? frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY
Paulo José Basso,
University of Alberta, Canada

REVIEWED BY
Rasoul Mirzaei,

Pasteur Institute of Iran (PIl), Iran

Vijay Kumar,

Louisiana State University, United States
Sajad Karampoor,

Iran University of Medical Sciences, Iran

*CORRESPONDENCE

Hao Wang
hwangca272@hotmail.com;
hwangl@tmu.edu.cn

"These authors share first authorship

RECEIVED 12 May 2023
ACCEPTED 29 June 2023
PUBLISHED 21 July 2023

CITATION
LiuT, Ren S, Sun C, Zhao P and Wang H
(2023) Glutaminolysis and peripheral CD4*
T cell differentiation: from mechanism to
intervention strategy.

Front. Immunol. 14:1221530.

doi: 10.3389/fimmu.2023.1221530

COPYRIGHT

© 2023 Liu, Ren, Sun, Zhao and Wang. This
is an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology

TYPE Review
PUBLISHED 21 July 2023
D01 10.3389/fimmu.2023.1221530

Glutaminolysis and peripheral
CD4™" T cell differentiation:
from mechanism to
intervention strategy

Tong Liu™*, Shaohua Ren*?!, Chenglu Sun**, Pengyu Zhao?
and Hao Wang**

tDepartment of General Surgery, Tianjin Medical University General Hospital, Tianjin, China,
2Tianjin General Surgery Institute, Tianjin, China

To maintain the body's regular immune system, CD4" T cell homeostasis is
crucial, particularly T helper (Thl, Thl7) cells and T regulatory (Treg) cells.
Abnormally differentiated peripheral CD4* T cells are responsible for the
occurrence and development of numerous diseases, including autoimmune
diseases, transplantation rejection, and irritability. Searching for an effective
interventional approach to control this abnormal differentiation is therefore
especially important. As immunometabolism progressed, the inherent
metabolic factors underlying the immune cell differentiation have gradually
come to light. Mounting number of studies have revealed that glutaminolysis
plays an indelible role in the differentiation of CD4" T cells. Besides, alterations in
the glutaminolysis can also lead to changes in the fate of peripheral CD4* T cells.
All of this indicate that the glutaminolysis pathway has excellent potential for
interventional regulation of CD4" T cells differentiation. Here, we summarized
the process by which glutaminolysis regulates the fate of CD4" T cells during
differentiation and further investigated how to reshape abnormal CD4" T cell
differentiation by targeting glutaminolysis.

KEYWORDS
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1 Introduction

T cells are derived from pluripotent stem cells of bone marrow, where T cell precursors
first develop in the bone marrow, then move to the thymus for further programming and
development, and gradually differentiate into T cells with immune activity in the thymus
(1). These T cells are transported by the bloodstream to the lymph nodes, peripheral blood,
and immune tissues where they colonize and take their final organ-specific characteristics
(1). These peripheral naive T cells can be divided into two major subsets, CD4" and CD8" T
cells, based on the CD cluster (CD) on their surfaces. Naive CD4" T cells can differentiate
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into a variety of forms following antigen stimulation, including T
helper (Th1, Th2, Th9, Th17, and Th22) cells, Treg cells, T memory
(Tm) cells, and T follicular helper (Tfh) cells (2-4). In general,
CD4" T cells primarily perform the tasks of cytotoxicity, accessory
immunity, and immune regulation (5). Each subtype specifically has
distinct roles, but the differentiation of Th1, Th17, and Treg cells is
of special interest because changes in the balance of these cells have
been linked to a variety of illnesses, including autoimmune diseases,
transplant rejection, and irritability (6, 7). For example, in systemic
lupus erythematosus (SLE), excessive differentiation of Th17 cells
and reduced differentiation of Treg cells are the main causes of
disease development and tissue damage (8). Besides, Thl and Th17
cells are closely related to the occurrence of this pathological state in
acute cellular rejection induced by organ transplantation (9).
Hence, it is crucial to restore the equilibrium of different subtypes
of CD4" T cells in diseases and stabilize it in healthy organisms.

Glutamine (Gln), a kind of immune regulatory nutrient, is
frequently used in large amounts to supply cellular energy and to
supply intracellular synthesis of genetic material via glutaminolysis
within rapidly proliferating/dividing cells (10). Therefore, the
original focus of studies on the effects of glutaminolysis on cells
was tumorigenesis. Since immune cells also require substantial
proliferation to function after activation, there has been
progressively increasing research focusing on glutaminolysis in
immune cells in recent years. Immunometabolism mainly
investigates the reciprocal influence of immunity and metabolism
in physiology and disease, with the ultimate goal of harnessing the
distinct metabolic programs of different immune cell populations to
treat disease. With the progress of immunometabolism, the role of
Gln, considered as an immunomodulatory nutrient, has been
gradually unraveled in immune related diseases. For instance,
administration of glutaminolysis enzyme inhibitors can increase
the acceptance of allografts in a mouse skin transplant model (11).
Similar to this, in a mouse psoriasis model, aberrant glutaminolysis
activation can cause lesion aggravation by promoting Th17 cell
differentiation (12). These studies suggest that glutaminolysis may
play a crucial role in immune related diseases and that the
generation of these effects seems to be closely related to CD4" T
cell differentiation. As a result, manipulating glutaminolysis to
reshape CD4" T cell differentiation appears to be an effective
intervention for immune-related diseases. In this review, we
provide an overview on the role of glutaminolysis in peripheral
CD4" T cell differentiation and on the potential points of
intervention in the glutaminolysis pathway for the treatment of
various diseases.

2 Glutaminolysis

Glutaminolysis is the process by which cells convert Gln to
tricarboxylic acid (TCA) cycle metabolites through the activity of
multiple enzymes (Figure 1) (10). To begin with, Gln infiltrates the
cytoplasm through amino acid transporters (AATs), which are a
type of membrane bound transport proteins that can mediate the
transfer of amino acids into and out of cells or organelles. These
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transporters are mostly sodium ion-dependent neutral AATsS,
mainly utilizing the concentration gradient of intracellular and
extracellular sodium ions to synergistically transport sodium ions
and Gln into cells, and then expel excess sodium ions from cells
through a sodium ion pump (13). These transporters primarily
consist of solute carrier family 1 member 5 (SLC1A5, namely
alanine serine and cysteine transporter system 2, ASCT2),
SLC38A1 (sodium-coupled neutral amino acid transporters 1,
SNAT1) and SLC38A2 (sodium-coupled neutral amino acid
transporters 2, SNAT2), with ASCT2 being the most important
(14, 15). Subsequently, Gln enters mitochondria via SLC1A5
variant (SLC1A5_var), an AAT that locates on the mitochondrial
membrane through its N-terminal targeting signal, then is
decomposed into glutamate (Glu) and ammonia under the action
of mitochondrial glutaminase (GLS), which is also the rate-limiting
step of glutaminolysis (14, 16). GLS is the first enzyme in
glutaminolysis, mainly including GLS1, GLS2, and GLS1 splicing
isomer (Glutaminase C, GAC) (14). On the one hand, in
mitochondria, Glu is then transformed into a-Ketoglutaric acid
(0-KG) via glutamate dehydrogenase 1 (GLUDI), glutamic
oxaloacetic transaminase 2 (GOT2) and glutamate pyruvate
transaminase 2 (GPT2) (10). Specifically, under the catalysis of
these three enzymes, Glu not only produces o-KG, but also
produces ammonia, aspartate and alanine, respectively (10, 17).
The intramitochondrial 0-KG can participate in the TCA cycle,
supporting the oxidative phosphorylation (OXPHOS) pathway and
ATP generation (14). Glu and 0-KG produced in the mitochondria
are transported out via SLC25A18, SLC25A22 and SLC25A11 on
the mitochondrial membrane respectively (14). On the other hand,
Glu can also be converted into 0.-KG in cytoplasm by a group of
transaminases, including GOT1, GPT1 and phosphoserine
transaminase 1 (PSAT 1) (10). Similarly, GOT1 and GPT1
catalyze Glu to produce aspartate and alanine, respectively (17).
PSATT1 is one of the key enzymes in the serine synthesis pathway,
and it also produces a portion of 0-KG in the pathway of catalyzing
serine synthesis (18). Intracellular 0.-KG can be further catalyzed to
generate 2-hydroxyglutarate (2-HG) by isocitrate dehydrogenase
(IDH1), a missense mutant metabolizing enzymes (19). In turn,
intracytoplasmic o-KG can be regenerated to Glu via GOT1 (10).
Cytosolic Glu is involved in the biosynthesis of glutathione (GSH)
and non-essential amino acids (NEAAs, e.g. alanine, proline,
aspartate, asparagine and arginine) (14). Subsequently, Glu is
transported out of the cell via SLC7A11, exchanging with cystine
(Cys) (14). Likewise, excess Gln in the cytoplasm exchanges
extracellular branched-chain amino acids (BCAAs, e.g. leucine,
valine, and isoleucine) through SLC7A5 (LAT1) (20).

