous acquisition and de novo serine synthesis,
may regulate macrophage function under different condi-
tions [212].

Neutrophils

Neutrophils play a crucial role in innate immune
responses as effectors, regulating various processes such
as injury and repair, cancer, immunity, and inflammatory
processes [213].

Neutrophils expressing HLA'DRYCD74" can serve as
alternative antigen-presenting cells in various cancers.
The leucine metabolism-dependent axis of acetyl-CoA/
H3K27ac/MHC-II can regulate the antigen presentation
mechanism of neutrophils [214]. Leucine-rich diet may
enhance the efficacy of PD-1 immunotherapy for cancer.
The utilization rate of glutamine in neutrophils is very
high. Glutamine can inhibit the generation of TNF-a in
LPS-treated neutrophils, thereby inhibiting their inflam-
matory response. Glutamine can regulate the expression
of ICAM-1 and VCAM-1 in cells, thereby regulating neu-
trophil migration [215]. Castell et al. [216] demonstrated

Page 13 of 26

that glutamine increases the respiratory burst and super-
oxide anion generation in human neutrophils, affecting
the oxidative-reductive balance of neutrophils. Moreover,
tumor cells prepare for tumor invasion and migration
by regulating the remodeling of the extracellular matrix,
a process accompanied by the infiltration, migration,
and adhesion of neutrophils into tissues [217]. When
neutrophils come into contact with fibronectin, they
release branched amino acids, aromatic amino acids,
and positively charged free amino acids. However, when
neutrophils encounter cell adhesion inhibitors such as
cell-relaxing factor D, the release of hydroxylysine sharply
decreases while phenylalanine increases [218]. Therefore,
amino acid metabolism can regulate the immune func-
tion of neutrophils, and neutrophils can also serve as a
source of some amino acids in the processes of migration
and functional activation.

Dendritic cells

Dendritic cells (DCs) serve as the primary antigen pre-
senting cells (APCs) and are pivotal in regulating adap-
tive immunity and immune tolerance [219]. DCs can
be categorized into DC1 and DC2 subgroups, each of
which plays a distinct role in promoting the cytotoxic-
ity of CD8" T cells and the activation of CD4" T cells.
These cells are involved in the cross-presentation of
tumor-associated antigens to cytotoxic CD8" T cells
and blockade of immune checkpoints, thereby facilitat-
ing anti-tumor immune responses [220, 221]. However,
the immunosuppressive TME can impair the functional
activity of DCs by their recognition and binding of
immune checkpoints, leading to immune evasion [204].
Specifically, DCs expressing CD80/CD86 engage with T
cells expressing CTLA-4, transmitting co-stimulatory
signals and dampening T cell response [222]. Addition-
ally, DCs with elevated PD-L1 expression interact with
the PD-1 receptor of T cells, enabling tumor cells to
evade destruction by cytotoxic T cells [223].

Glutamine enhances CD8" T cell immunity mediated
by DCls to inhibit tumor growth, while tumor cells and
DCl1s compete for glutamine uptake through the trans-
porter SLC38A2 and form a metabolic crosstalk to regu-
late anti-tumor immunity [224]. A positive feedback loop
exists between DCs and Tregs, where the expression of
CTLA-4 in Tregs promotes the secretion of indoleamine
2,3-dioxygenase (IDO) by DCs. Inhibition of CTLA-4
effectively reduces the production of kynurenine by
DCs [225]. Bruton’s tyrosine kinase (BTK) serves as a
key regulatory factor in the immunosuppressive func-
tion of bone marrow-derived suppressor cells and DCs
[226]. The BTK-IDO axis inhibits the tryptophan-sensi-
tive differentiation pathway in DCs [227]. Furthermore,
Arginase can promote arginine metabolism to produce
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polyamines and transform DCs into an immunosuppres-
sive phenotype [228].

Myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSCs) originate
from myeloid cells and share phenotypic and morpholog-
ical similarities with neutrophils and monocytes, while
exerting immunosuppressive functions [229].