3 Mechanism of glutaminolysis in
regulating peripheral naive CD4"
T cell differentiation

As previously mentioned, peripheral naive CD4" T cells can

differentiate into different subtypes following antigen stimulation.
Concretely, the first signal of cell activation is specifically obtained
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FIGURE 1

Schematic diagram of glutaminolysis. Gln is ingested into cells through several amino acid transporters (ASCT2, SNATL, and SNAT2), and further
transported into mitochondria through carriers on the mitochondrial membrane (SLC1A5_var). It is gradually decomposed within the mitochondria
by various metabolic enzymes, and then the metabolites are transported out of the mitochondria to perform their functions respectively.

by naive CD4" T cells through the interaction of their T cell
receptor (TCR) with the antigenic peptide MHC class II (MHC-
IT) molecular complex that is displayed on the surface of antigen
presenting cells (APCs) (21). Then, the second signal of cell
activation is produced when these naive CD4" T cells combine
with the corresponding ligand (such as B7) on the surface of APCs
and the costimulatory molecule (such as CD28) expressed on its
surface (21). In response to dual signals, naive CD4" T cells become
activated, immediately after which they need to take up large
amounts of Gln and glucose to meet the biosynthesis materials
and energy required for proliferation/differentiation (21, 22).
Further investigation revealed that this shift was brought about by
an increase in SNAT1, SNAT2, and ASCT2 expression when TCR
was activated (23, 24). Naive CD4" T cells subsequently differentiate
into various subtypes under the influence of various cytokines in the
microenvironment. For example, ThO cells can polarize into Thl
cells when exposed to cytokines like IL-12, whereas ThO cells can
polarize into Th2 cells when exposed to cytokines like IL-4 (25, 26).
Studies have shown that even in specific cell differentiation
conditions, impairment in glutaminolysis can have a substantial
impact on the fate of peripheral naive CD4" T cells during
differentiation (27). The underlying mechanism for how
glutaminolysis regulates CD4" T cell differentiation is discussed
below (Figure 2).
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3.1 Regulating peripheral CD4" T cell
differentiation via epigenetic regulation

As a metabolite of intracellular glutaminolysis, a-KG not only
participates in the TCA cycle and the generation of other amino
acids, but also participates in the regulation of histone and DNA
methylation levels as a cofactor of peroxidase, thus participating in
the regulation of gene expression in cells (19, 28). Research revealed
that Th17 cells produced more 0-KG than Treg cells, suggesting
that glutaminolysis may be more active in Th17 cells (29, 30). With
studies advancing, 2-HG, the actual molecules behind the role of o-
KG, was identified. Xu et al. found that under the condition of Th17
cells, cells can penetrate 2-HG, not a-KG, up-regulate the
expression of IL-17A, and down-regulate the expression of Foxp3
in a dose-dependent manner, directly promoting the differentiation
of Th17 cells (30). Surprisingly, the addition of 2-HG to naive CD4"
T cells even inhibited the expression of Foxp3 under the condition
of Treg cells (30), suggesting that 2-HG has obvious differentiation
regulation. A subsequent study reported that 2-HG can trigger the
DNA methylation of Foxp3 to inhibit its transcription, thus
suppressing the differentiation of Treg cells and regulating the
homeostasis of Th17/Treg cells (30). Mechanistically, this effect
depends on the negative regulation of 2-HG on Tet Methylcytosine
Dioxygenase 1-3 (TET1-3), a negative regulator of DNA
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FIGURE 2

Schematic diagram of the mechanism of glutaminolysis regulating the differentiation of naive CD4" T cells. (A) Gln metabolite a:-KG can be further
catalysed into 2-HG, which can alter the fate of Th17 and Treg cells through regulatory epigenetic regulation. Besides, a-KG can also influence the
expression of mMTORC1 by epigenetic regulation to change the fate of Thl cells. (B) In addition to regulating the expression of Thl cells, mTORC1
can also alter the fate of Th17 and Treg cells through various mechanisms. (C) Gln metabolite Glu can regulate the differentiation of Th17 and Treg
cells via Glu-GSH pathway. Additionally, it can also regulate Thl cell differentiation, but there is a paradox between GSH regulating Thl cell
differentiation and mTORC1 regulating its differentiation. (D) After TCR activation, SNAT1/2 expression is up-regulated and promotes its membrane
localization. The solid lines in the figure show the direct relationship between glutaminolysis and naive CD4" T cell differentiation reported in studies.
The dotted lines in the figure indicate that no study has reported a direct relationship between glutaminolysis and naive CD4* T cell differentiation.

methylation (30, 31). Besides, Miao et al. verified that 2-HG can
facilitate the differentiation of Th17 cells by forming H3K4me3
(Histone H3, trimethylated lysine 4) modifications in the promoter
and CNS2 region of the IL-17A gene locus. This effect is made
possible by inhibiting KDM5, a lysine demethylase (32). Another
independent study showed that GLSI-mediated glutaminolysis was
abnormally activated in psoriasis patients and mouse models, which
promoted Thl7 cell differentiation by enhancing histone H3
acetylation of IL-17A promoter (12). The function of 0.-KG or 2-
HG in the acetylation of H3 histone, however, was not further
investigated in their experiments. As for Th1 cells, another type of
inflammatory cells, it was shown that Gln deprivation inhibits the
differentiation of naive CD4" T cells into Th1 cells and increases the
generation of Foxp3" Treg cells, and this effect can be reversed by
the a-KG analogue (33), indicating that it also plays a role in the
differentiation of Th1 cells. In line with this, Nakaya et al. found that
ASCT2 deficiency hinders Thl and Th17 cell differentiation,
reducing inflammatory T cell responses in a mouse autoimmune
model (24). Interestingly, one study claimed that the transient
inhibition of GLS1 resulted in an increase in the number of Thl
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cells, but it would be exhausted over time (34). In details, after
administration of GLS1 blockade, the reduced level of histone
methylation in naive CD4" T cells led to the reduced expression
of PIK3IP1,a negative regulator of mTORCI, further leading to the
activation of mTORCI1 to promote the differentiation of effector
Thl cells (34). Besides, the inhibition of GLS1 also leads to histone
modification, thereby increasing the expression level of IL-2, which
is more conducive to Thl differentiation (34, 35). However, only
GLS1 inhibition may cause a reduction in intracellular Glu and an
accumulation of Gln. In contrast, an excessive amount of Gln
accumulation may have the reverse effect. In order to investigate
this distinction, more research should be done in the future on the
direction and function of intracellular Gln after GLS1 inhibition.

3.2 Regulating peripheral CD4* T cell
differentiation via mTORC1

The activity of mTORCI plays an important role in integrating
the metabolic spectrum and guiding the fate decision of CD4" T
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cells because it senses and integrates multiple signals from the
environment to control metabolism (36). Previous research had
demonstrated that Rheb (the positive regulatory target of
mTORC]1) deficient CD4" T cells suppressed the differentiation of
Th1 cells by reducing the response to IL-12 and preventing T-bet
transcription (37, 38). On the contrary, Rheb deficient CD4" T cells
showed enhanced phosphorylated STAT6 level in response to IL-4
(Th2 cell polarization factor), which further increased the
transcription level of GATA3 in cell nuclear, thus promoting the
differentiation of Th2 cells (39). Regarding Th17 cells, to begin with,
the activation of mTORC1 leads to an increase in STAT3
phosphorylation at tyrosine 705 in naive CD4" T cells, which is
required for the RORYt genes expression (39). Then, mTORC1
promotes glycolysis by inducing HIF-1o, which in turn supports
the differentiation of Th17 cells (40). Besides, mTORCI enhances
the differentiation of Th17 cells in a way that is dependent on S6K1/
2, where S6K1 inhibits the down-regulation of Gfil, a negative
regulator of Th17 cell differentiation, and S6K2 enhances the
nuclear localization of RORYt (41). Lastly, by blocking SOCS3 (a
negative regulator of STAT3), mTORCI can also promote STAT3
phosphorylation and RORYt expression that are induced by IL-6
(39). However, the function of mTORCI is reversed during the
differentiation of Treg cells. One example is that mTORCI blocks
the development of Treg cells by preventing Smad3
phosphorylation or H3K4 methylation close to the Foxp3
transcription start site, both of which have been shown to
encourage Foxp3 transcription (41). Another example is that
mTORCI can increase glycolytic activity via inducing HIF-1a,
but Treg cells is less dependent on glycolytic metabolic procedure
to provide energy compared with Th17 cells, thus leading to a
significant difference in the differentiation of Th17 and Treg cells
(40, 42).

Amino acids play an important role in the activation of
mTORCI1 signaling pathway, especially Gln, leucine (Leu),
arginine (Arg) and methionine (Met) (24, 43-45). ASCT2, an
essential amino acids transporter, is mainly responsible for Gln
transporting into cells (46). Additionally, it is in charge of bringing a
tiny quantity of Leu into cells (24). ASCT?2 has also been identified
as necessary for coupling TCR and CD28 signals to activate the
mTORCI pathway (47). Nakaya et al. revealed that a lack of ASCT2
in naive CD4" T cells reduced the differentiation of Th1l and Th17
cells by attenuating the uptake of Gln and Leu to suppress mTORCI1
activation (24). However, they were unable to identify which amino
acid (GIn or Leu) intake was reduced as a result of the inhibition of
mTORCI activity brought on by ASCT2 knockout. Recently, Zhang
et al. showed that blocking GLS1 promoted Th2 cell differentiation
and inhibited Th17 cell differentiation through inactivating the
mTORCI pathway, but they did not notice any changes in Th1 cell
differentiation (48). Similar finding was made by Nakaya et al. who
discovered that reducing Gln consumption by eliminating ASCT2
could enhance Th2 cell differentiation (24). Taken together, even
though the impact of Leu on the activation of mTORCI has not
been completely ruled out in recent studies, glutaminolysis does
play a significant role in the differentiation of naive CD4" T cells by
regulating mTORCI.
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3.3 Regulating peripheral CD4™ T cell
differentiation via GSH

Under physiological conditions, glutathione exists mainly in
two forms, reduced glutathione (GSH) and oxidized glutathione
(GSSG), which can interconvert (49). Intracellular GSH is mainly
produced by two pathways, de novo synthesis (via glutaminolysis)
and recycling process (via the regeneration of GSH from GSSG)
(49). The primary cellular antioxidant, GSH, which is primarily
made up of Glu, Cys, and glycine (Gly), is responsible for preserving
the redox balance in T cells (50). According to a prior research,
increasing ROS by inhibiting GSH de novo synthesis but not
recycling increased intracellular GSH production, which
ultimately improved Treg cell differentiation and restricted Th17
cell differentiation (51). Also, they proved that glutaminolysis is the
source of Glu, which powers de novo GSH production during the
differentiation of Th17 cells (51). Furthermore, Miao et al.
discovered that inhibiting GLSI-mediated glutaminolysis
decreased intracellular GSH, which raised ROS levels to suppress
RORfYt expression, the key transcription factor for Th17 cell
development (32). Subsequent mechanism research revealed that
GSH produced from de novo synthesis buffers ROS to relieve its
inhibition on mTORC]I, inducing Th17 cell differentiation (52). As
for Thl cells, studies had shown that administration of GSH
supplementation promoted Thl cell differentiation at the time of
viral invasion (53, 54). It has been reported that high levels of GSH
can cause APCs to release more IL-12, which can help Th1 cells to
differentiate (25). On the contrary, the consumption of GSH led to
the decrease of IL-12 secretion, induced the production of IL-4,
inhibited the production of Th1-related cytokines and/or promotes
Th2-related reactions (55). Nevertheless, the detailed regulatory
mechanisms by which GSH regulates Th1/Th2 cells differentiation
are still unclear.

4 |Intervention strategy to harness
glutaminolysis for immunotherapy

The homeostasis of CD4" T cells is particularly important for
the maintenance of organismal health, as several diseases have been
linked to aberrant CD4" T cell differentiation. For example, when
Thl and Th17 cells are differentiated excessively while Treg cell
differentiation is insufficient, hyper immunological illnesses such as
autoimmune diseases, graft rejection, and irritability result (56, 57).
Hence, reshaping the disordered CD4" T cell subsets is a simple and
promising way to achieve immunotherapy. Specifically,
intervention is required in humans to prevent the differentiation
of peripheral naive CD4" T cells into proinflammatory cells in
hyper immunological disorders. As previously described, the
glutaminolysis pathway is a proper site of intervention to regulate
the differentiation of naive CD4" T cells. In a nutshell,
glutaminolysis is primarily separated into two steps: intracellular
Gln uptake and progressive degradation. Therefore, from these
features, intervention strategies to harness glutaminolysis for
immunotherapy can also be developed (see Table 1 for details).
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TABLE 1 Regulatory interventional strategies for glutaminolysis.