MDSCs have been shown to outcompete tumor
immune cells for arginine, a crucial amino acid for T cell
function. Furthermore, MDSCs expressing arginase-1
have been found to effectively suppress T cell responses
[230]. MDSCs can also competitively inhibit cytotoxic
T cell proliferation and function by increasing the con-
sumption of L-arginine and downregulating the gen-
eration of polyamine [231]. Within MDSCs, IDO can
exert immunosuppressive effects in tumors by modu-
lating tryptophan metabolism [232, 233]. Glutamate
transporter SLC25A22 promotes the transcription of
CXCL1, driving the infiltration of MDSCs, and creating
an immunosuppressive microenvironment by enhancing
asparagine and downstream ERK/ETS2 signaling [234].
Moreover, restricted glutamine metabolism significantly
inhibits the generation and mobilization of MDSCs, fur-
ther promoting anti-tumor immunity [235]. However,
there are also studies indicating that glutamine depriva-
tion promotes the generation of MDSCs [236], suggesting
that the function of MDSCs may be microenvironment-
dependent. There may be crosstalk of glutamine with
arginine metabolism and tryptophan metabolism, as in
glutamine-restricted condition, the activity of iNOS is
upregulated in MDSC [237], and inhibiting glutamine
metabolism also disrupts IDO expression in MDSCs
[235]. Additionally, MDSCs have the ability to express
the cystine transporter xc-, while lacking expression
of the neutral amino acid transporter, allowing them to
acquire cystine from the environment and convert it into
cysteine. However, they are unable to export cystine,
thereby diminishing the cysteine supply for T cells. This
limitation can restrict the activation and functionality of
T cells [134] (Fig. 3).

Influence of amino acid metabolism on immune tolerance
by mediating ferroptosis

Ferroptosis is a programmed cell death induced by iron-
dependent lipid peroxidation, which can be modulated
by amnio acid metabolism, other cellular metabolic and
signaling pathways and plays a dual role in immune toler-
ance [238].

Ferroptosis can influence immune tolerance through
co-stimulatory or co-inhibitory signals, immune check-
points of T cells and the susceptibility of immune cell.
The ferroptosis score correlates positively with CTLA4
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expression, although the role of ferroptosis in upregu-
lating CTLA4 mediated immune tolerance varies across
different tumors and is environment-dependent [239].
Ferroptosis may induce the death of GPX4-deficient
Tregs via the CD28 co-stimulatory pathway, thereby
impeding immune tolerance [240]. Additionally, fer-
roptosis may inhibit immune tolerance through the
ATP-P2X7-CD40/CD86 axis [241, 242]. Heterogeneous
nuclear ribonucleoprotein L upregulates PD-L1 to sup-
press T cell-mediated ferroptosis in castration-resistant
prostate cancer cells [243]. Activated T cells release I[FN-
¥, leading to inactivation of cysteine uptake, thereby pro-
moting lipid peroxidation and ferroptosis in tumor cells
[135]. A system-level crosstalk exists between ferroptosis
and immune activation to restrain tumor progression.
Ferroptosis vulnerability exhibits in CD8* T cells, with
GPX4-deficient T cells showing heightened sensitivity to
ferroptosis and loss of anti-tumor effects [240]. Overex-
pression of GPX4 can inhibit ferroptosis in CD8' T cells
in vitro, restoring the production of cytotoxic cytokines.
Furthermore, GPX4 overexpression increases the infil-
tration of CD8" T cells in tumors, exerting anti-tumor
immune functions. In addition, TAM2 and DCs are also
vulnerable to ferroptosis, while MDSCs and TAM1 are
more resistant to ferroptosis, leading to a diversity of
immune tolerance regulation [244—246].