10.3389/fimmu.2023.1221530

Strategy Target Regulator/Drug Mechanism Ref
RNFS D()Awn.—regu-lating ASCT?2 expression by mediating ASCT2 8)
ubiquitination
Leptin Inhibiting ASCT2 function by inhibiting Na ion flow (59)
Insulin Up-regulating ASCT2 expression by activating ERK cascade (60)
. ) ) I (61,
MiR-137 Down-regulating ASCT2 expression by sponging with its mRNA 62)
B 1-seri tei lycine, 63—
ASCT2 Gepr;zl)l; serine/cysteine/glycine Competitively inhibiting ASCT2 as Gln analog 26)
1.2.3-dithiazoles Inhibitir}g ASCT?2 function by forming mixed sulfide with Cys residue )
of protein
TPT, RV, 8T Unknown (68
70)
Ab3-8, KM4008, KM4012, Inhibiting ASCT2 function though targeting cell surface domains of (71—
Interference with Gln uptake KM4018 and KM8094 mAbs ASCT2 73)
ERK Up-regulating SNAT1 and SNAT2 expression by activating ERK 23)
cascade
SNAT1/2 15,
! GPNA Competitively inhibiting SNAT1 and SNAT2 as Gln analog (74)
MeAIB Competitively inhibiting SNAT1 and SNAT2 as Gln analog (75)
SNAT2 Compound 12, V-9302 Unknown (76)
CARMAL Down—regula?ing CARMALI expression by its ubiquitination and (77-
phosphorylation 79)
Down-regulating BCL10 expression by its ubiquitination and (79,
BCL10 .
CBM phosphorylation 80)
complex
MALT1 Down-regula?ing MALT]1 expression by its ubiquitination and 79)
phosphorylation
MALT1 inhibitor Inhibiting CBM complex function by blocking MALT1 (81)
MIiR-145, miR-23a/b, miR-194 82—
! . m a/b, mik-19 Inhibiting GLS1 expression through sponging 3’-UTR of GLS1 mRNA (
and miR-204 84)
Interf ith Gl 32,
ner eren?e e " GLS1 Down-regulating GLS1 gene expression by forming heterodimers with ¢
enzymolysis PPARy L 85,
retinoid X receptor
86)
ICER Enhancing its activity by binding to the GLS1 promoter directly (29)
HIF-100 Up-regul.ating GLSI expression via binding to hypoxia-responsive 85)
element in the gene
DON Il'lhibiting GLS1 activity through covalent modification of the ser286 36)
site as Gln analog
. - . o N (87,
BPTES, apomorphine Inhibiting GLS1 activity by stabilizing the inactive tetramer 88)
GLS1
Interference with Gln compound 968, CB-839 Allosteric inhibitors of GLS1 (?)9’
enzymolysis 90)
ebselen In'hibiting GLSl' activity by ff)rming a selenyl sulfide (-Se-S-) bond @8)
with the cys residue of proteins
chelerythrine Inhibiting GLSI activity by cT)va.lent modification of its imine moiety @8)
and the thiol group on proteins
GOT1 AOA Unknown (30)
GAC BPTES Inhibiting GAC activity by stabilizing the inactive tetramer (87)
(Continued)
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TABLE 1 Continued

Strategy Target Regulator/Drug
compound 968, CB-839,
compound 19, UPGL00004

ASCT2,
Rb
GLS1

Simultaneous interference with

Gln uptake and enzymolysis ASCT2,

SNAT1/2, c-Myc
GLS1

4.1 Interference with Gln uptake

4.1.1 ASCT2

ASCT2 is a homotrimer encoded by SLC1A5 gene, which is the
main amino acid carrier for Gln transport into cells (95). Previous
studies had revealed that inhibiting Gln uptake via targeting ASCT2
could lead to decreased differentiation of Thl and Thl17 cells
meanwhile increased differentiation of Treg cells (24, 33). As a
result, ASCT2 is a good candidate for intervention. Although the
regulatory mechanism of ASCT2 is still unclear, the following
methods have been described how to regulate ASCT2 in vivo.
RNF5, a kind of E3 ubiquitin-protein ligase, can mediate the
ubiquitination of ASCT2, leading to the down-regulated
expression of ASCT2 (58). White adipocytes secrete a protein
called leptin into the bloodstream, which is important for
controlling energy homeostasis and can prevent Gln uptake by
suppressing ASCT2 expression (59). In addition, it has been noted
that insulin activates the ERK cascade to promote ASCT2-mediated
Gln transport (60), suggesting that insulin antagonists may have
some effect on ASCT2 inhibition. A potent class of non-coding
RNAs known as microRNAs (miRNAs) controls gene expression by
interacting with target mRNAs to either prevent their translation or
promote their destruction (96). Studies have shown that miR-137
can bind to the mRNA of ASCT2, which in turn down-regulates the
expression of ASCT2, inhibiting the GIn uptake (61, 62).

Currently, research on the pharmacological intervention of
ASCT?2 is a focus in addition to the regulatory targets of ASCT?2.
Benzyl-serine, benzyl-cysteine, and phenyl-glycine have all been
reported to inhibit ASCT2 competitively, but they are not specific
ASCT?2 inhibitors because they also block the other transporters
such as LAT1 and ASCT1 (63-65). L-y-glutamyl-p-nitroanilide
(GPNA), an analog of Gln, is a kind of non-specifical blockade of
ASCT?2 (66). Except for ASCT2 blockade, GPNA can also block
SNATI, SNAT2 and LAT1 (15, 74). A recent study showed thatin a
mouse asthma model based on ovalbumin, the administration of
GPNA significantly alleviated the asthma state and reduced the level
of inflammatory cells infiltration in the body (97). The thiol/thiolate
groups of Cys are involved in covalent interactions with 1,2,3-
dithiazoles, which in turn impede ASCT2 function (67). Besides,
topotecan (TPT), resveratrol (RV) and 8-tocotrienol (8T) have also
been reported to inhibit ASCT2 (68-70). Monoclonal antibody
(mADb) development is another area of study. Studies have
demonstrated that the mAbs Ab3-8, KM4008, KM4012, KM4018,
and KM8094 can reduce Gln uptake by focusing on ASCT2’s cell
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Mechanism Ref
P (89-

Allosteric inhibitors of GAC 92)

Down-regulating mRNA transcription of ASCT2 by inhibiting 93)

transcription factor E2F3; Directly inhibiting GLS1 expression

Proteomic finding; Up-regulating target gene expression by acting as a 94)

transcription factor probably

surface domains (71-73). In a word, since the majority of the
currently available ASCT2 inhibitors are non-specific, which may
contribute to inhibition of some other AATs, leading to deficiencies
in the uptake of some other amino acids, new ASCT2 inhibitory
medications must be developed.

4.1.2 SNAT1 and SNAT2

Targeting SNAT1 and SNAT2, encoded by SLC38A1 and
SLC38A2 respectively, is the other intervention technique to
reduce Gln uptake into naive CD4" T cells because they are both
capable of mediating Gln transport into cells (98). Even though the
regulation mechanisms of SNAT proteins are currently less
explored, the following processes also show some precedent
significance. Previous research had shown that downstream ERK
activation was enhanced after TCR activation, further resulting in
the up-regulation of SNAT1 and SNAT2 to promote Gln uptake
(23). Hence, targeting ERK cascades seems to be a promising
intervention point to achieve the regulation of SNAT1 and
SNAT2. Moreover, pharmacological inhibitors, such as GPNA,
are also a direction of development. As previously mentioned,
GPNA has the ability to non-specifically inhibit SNAT1 and
SNAT2 (15, 74). Since SNAT1 and SNAT?2 are believed to belong
specifically to amino acid transport system A (ATA), N-methyl-
aminoisobutyric acid (MeAIB), a substrate of ATA, can bind
competitively with Gln to inhibit SNATI and SNAT2 (75, 98).
Initially thought to be a competitive inhibitor of ASCT2, compound
12 and its isomer V-9302, derived from 2-amino-4-bis
(aryloxybenzyl)aminobutanoic acids, were later identified as an
inhibitor of SNAT2 as research advanced (76). Combined with
the present study, the study of regulation of SNAT proteins is still
lacking, and therefore, it will be a potential direction of research.

4.1.3 CBM complex

The CBM complex is composed of the scaffolding protein
CARMAL, the adaptor protein BCL10, and the para-caspase
enzyme MALT1 (99). It was previously shown that the CBM
complex acted as a bridge to transmit the activated TCR signal to
the downstream IKK/NF-kB and c-Jun N-terminal kinase (JNK)
pathways, thereby causing T cell activation (100). Nakaya et al.
found that knockout of any one of the constituent proteins of the
CBM complex can result in attenuated Gln uptake and in particular
loss of CARMAL also resulted in down-regulation of ASCT2
mRNA levels both basal and after TCR stimulation (24). As a
result, by assisting Gln to enter cells during signal transduction after
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TCR stimulation, the CBM complex functions more as an
intermediary bridge. The primary regulatory mechanisms for the
CBM complex, according to the available reports, are its
ubiquitination and phosphorylation (77). For example, CARMA1
may be ubiquitinated by the E3 ubiquitin-protein ligase CBL-b,
which will subsequently cause it to be degraded (78). There are
several CARMA1-related regulatory mechanisms of
phosphorylation and ubiquitination, aside from the CBL-b, that
have been well examined (for more information, see refs (77, 79)).
Similar to CARMALI, these two methods equally regulate BCL10
and MALTI. For instance, the NEMO/IKKf complex has the ability
to phosphorylate BCL10 at Thr-81 and Ser-85, leading to BCL10
destruction through the lysosomal pathway (80). More relevant
regulatory mechanisms about the ubiquitination and
phosphorylation of CBM complex can be found in ref (79).
Contrary to CARMAL and BCL10, MALT1 has a strong
foundation in pharmaceutical research because it is the only
human para-caspase that has received significant attention as an
immunomodulatory target for the treatment of autoimmune and
inflammatory illnesses. To disturb MALT1, numerous compounds
have been created, and drug clinical trials have even started (see (81)
for more information). Overall, greater research in this area is
worthwhile because the CBM complex appears to be a novel and
promising intervention target for reducing the uptake of Gln.

4.2 Interference with Gln enzymolysis

4.2.1GLS1

GLS1, located in mitochondria, is the first enzyme of
glutaminolysis, which plays a role in regulating cell metabolism,
maintaining cell redox balance and GSH biosynthesis (14). Previous
research has demonstrated that blocking GLS1 could result in
increased Treg cell differentiation and decreased Th17 cell
differentiation (12, 32). Thus, in order to restore the balance of
Th17/Treg cells in some disorders brought on by Th17 over-
differentiation, targeting GLS1 may be a promising approach.
GLSL1 is a type of enzyme that can be regulated in vivo through a
variety of ways. For example, by sponging the 3-UTR of GLS1
mRNA, miR-145 and miR-23a/b can decrease the expression of
GLS1 (82, 83). In addition, database mining research revealed that
miR-194 and miR-204 might specifically target GLS1 and limit its
expression (84). By forming heterodimers with the retinoid X
receptor (RXR), the transcription factor peroxisome proliferator-
activated receptor gamma (PPARY) can regulate the expression of
its target genes (101). Miao et al. revealed that PPARy agonists could
remold the balance of Th17/Treg cells via down-regulate GLSI
expression in dextran sulfate sodium (DSS)-induced colitis and
house dust mite (HDM)/lipopolysaccharide (LPS)-induced asthma
mouse models (32). Consistently, Yang et al. used Bergenin, a
PPARY agonist, to block the differentiation of naive CD4" T cells
into Th17 cells by inhibiting GLS1-dependent glutaminolysis under
Th17-polarizing condition, thus alleviating asthma in mouse model
(102). The transcription factor inducible cAMP early repressor
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(ICER) had been shown to enhance its activity by binding to the
GLS1 promoter directly, promoting the differentiation of Th17 cells
(29). HIF-1o. can also increase the expression of GLS1 via binding
to the hypoxia-responsive element (HRE) in the GLS1 gene (85).
Thus, inhibiting ICER and HIF-1a by exploring methods is also a
reliable strategy for GLS1 blockade. Besides, a series of inhibitors
have been developed to target GLSI. 6-diazo-5-oxo-L-norleucine
(DON), a common GLS1 inhibitor, competitively inhibits GLS1 by
acting as a substrate Gln analogue (86). Specifically, DON binds to
the active site of GLS1 by covalently modifying the ser286 site,
preventing GLS1 from functioning (86). Bis-2-(5-phenylacetamido-
1,3,4-thiadiazol-2-yl) ethyl sulfide (BPTES) is a GLS1 non-selective
inhibitor, which can function by stabilizing the inactive tetramer
(87). According to research, administering the GLS1 inhibitor
BPTES reduced the excessive differentiation of Th17 cells in naive
CD4" T cells from SLE patients, which is consistent with the results
of GLS1 conditional knockout in the experimental autoimmune
encephalomyelitis mouse model (103). Besides, 5-[3-Bromo-4-
(dimethylamino) phenyl]-2, 3, 5, 6-tetrahydro-2-dimethyl-benzo
[a] phenanth-ridin-4 (1H)-one (namely compound 968),
telaglenastat (CB-839), ebselen, chelerythrine and apomorphine
are also GLS1 inhibitor reportedly (88-90). An example is that
after intraperitoneal injection of GLS1 CB-839, the imbalance of
Th1/Th2 and Th17/Treg was rectified, alleviating the SLE
development (48).

4.2.2 Other enzymes

Except for GLS1, GAC, GLUD1, GOTI1, GOT2, GPT2 and
IDH]1 are other metabolic enzymes of glutaminolysis, implying that
they are also potential regulatory targets. For instance, by reshaping
the balance between Th17 and Treg cells, selective inhibition of
GOT1 with (aminooxy)acetic acid (AOA) ameliorates experimental
autoimmune encephalomyelitis in mice (30). Several GLSI
inhibitors (BPTES, compound 968, CB-839), compound 19 and
UPGL00004 have also been reported to inhibit GAC (87, 89-92).
Besides, IDH]1, the primary catalytic enzyme for 2-HG synthesis
and a key regulator of naive CD4" T cell differentiation, has
enormous promise as a target for therapeutic intervention.
Therefore, more mechanistic research is required to establish the
foundation for future target discovery for these downstream
metabolic enzymes.

Nevertheless, current studies on the inhibition of Gln
metabolizing enzymes mainly focus on Th17 and Treg cells.
Inhibition of glutaminolysis enzymes GLS1 alone may cause
aberrant Thl cell differentiation, as revealed by Johnson (34). The
reason might be related to the inhibition of GLSI, leading to
excessive intracellular Gln accumulation, which might in turn
undergo some substance exchange and biological reactions via
certain amino acid transporters, but regretfully, they could not
further design to support this theory. Thus, inhibiting Gln
metabolizing enzymes alone may be a good treatment in diseases
brought on by abnormalities of Th17/Treg cells, but it still requires
additional research in conditions where Th1 cells are predominate.
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4.3 Simultaneous interference with Gln
uptake and enzymolysis

Both glutamine uptake and metabolic catabolic enzymes can be
regulated simultaneously in vivo in addition to being targeted
separately. According to reports, the RB transcriptional
corepressor (Rb) can adversely regulate both ASCT2 and GLSI
expression at the same time. Deletion of Rb can both increase
ASCT2 mRNA transcription through an E2F3-dependent
mechanism and directly suppress GLS1 expression (93). The
function of the c-Myc protein in T cells, which functions as a
genetic switch to regulate a number of cellular metabolisms, has
been discovered in recent years. Studies had revealed that upon
TCR activation, metabolic reprograming of T cells occurred via up-
regulating c-Myc (94, 104). Moreover, it is found that up-regulated
c-Myc in T cells could cause the up-regulated expression of ASCT2,
SNAT1, SNAT2 and LAT1 by proteomic analysis (94). Therefore,
these data suggest that simultaneous inhibition of Gln uptake and
enzymolysis can be achieved by inhibiting c-Myc. Previous studies
had shown that immune checkpoints such as CTLA-4, PD-LI in
tumor cell could prevent TCR activation and, therefore further
inhibiting downstream metabolic reprogramming (105). In this
regard, designing to up-regulate these expressions in immune-
excessive non-neoplastic diseases is perhaps also a therapeutic
strategy via blocking the Gln uptake and enzymolysis in T cells.