In the regulation of ferroptosis, amino acid metabolism
plays a crucial role, with GPX4 and system-xc emerging
as two key molecular players. GPX4, a member of the
GPX family, contains a catalytic center with selenocyst-
eine. It catalyzes the conversion of reduced glutathione
(GSH) to its oxidized form (GSSG) and reduces cyto-
toxic lipid hydroperoxides (L-OOH) [247]. Inhibition of
GPX4 activity and limited availability of glutathione can
lead to the accumulation of lipid hydroperoxides, thereby
triggering ferroptosis [248]. System-xc functions as an
amino acid antiporter, facilitating cysteine uptake and
promoting GSH synthesis. Reduced activity of system
xc- can result in decreased GPX4 activity, diminished
cellular antioxidant capacity, and the onset of ferrop-
tosis and oxidative stress [249]. Moreover, the enzyme
cysteine dioxygenase 1 (CDO1) competitively catalyzes
the conversion of cysteine to taurine, in opposition to the
synthesis of glutathione catalyzed by glutamate-cysteine
ligase (GCL). This process reduces glutathione produc-
tion, thereby mediating oxidative stress and ferroptosis
[250]. Therefore, the intricate regulation of immune tol-
erance through the control of ferroptosis by amino acid
metabolism is complex.

Amino acid metabolism reprogramming in fibroblasts
Metabolic reprogramming in non-cancer cells, such as
stromal fibroblasts and bone marrow adipocytes, as well
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Fig. 3 The influence of amino acids in regulating the activity and function of immune cells in microenvironment. Lymphoid immune cells
encompass T cells, regulatory T cells, NK cells, and B cells, while myeloid immune cells consist of macrophages, neutrophils, dendritic cells,

and MDSCs. Various studies have indicated that amino acids such as arginine, cysteine, glycine, glutamine, tryptophan, arginine, serine, BCAAs,
aspartate, and selenium-containing amino acids play regulatory roles in the activation, proliferation, and function of immune cells within the tumor
microenvironment. The red line represents the effect of amino acids on lymphocytes and the blue line represents the effect on myeloid cells. BCAAs
branched-chain amino acids, MDSCs myeloid-derived suppressor cells. Image created with BioRender.com

as metabolic interactions among various cell types within
the tumor microenvironment, represent emerging char-
acteristics of cancer metabolism [1]. Overexpression
of serotonin N-acetyltransferase-5 (SNAT5) in tumor
cells or stromal cells in glutamine-dystrophic tumors
may support metabolic exchange in the tumor micro-
environment and play an important role in promot-
ing cancer [251]. Cancer-associated fibroblasts (CAFs)
serve as primary contributors to the extracellular matrix
(ECM) components, fostering tumor progression. There
is a metabolic crosstalk between CAFs and cancer cells.

Moreover, tumors can promote metabolic reprogram-
ming of various non-cancer cells by secreting exosomal
miRNAs to support tumor growth. Thus, reprogrammed
fibroblasts enhance glycoglutamine hydrolysis, provid-
ing fuel for neighboring cancer cells while converting
metabolic waste ammonium into energy-rich metabo-
lite [252]. The extracellular vesicles secreted by breast
cancer cells and their cargo of miRNA can comprehen-
sively reduce the translation of mRNA in fibroblasts by
inhibiting mTOR signaling, reprogramming fibroblast
metabolism to provide metabolic flux to cancer cells, and
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dynamically regulating extracellular matrix proteins in
response to nutrient fluctuations [253]. Additionally, Pro-
line is an amino acid abundant in collagen proteins, with
PYCRI1 being a crucial enzyme in proline synthesis. Tar-
geting PYCRI1 in CAFs may hold the potential to impede
the production of tumor-promoting extracellular matrix
[254].

Effects of amino acid metabolism on angiogenesis

The vascular system consists of a branching network of
endothelial cells (ECs) that deliver oxygen and nutrients
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to tissues in the body, and angiogenesis is important for
tumor growth, spread, and distant metastasis [255]. Met-
abolic reprogramming of endothelial cells is vital in con-
trolling angiogenesis and vasculature in tumors. Apart
from glucose and lipid metabolism, amino acid metabo-
lism can also affect the proliferation and migration of
endothelial cells [11, 256]. Amino acid metabolism also
plays an important role in the regulation and mainte-
nance of vascular functions such as vascular tone, coagu-
lation and fibrinolysis, redox homeostasis, and immune
response [257] (Fig. 4).

Effects of amino acid metabolism on
angiogenesis

Hypotensive

(Glucose) ——» _> Oxidative Stress

ECs apoptosis
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Fig.4 Amino acid metabolism regulates tumor angiogenesis. The metabolism of amino acids can impact not only the function of endothelial
cells but also the formation and function of blood vessels. Glutamine is catalyzed by GLS to form glutamate, which can be converted to aspartate
to promote endothelial cell germination. Glutamate can also be converted to P5C and proline, further facilitating ECM remodeling. Following VEGF
signaling stimulation, endothelial cells exhibit increased glycine uptake, which can enhance endothelial cell migration. Glycine is also involved

in GSH synthesis, inhibiting vascular tone, blood pressure, and oxidative stress mediated by NO. Arginine, through the synthesis of proline,
polyamines, and NO, plays a regulatory role in angiogenesis. The serine synthesis pathway dependent on PHGDH can promote antihypertensive
effects, regulate oxidative stress, and resist endothelial cell apoptosis. Additionally, tryptophan metabolism in MDSCs generates kynurenine

via IDO-1, regulating the balance between IFNy and IL6. While IL6 promotes angiogenesis, IFNy exerts the opposite effect. GSH glutathione,

GLS glutaminase, ECM extracellular matrix, VEGF vascular Endothelial Growth Factor, PHGDH phosphoglycerate dehydrogenase. Image created

with BioRender.com
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Glutamine uptake by ECs is highly regulated by the
sodium-dependent system ASC [258]. Restriction of glu-
tamine in endothelial cells or inhibition of glutaminase 1
(GLS1) leads to impaired endothelial cell migration and
defective vascular germination [259]. Glutamine can pro-
vide nitrogen for asparagine synthesis to maintain cellu-
lar homeostasis. Although endothelial cells can absorb
asparagine, restriction of asparagine synthetase activity
can still hinder EC germination [260].

Serine serves as a primary one-carbon unit donor
in folate cycle, synthesizing precursors for glycine and
cysteine, while also promoting the generation of glu-
tathione. The serine synthesis pathway (SSP) is mainly
catalyzed by phosphoglycerate dehydrogenase (PHGDH)
within the glycolytic branch. Studies have demonstrated
that neonatal mice lacking PHGDH in ECs exhibit severe
vascular defects [261]. Furthermore, disruption of the
SSP due to PHGDH knockout induces EC apoptosis even
in the absence of serine deprivation. Silencing PHGDH
also impacts the levels of ROS in tumor endothelial cells
[262]. Additionally, serine exerts a significant hypoten-
sive effect under conditions of nitric oxide damage [263].
Thus, endothelial cells rely on the serine synthesis path-
way for serine generation and utilization, while serine
also modulates endothelial cell redox balance and main-
tains vascular function.

Glycine acts as a precursor to glutathione, maintaining
the redox homeostasis of endothelial cells. Furthermore,
studies have indicated that exogenous glycine can impede
angiogenesis and tumor growth by reducing iNOS
expression [264]. Interestingly, other research has sug-
gested that glycine can promote angiogenesis, as stimula-
tion with VEGF activates the glycine transporter protein
1 in endothelial cells, increasing glycine uptake [265].

Arginine shows regulatory influence in tumor angio-
genesis through its involvement in protein synthesis
and the generation of nitric oxide (NO) via endothelial
nitric oxide synthase (eNOS) [266]. NO is involved in the
regulation of diverse vascular functions, including vas-
cular tone, blood pressure, neurotransmission, immune
response, and oxidative stress [267]. Furthermore, the
effects of NO on angiogenesis can be either inhibitory or
stimulatory, whose function is context-dependent [268].
Additionally, arginine promotes angiogenesis by generat-
ing polyamine precursors, facilitating protein synthesis
and gene expression [158, 269]. Arginine in endothelial
cells can also be converted into proline, which is used
to synthesize collagen and generate extracellular matrix,
thus playing an important role in vascular remodeling
[270]. Proline analogs can also facilitate endothelial
cell migration and vascular formation by providing an
anchoring matrix through continuous collagen synthesis
[271].
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In addition, tryptamine catabolic enzyme indoleamine
2,3-dioxygenase (IDO1) in MDSCs can modulate inflam-
matory neovascularization by orchestrating the equilib-
rium between IFNy and IL6 [272, 273]. IEN-y exerts an
antiangiogenic influence, while IL6 can stimulate angio-
genesis. IFN-y is capable of upregulating the expression
of IDO1 [274]. However, IDOL1 can exert either a positive
or negative impact on the induction of IL6 [275-277].