5 Conclusion

In conclusion, glutaminolysis plays an irreplaceable role during
the differentiation of peripheral CD4" T cells. Upon TCR activation,
najve CD4" T cells start taking up Gln in large amounts to promote
Th1, Th17 cell differentiation and inhibit Treg cell differentiation
through several mechanisms including epigenetic regulation,
mTORCL1 activation and GSH pathway. After inhibition of
glutaminolysis, there was an opposite trend in peripheral naive
CD4" T cell differentiation. Therefore, regulation of peripheral Th1,
Th17, and Treg cell differentiation by intervening glutaminolysis in
naive CD4" T cells shows great potential to be exploited in immune-
excessive diseases. Besides, in other diseases such as tumor, as an
infinitely proliferating cell, it requires a large amount of Gln uptake
and decomposition, as do anti-tumor CD4" T cells such as Th1 and
Th17 cells. So, although inhibition of Glutaminolysis in tumor cells
is effective, it has not completely cleared the tumor lesions, which
may be related to the tendency of CD4" T differentiation changes to
Treg after Glutaminolysis inhibition. Meanwhile, although there are
many studies focusing on glutaminolysis and naive CD4" T cell
differentiation, most of these studies focused on mouse cells in vitro.
Studies on human naive CD4" T cell differentiation are still
relatively lacking, and this is perhaps an area in which we deserve
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to explore in-depth. Moreover, at present, there are a few related
reports on the regulation of Th2 cell differentiation by
glutaminolysis, and how it regulates Th2 cell differentiation is still
unknown, thus it is necessary to carry out related researches. Taken
together, we summarized the existing studies, concluding several
different interventional strategies for glutaminolysis. These
strategies are currently mostly used in tumor diseases, and their
application in inflammatory diseases still needs to be experimentally
confirmed. Therefore, we expect to be able to guide directions on
how to appropriately utilize glutaminolysis for future basic research
and clinical applications in inflammatory diseases.

Author contributions

TL, SR, CS drafted manuscript, have contributed equally to this
work and should be considered co-first authors. PZ helped in
literature searching. HW provided administrative and financial
support, manuscript revision and final approval of the
manuscript. All authors contributed to the article and approved
the submitted version.

Funding

This work was supported by grants to Hao Wang from the
National Natural Science Foundation of China (No. 82071802 and
82270794), Natural Science Foundation of Tianjin (No.
21JCYBJC00850), Science and Technology Project of Tianjin
Health Commission (No. TJWJ2021MS004), and Tianjin Key
Medical Discipline (Specialty) Construction Project
(TJYXZDXK-076C).

Conflict of interest

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

Publisher’'s note

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

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1221530
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liu et al.

References

1. Kumar BV, Connors TJ, Farber DL. Human T cell development, localization, and
function throughout life. Immunity (2018) 48(2):202-13. doi: 10.1016/
jimmuni.2018.01.007

2. Akdis M, Palomares O, van de Veen W, van Splunter M, Akdis CA. T(H)17 and T
(H)22 cells: a confusion of antimicrobial response with tissue inflammation versus
protection. J Allergy Clin Immunol (2012) 129(6):1438-49. doi: 10.1016/
j.jaci.2012.05.003

3. Laidlaw BJ, Craft JE, Kaech SM. The multifaceted role of Cd4(+) T cells in Cd8(+)
T cell memory. Nat Rev Immunol (2016) 16(2):102-11. doi: 10.1038/nri.2015.10

4. Crotty S. Follicular helper CD4 T cells (TFH). Annu Rev Immunol (2011) 29:621-
63. doi: 10.1146/annurev-immunol-031210-101400

5. Oh DY, Fong L. Cytotoxic Cd4(+) T cells in cancer: expanding the immune
effector toolbox. Immunity (2021) 54(12):2701-11. doi: 10.1016/j.immuni.2021.11.015

6. Dumitru C, Kabat AM, Maloy KJ. Metabolic adaptations of Cd4(+) T cells in
inflammatory disease. Front Immunol (2018) 9:540. doi: 10.3389/fimmu.2018.00540

7. Notarbartolo S, Abrignani S. Human T lymphocytes at tumor sites. Semin
Immunopathol (2022) 44(6):883-901. doi: 10.1007/500281-022-00970-4

8. Shan J, Jin H, Xu Y. T Cell metabolism: a new perspective on Th17/Treg cell
imbalance in systemic lupus erythematosus. Front Immunol (2020) 11:1027.
doi: 10.3389/fimmu.2020.01027

9. Dhital R, Anand S, Graber B, Zeng Q, Velazquez VM, Boddeda SR, et al. Murine
cytomegalovirus promotes renal allograft inflammation Via Th1/17 cells and il-17a.
Am ] Transplant (2022) 22(10):2306-22. doi: 10.1111/ajt.17116

10. Yang L, Venneti S, Nagrath D. Glutaminolysis: a hallmark of cancer metabolism.
Annu Rev Biomed Eng (2017) 19:163-94. doi: 10.1146/annurev-bioeng-071516-044546

11. Lee C-F, Cheng C-H, Hung H-C, Chan K-M, Lee W-C. Targeting glutamine
metabolism as an effective means to promote allograft acceptance while inhibit tumor
growth. Transplant Immunol (2020) 63. doi: 10.1016/j.trim.2020.101336

12. Xia XC, Cao GC, Sun GD, Zhu LQ, Tian YX, Song YQ, et al. Gls1-mediated
glutaminolysis unbridled by Maltl protease promotes psoriasis pathogenesis. J Clin
Invest (2020) 130(10):5180-96. doi: 10.1172/jci129269

13. Kanai Y, Clemencon B, Simonin A, Leuenberger M, Lochner M, Weisstanner M,
et al. The Slc1 high-affinity glutamate and neutral amino acid transporter family. Mol
Aspects Med (2013) 34(2-3):108-20. doi: 10.1016/j.mam.2013.01.001

14. Yoo HC, Yu YC, Sung Y, Han JM. Glutamine reliance in cell metabolism. Exp
Mol Med (2020) 52(9):1496-516. doi: 10.1038/s12276-020-00504-8

15. Broer A, Rahimi F, Broer S. Deletion of amino acid transporter Asct2 (Slcla5)
reveals an essential role for transporters Snatl (Slc38al) and Snat2 (Slc38a2) to sustain
glutaminolysis in cancer cells. J Biol Chem (2016) 291(25):13194-205. doi: 10.1074/
jbc.M115.700534

16. Yoo HC, Park SJ, Nam M, Kang J, Kim K, Yeo JH, et al. A variant of Slcla5 is a
mitochondrial glutamine transporter for metabolic reprogramming in cancer cells. Cell
Metab (2020) 31(2):267-+. doi: 10.1016/j.cmet.2019.11.020

17. Jin J, Byun J-K, Choi Y-K, Park K-G. Targeting glutamine metabolism as a
therapeutic strategy for cancer. Exp Mol Med (2023) 55(4):706-15. doi: 10.1038/
512276-023-00971-9

18. Luo MY, Zhou Y, Gu WM, Wang C, Shen N-X, Dong JK, et al. Metabolic and
nonmetabolic functions of Psatl coordinate signaling cascades to confer egfr inhibitor
resistance and drive progression in lung adenocarcinoma. Cancer Res (2022) 82
(19):3516-31. doi: 10.1158/0008-5472.Can-21-4074

19. Raineri S, Mellor J. Idhl: linking metabolism and epigenetics. Front Genet
(2018) 9:493. doi: 10.3389/fgene.2018.00493

20. Han C, Ge M, Ho P-C, Zhang L. Fueling T-cell antitumor immunity: amino acid
metabolism revisited. Cancer Immunol Res (2021) 9(12):1373-82. doi: 10.1158/2326-
6066.Cir-21-0459

21. Jenkins MK, Khoruts A, Ingulli E, Mueller DL, McSorley SJ, Reinhardt RL, et al.
In vivo activation of antigen-specific Cd4 T cells. Annu Rev Immunol (2001) 19:23-45.
doi: 10.1146/annurev.immunol.19.1.23

22. Geltink RIK, Kyle RL, Pearce EL. Unraveling the complex interplay between T
cell metabolism and function. Annu Rev Immunol (2018) 36:461-88. doi: 10.1146/
annurev-immunol-042617-053019