The influence of mechanical cues on amino acid
metabolism in the TME

Mechanical cues and forces can impact cellular func-
tion and metabolic processes, while metabolic feedback
also influences the mechanical and physical properties
of cells and tissues within the TME. Cancer cells directly
regulate ECM components and collagen crosslinking, or
indirectly influence the activity of stromal cells such as
CAFs and macrophages, contributing to the maintenance
of mechanical properties within the TME [278]. Within
the TME, mechanical stimulation of the ECM activates
integrins in cell-.ECM adhesions, sensed through cal-
ponin and interacting with the cell nucleus via the LINC
protein complex [279]. Numerous studies suggest that
mechanical cues, both intra- and extracellular, activate
key oncogenic pathways such as YAP, RAS, and mTOR
in cancer cells, regulating processes including survival,
proliferation, metastasis, and drug resistance [280-282].
Furthermore, cancer cells proliferate excessively, invade
surrounding tissues, alter ECM composition and stiffness
to promote physical changes within the TME. High ECM
stiffness in CAFs and cancer cells promotes the upregula-
tion of glutamate transporters SLC1A3 and GLS1, lead-
ing to increased glutamate uptake and production [283].
Glutamate is utilized to produce glutathione and aspar-
tate, supporting redox homeostasis, nucleotide synthesis,
and eventual ECM remodeling. ECM stiffening-induced
glutaminolysis depletion results in heightened micro-
tubule stability, promoting cancer cell proliferation and
invasive migration [284]. Reduced glutaminolysis levels
also facilitate the reversal of the TCA cycle and increased
acetyl-CoA levels, enhancing H3K27 acetylation on the
PYCRI1 gene promoter for proline biosynthesis essential
for collagen production [254]. In macrophages, elevated
ECM hardness leads to arginine/proline metabolic repro-
gramming, secreting arginase, thereby impairing CD8+
T cell anti-tumor activity [285].

Amino acid metabolic crosstalk between tumor cells

and TME

Amino acid metabolic reprogramming is a hallmark in
tumor microenvironment, where lies dynamic crosstalk
between immune cells, stromal cells, and tumor cells.
Activated T cells and macrophages enhance glutamine
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metabolism to sustain cell proliferation and immune
responses [202]. Tumor cells also rely on glutamine for
energy to support their growth and proliferation. There-
fore, a competitive relationship exists between tumor
cells and immune cells, as tumor cells competitively con-
sume glutamine to prevent T cell proliferation, activation,
and cytokine secretion, thereby creating an immunosup-
pressive microenvironment [286]. In addition, fibroblasts
interact with tumor cells and transform into CAFs dur-
ing tumorigenesis, which promote extracellular matrix
remodeling and the formation of the tumor niche [287].
The metabolic crosstalk between tumor cells and stromal
CAFs highlights the complexity of tumor biology. The
acquisition of aspartate represents a metabolic constraint
that tumors encounter within their native environment,
and overcoming this limitation favors tumor growth
[288]. SLC1A3 can function as Asp/Glu co-transporter,
enabling CAFs and cancer cells to share metabolites. The
production of aspartate by CAFs is crucial for maintain-
ing cancer cell proliferation [283]. Moreover, Glutamine
derived from CAFs can be transported to support can-
cer cell proliferation, whereas glutamate derived from
cancer cells balances the redox state of CAFs and pro-
motes extracellular matrix remodeling [289]. In nutrient-
deprived regions where glutamine is depleted, CAFs can
be guided by the polarized protein kinase B (AKT2) to
migrate towards glutamine-rich areas. This glutamine-
dependent process accelerates the migration and inva-
sion of CAFs, thereby facilitating the migration of cancer
cells towards nutrient-rich regions [290]. Moreover, there
is also crosstalk in proline metabolism between tumor
cells and CAFs. Under hypoxic conditions, PYCRI regen-
erates NAD+ in an oxygen-independent manner, sup-
porting the activity of the TCA cycle. Loss of PYCR1 in
tumors leads to increased hypoxia, decreased cell viabil-
ity, and necrosis [97]. Tumor cells promote overall pro-
line catabolic metabolism, utilizing the energy derived
from proline degradation to support invasive processes
[291]. Stimulation by transforming growth factor
induces CAFs to enhance proline synthesis [292].

Amino acid-based strategies for cancer therapy

The heterogeneity of tumor metabolism exerts a pro-
found influence on the spatial distribution of nutrients
within the tumor microenvironment, thereby impacting
the functionality of both tumor cells and immune cells.
Moreover, intricate competitive metabolic interplays and
crosstalk occur between tumor cells, immunosuppressive
cells, and anti-tumor immune cells, thereby significantly
modulating the efficacy of cancer therapies. Simultane-
ously, the targeting of amino acids [293-296], amino
acid transporters [297-301], metabolic sensors [200,
302-304], enzymes [227, 305-309], downstream signal
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pathways [310, 311], and metabolites [72, 312—322] holds
promise in offering potential therapeutic avenues for
addressing tumors.

Given that other therapeutic approaches pertaining to
the targeting of amino acid metabolism have been com-
prehensively reviewed and documented [204, 323, 324],
our focus lies in exploring the potential of amino acid as a
novel supplementary strategy for tumor treatment.

CART cells

Chimeric antigen receptor (CAR) T cells and tumor cells
compete for limited amino acids in the environment.
Amino acid metabolic alterations also influence the func-
tion of CAR T cells. CAR T cells can be re-engineered
to up-regulate the expression of SLC7A5/SLC7A11 and
arginase 1/arginase 2 enzymes, thus enhancing its prolif-
eration and anti-tumor activity [325]. Moreover, CD229
CAR-T cells have demonstrated efficacy in eliminating
multiple myeloma cells. However, the inadvertent tar-
geting and damage of healthy lymphocytes expressing
CD229 by CD229 CAR-T cells have been observed. To
address this issue, the use of single amino acid substitu-
tion within the CAR binding domain has shown prom-
ise in enhancing the selectivity of CD229 CAR-T cells
towards MM cells [326]. Yang et al [327]. engineered a
novel BCKDK-modified CAR-T cell based on genotype
modifications, reprogramming the BCAA metabolism
in the tumor microenvironment. This intervention sig-
nificantly increased the proportion of CAR-T cells in the
peripheral circulation, enhancing the efficiency of cancer
cell lysis and prolonging the survival of mice. Addition-
ally, accumulation of Kynurenine promotes an immune-
suppressive tumor microenvironment. KYNU-modified
CAR-T cells exhibit superior cytotoxicity towards cancer
cells by metabolizing Kyn in the immune-suppressive
TME [328].

Nanomedicines

Competition for amino acid metabolism by tumor cells
can indirectly lead to amino acid deprivation within the
tumor, affecting the availability of amino acids for anti-
tumor immune cells, thereby hindering the activation
and differentiation of immune cells [329]. Furthermore,
the metabolic reshaping of the tumor microenvironment
due to metabolic dysregulation is characterized by nutri-
ent deficiency, hypoxia, acidity, and the accumulation
of immunosuppressive metabolites, further impeding
the anti-tumor function of tumor-infiltrating immune
cells (TIICs) and reducing the effectiveness of immuno-
therapy. Nanomedicines offer various advantages such
as co-delivery of multiple drugs, cell and organelle-spe-
cific targeting, controlled drug release, and multimodal
therapy [330]. Nanomedicines for tumor metabolism



Liu et al. Cell Communication and Signaling (2024) 22:380

intervention could serve as a potential therapeutic
approach to restore anti-tumor immunity.