23. Carr EL, Kelman A, Wu GS, Gopaul R, Senkevitch E, Aghvanyan A, et al.
Glutamine uptake and metabolism are coordinately regulated by Erk/Mapk during T
lymphocyte activation. J Immunol (2010) 185(2):1037-44. doi: 10.4049/
jimmunol.0903586

24. Nakaya M, Xiao Y, Zhou X, Chang J-H, Chang M, Cheng X, et al. Inflammatory
T cell responses rely on amino acid transporter Asct2 facilitation of glutamine uptake
and Mtorcl kinase activation. Immunity (2014) 40(5):692-705. doi: 10.1016/
jimmuni.2014.04.007

25. Murata Y, Shimamura T, Tagami T, Takatsuki F, Hamuro J. The skewing to Th1
induced by lentinan is directed through the distinctive cytokine production by
macrophages with elevated intracellular glutathione content. Int Immunopharmacol
(2002) 2(5):673-89. doi: 10.1016/s1567-5769(01)00212-0

Frontiers in Immunology

10.3389/fimmu.2023.1221530

26. Song ZX, Yuan WJ, Zheng LT, Wang XA, Kuchroo VK, Mohib K, et al. B cell il-4
drives Th2 responses in vivo, ameliorates allograft rejection, and promotes allergic
airway disease. Front Immunol (2022) 13:762390. doi: 10.3389/fimmu.2022.762390

27. Yang G, Xia Y, Ren W. Glutamine metabolism in Th17/Treg cell fate:
applications in Th17 cell-associated diseases. Sci China-Life Sci (2021) 64(2):221-33.
doi: 10.1007/s11427-020-1703-2

28. Gagne LM, Boulay K, Topisirovic I, Huot M-E, Mallette FA. Oncogenic activities
of Idh1/2 mutations: from epigenetics to cellular signaling. Trends Cell Biol (2017) 27
(10):738-52. doi: 10.1016/j.tcb.2017.06.002

29. Kono M, Yoshida N, Maeda K, Tsokos GC. Ltranscriptional factor icer promotes
glutaminolysis and the generation of Th17 cells. Proc Natl Acad Sci United States
America (2018) 115(10):2478-83. doi: 10.1073/pnas.1714717115

30. Xu T, Stewart KM, Wang X, Liu K, Xie M, Ryu JK, et al. Metabolic control of T
(H)17 and induced T(Reg) cell balance by an epigenetic mechanism. Nature (2017) 548
(7666):228-33. doi: 10.1038/nature23475

31. YangZ, Jiang B, Wang Y, Ni H, Zhang J, Xia J, et al. 2-Hg inhibits necroptosis by
stimulating Dnmt1-dependent hypermethylation of the Rip3 promoter. Cell Rep (2017)
19(9):1846-57. doi: 10.1016/j.celrep.2017.05.012

32. MiaoY, Zheng Y, Geng Y, Yang L, Cao N, Dai Y, et al. The role of Gls1-mediated
Glutaminolysis/2-Hg/H3k4me3 and Gsh/Ros signals in Th17 responses counteracted
by ppar gamma agonists. Theranostics (2021) 11(9):4531-48. doi: 10.7150/thno.54803

33. Klysz D, Tai X, Robert PA, Craveiro M, Cretenet G, Oburoglu L, et al.
Glutamine-dependent alpha-ketoglutarate production regulates the balance between
T helper 1 cell and regulatory T cell generation. Sci Signaling (2015) 8(396).
doi: 10.1126/scisignal.aab2610

34. Johnson MO, Wolf MM, Madden MZ, Andrejeva G, Sugiura A, Contreras DC,
et al. Distinct regulation of Th17 and Th1 cell differentiation by glutaminase-dependent
metabolism. Cell (2018) 175(7):1780—+. doi: 10.1016/j.cell.2018.10.001

35. Boyman O, Sprent J. The role of interleukin-2 during homeostasis and activation
of the immune system. Nat Rev Immunol (2012) 12(3):180-90. doi: 10.1038/nri3156

36. Huang H, Long L, Zhou P, Chapman NM, Chi H. Mtor signaling at the
crossroads of environmental signals and T-cell fate decisions. Immunol Rev (2020) 295
(1):15-38. doi: 10.1111/imr.12845

37. Delgoffe GM, Pollizzi KN, Waickman AT, Heikamp E, Meyers D], Horton MR,
et al. The kinase mtor regulates the differentiation of helper T cells through the selective
activation of signaling by Mtorcl and Mtorc2. Nat Immunol (2011) 12(4):295-U117.
doi: 10.1038/ni.2005

38. Chornoguz O, Hagan RS, Haile A, Arwood ML, Gamper CJ, Banerjee A, et al.
Mtorcl promotes T-bet phosphorylation to regulate Thl differentiation. J Immunol
(2017) 198(10):3939-48. doi: 10.4049/jimmunol.1601078

39. Wang P, Zhang Q, Tan L, Xu Y, Xie X, Zhao Y. The regulatory effects of mtor
complexes in the differentiation and function of Cd4(+) T cell subsets. ] Immunol Res
(2020) 2020. doi: 10.1155/2020/3406032

40. Dang EV, Barbi ], Yang H-Y, Jinasena D, Yu H, Zheng Y, et al. Control of T(H)
17/T-reg balance by hypoxia-inducible factor 1. Cell (2011) 146(5):772-84.
doi: 10.1016/j.cell.2011.07.033

41. Kurebayashi Y, Nagai S, Ikejiri A, Ohtani M, Ichiyama K, Baba Y, et al. Pi3k-
Akt-Mtorc1-S6k1/2 axis controls Th17 differentiation by regulating Gfil expression
and nuclear translocation of ror gamma. Cell Rep (2012) 1(4):360-73. doi: 10.1016/
j.celrep.2012.02.007

42. Shi LZ, Wang R, Huang G, Vogel P, Neale G, Green DR, et al. Hifl alpha-
dependent glycolytic pathway orchestrates a metabolic checkpoint for the
differentiation of T(H)17 and T-reg cells. ] Exp Med (2011) 208(7):1367-76.
doi: 10.1084/jem.20110278

43. Jewell JL, Kim YC, Russell RC, Yu FX, Park HW, Plouffe SW, et al. Differential
regulation of Mtorcl by leucine and glutamine. Science (2015) 347(6218):194-8.
doi: 10.1126/science.1259472

44. Meng DL, Yang QM, Wang HY, Melick CH, Navlani R, Frank AR, et al.
Glutamine and asparagine activate Mtorcl independently of rag gtpases. ] Biol Chem
(2020) 295(10):2890-9. doi: 10.1074/jbc.AC119.011578

45. GuX, Orozco JM, Saxton RA, Condon KJ, Liu GY, Krawczyk PA, et al. Samtor is
an s-adenosylmethionine sensor for the Mtorcl pathway. Science (2017) 358
(6364):813-8. doi: 10.1126/science.aa03265

46. Nicklin P, Bergman P, Zhang B, Triantafellow E, Wang H, Nyfeler B, et al.
Bidirectional transport of amino acids regulates mtor and autophagy. Cell (2009) 136
(3):521-34. doi: 10.1016/j.cell.2008.11.044

47. Song W, Li D, Tao L, Luo Q, Chen L. Solute carrier transporters: the metabolic
gatekeepers of immune cells. Acta Pharm Sin B (2020) 10(1):61-78. doi: 10.1016/
j.apsb.2019.12.006