Nanoparticle drug carriers offer numerous advantages
over traditional chemotherapy, including the ability to
protect drug activity and prolong circulation in the body
[331]. However, they still need to overcome biological
barriers within the body. Poly (amino acid)s, character-
ized by their multifunctional amphiphilic macromo-
lecular structure and excellent biocompatibility [332],
have emerged as a promising material. They have the
potential to enhance tumor targeting, effectively con-
trol tumor growth, and mitigate the side effects of Redox
on normal tissues and organs during treatment [333].
Cationic nanomaterials of polyaspartic acid can inhibit
NET-DNA-mediated cancer cell migration by disrupt-
ing the interaction between NET-DNA and CCDC25.
Due to its excellent liver retention properties, this mate-
rial shows promising prospects for the treatment of
liver metastatic tumors [334]. In addition to influenc-
ing the properties of nanomaterials through the polar
side chains of amino acid molecules, they can also serve
as targets for the carried drugs in therapy. Tang et al.
[335] engineered a two-dimensional nanomedical drug
delivery system targeting tumor cells, incorporating the
glutamine metabolic inhibitor (V9302) and anti-PD-L1
(MoS2-apdl1-V9302). This formulation effectively sup-
pressed the uptake of glutamine by tumor cells, resulting
in elevated levels of glutamine in TME and subsequently
enhancing tumor invasion and activation of CD8" Teff
cells. Xie et al. [336] developed a cancer cell membrane-
coated nanosystem (CTTPA-G) loaded with a Type I
aggregation-induced emission (AIE) photosensitizer (PS)
and a glutamine antagonist to facilitate synergistic pho-
todynamic therapy (PDT) and tumor metabolic repro-
gramming, thereby providing Teff cells with sufficient
glutamine to restore their anti-tumor function. Further-
more, Mai et al. [337] devised a carrier-free immunother-
apy nanoenhancer (C9SN) that functions by modulating
glutamine metabolism to polarize M2-like TAMs into an
M1-like phenotype and recruit Teff cells. A pH-respon-
sive arginine nanoassembly (ArgNP) has also been devel-
oped to enhance tumor immunotherapy through tumor
arginine intervention. When combined with anti-PD-
L1 treatment, ArgNP has been shown to promote the
infiltration levels of Teff cells in tumor and significantly
increase the proportion of CD8*/CD4™ T cells [338].

AAT-PET

There are two primary classes of amino acid trans-
porters, namely large amino acid transporters (LAT)
and Na%*-independent transporters (alanine-serine-
cysteine transporters, ASCT). The intracellular uptake
and imaging of radiolabeled amino acid tracers (AAT)

Page 19 of 26

via LAT and ASCT form the foundation of AAT-PET.
This technique plays a crucial role in the initial diagno-
sis and treatment planning for glioma, metastatic brain
cancer, and other neurological tumors, as well as in the
assessment of therapeutic efficacy [339, 340].

Conclusion

In summary, amino acid metabolism reprogramming
stands as a crucial hallmark in the development and
progression of cancer. Within tumor cells, reshap-
ing amino acid metabolism can engage in protein and
nucleic acid biosynthesis, serve as signaling mole-
cules, regulate tumor metabolism, maintain oxidative
stress balance, and modulate epigenetic modifications.
Within the tumor microenvironment, amino acid
metabolism can influence the functions of lymphoid
and myeloid immune cells, regulate CAFs and the for-
mation of extracellular matrix, modulate immune tol-
erance, tumor vascularization as well as mechanical
cues. Furthermore, the crosstalk of amino acid metab-
olism exerts intricate interactions within both tumor
cells and the tumor microenvironment. A comprehen-
sive understanding of the significant role of amino acid
metabolism in cancer is crucial for the development of
novel therapeutic strategies.
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