48. Zhang X, Wang G, Bi Y, Jiang Z, Wang X. Inhibition of glutaminolysis
ameliorates lupus by regulating T and b cell subsets and downregulating the Mtor/
P70s6k/4ebpl and Nlrp3/Caspase-1/Il-1 beta pathways in Mrl/Lpr mice. Int
Immunopharmacol (2022) 112. doi: 10.1016/j.intimp.2022.109133

frontiersin.org


https://doi.org/10.1016/j.immuni.2018.01.007
https://doi.org/10.1016/j.immuni.2018.01.007
https://doi.org/10.1016/j.jaci.2012.05.003
https://doi.org/10.1016/j.jaci.2012.05.003
https://doi.org/10.1038/nri.2015.10
https://doi.org/10.1146/annurev-immunol-031210-101400
https://doi.org/10.1016/j.immuni.2021.11.015
https://doi.org/10.3389/fimmu.2018.00540
https://doi.org/10.1007/s00281-022-00970-4
https://doi.org/10.3389/fimmu.2020.01027
https://doi.org/10.1111/ajt.17116
https://doi.org/10.1146/annurev-bioeng-071516-044546
https://doi.org/10.1016/j.trim.2020.101336
https://doi.org/10.1172/jci129269
https://doi.org/10.1016/j.mam.2013.01.001
https://doi.org/10.1038/s12276-020-00504-8
https://doi.org/10.1074/jbc.M115.700534
https://doi.org/10.1074/jbc.M115.700534
https://doi.org/10.1016/j.cmet.2019.11.020
https://doi.org/10.1038/s12276-023-00971-9
https://doi.org/10.1038/s12276-023-00971-9
https://doi.org/10.1158/0008-5472.Can-21-4074
https://doi.org/10.3389/fgene.2018.00493
https://doi.org/10.1158/2326-6066.Cir-21-0459
https://doi.org/10.1158/2326-6066.Cir-21-0459
https://doi.org/10.1146/annurev.immunol.19.1.23
https://doi.org/10.1146/annurev-immunol-042617-053019
https://doi.org/10.1146/annurev-immunol-042617-053019
https://doi.org/10.4049/jimmunol.0903586
https://doi.org/10.4049/jimmunol.0903586
https://doi.org/10.1016/j.immuni.2014.04.007
https://doi.org/10.1016/j.immuni.2014.04.007
https://doi.org/10.1016/s1567-5769(01)00212-0
https://doi.org/10.3389/fimmu.2022.762390
https://doi.org/10.1007/s11427-020-1703-2
https://doi.org/10.1016/j.tcb.2017.06.002
https://doi.org/10.1073/pnas.1714717115
https://doi.org/10.1038/nature23475
https://doi.org/10.1016/j.celrep.2017.05.012
https://doi.org/10.7150/thno.54803
https://doi.org/10.1126/scisignal.aab2610
https://doi.org/10.1016/j.cell.2018.10.001
https://doi.org/10.1038/nri3156
https://doi.org/10.1111/imr.12845
https://doi.org/10.1038/ni.2005
https://doi.org/10.4049/jimmunol.1601078
https://doi.org/10.1155/2020/3406032
https://doi.org/10.1016/j.cell.2011.07.033
https://doi.org/10.1016/j.celrep.2012.02.007
https://doi.org/10.1016/j.celrep.2012.02.007
https://doi.org/10.1084/jem.20110278
https://doi.org/10.1126/science.1259472
https://doi.org/10.1074/jbc.AC119.011578
https://doi.org/10.1126/science.aao3265
https://doi.org/10.1016/j.cell.2008.11.044
https://doi.org/10.1016/j.apsb.2019.12.006
https://doi.org/10.1016/j.apsb.2019.12.006
https://doi.org/10.1016/j.intimp.2022.109133
https://doi.org/10.3389/fimmu.2023.1221530
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liu et al.

49. Lu SC. Regulation of glutathione synthesis. Mol Aspects Med (2009) 30(1-2):42-
59. doi: 10.1016/j.mam.2008.05.005

50. Muri J, Kopf M. Redox regulation of immunometabolism. Nat Rev Immunol
(2021) 21(6):363-81. doi: 10.1038/s41577-020-00478-8

51. Lian GJ, Gnanaprakasam JNR, Wang TT, Wu RH, Chen XY, Liu LL, et al.
Glutathione De novo synthesis but not recycling process coordinates with glutamine
catabolism to control redox homeostasis and directs murine T cell differentiation. eLife
(2018) 7. doi: 10.7554/eLife.36158

52. Mak TW, Grusdat M, Duncan GS, Dostert C, Nonnenmacher Y, Cox M, et al.
Glutathione primes T cell metabolism for inflammation. Immunity (2017) 46(4):675-
89. doi: 10.1016/j.immuni.2017.03.019

53. Fraternale A, Paoletti MF, Dominici S, Buondelmonte C, Caputo A, Castaldello
A, et al. Modulation of Th1/Th2 immune responses to hiv-1 tat by new pro-gsh
molecules. Vaccine (2011) 29(40):6823-9. doi: 10.1016/j.vaccine.2011.07.101

54. Fraternale A, Paoletti MF, Dominici S, Caputo A, Castaldello A, Millo E, et al.
The increase in intra-macrophage thiols induced by new pro-gsh molecules directs the
Thl skewing in ovalbumin immunized mice. Vaccine (2010) 28(48):7676-82.
doi: 10.1016/j.vaccine.2010.09.033

55. Brundu S, Palma L, Picceri GG, Ligi D, Orlandi C, Galluzzi L, et al. Glutathione
depletion is linked with Th2 polarization in mice with a retrovirus-induced
immunodeficiency syndrome, murine aids: role of proglutathione molecules as
immunotherapeutics. ] Virol (2016) 90(16):7118-30. doi: 10.1128/jvi.00603-16

56. Khan U, Ghazanfar H. T Lymphocytes and autoimmunity. Biol T Cells Pt A Int
Rev Cell Mol Biol (2018) 341:125-68. doi: 10.1016/bs.ircmb.2018.05.008

57. Plenter RJ, Grazia T], Doan AN, Gill RG, Pietra BA. Cd4 T cells mediate cardiac
xenograft rejection Via host mhc class ii. ] Heart Lung Transplant (2012) 31(9):1018-
24. doi: 10.1016/j.healun.2012.05.018

58. Jeon Y], Khelifa S, Ratnikov B, Scott DA, Feng YM, Parisi F, et al. Regulation of
glutamine carrier proteins by Rnf5 determines breast cancer response to er stress-
inducing chemotherapies. Cancer Cell (2015) 27(3):354-69. doi: 10.1016/
j.ccell.2015.02.006

59. Ducroc R, Sakar Y, Fanjul C, Barber A, Bado A, Pilar Lostao M. Luminal leptin
inhibits I-glutamine transport in rat small intestine: involvement of Asct2 and B(0)At1.
Am ] Physiology-Gastrointestinal Liver Physiol (2010) 299(1):G179-G85. doi: 10.1152/
ajpgi.00048.2010

60. Ritchie JWA, Baird FE, Christie GR, Stewart A, Low SY, Hundal HS, et al.
Mechanisms of glutamine transport in rat adipocytes and acute regulation by cell
swelling. Cell Physiol Biochem (2001) 11(5):259-70. doi: 10.1159/000047812

61. Dong J, Xiao D, Zhao Z, Ren P, Li C, Hu Y, et al. Epigenetic silencing of
microrna-137 enhances Asct2 expression and tumor glutamine metabolism.
Oncogenesis (2017) 6. doi: 10.1038/oncsis.2017.59

62. Luo MY, Wu LF, Zhang KX, Wang H, Zhang T, Gutierrez L, et al. Mir-137
regulates ferroptosis by targeting glutamine transporter Slcla5 in melanoma. Cell Death
Differ (2018) 25(8):1457-72. doi: 10.1038/s41418-017-0053-8

63. Grewer C, Grabsch E. New inhibitors for the neutral amino acid transporter
Asct2 reveal its na+-dependent anion leak. J Physiology-London (2004) 557(3):747-59.
doi: 10.1113/jphysiol.2004.062521

64. van Geldermalsen M, Quek LE, Turner N, Freidman N, Pang A, Guan YF, et al.
Benzylserine inhibits breast cancer cell growth by disrupting intracellular amino acid
homeostasis and triggering amino acid response pathways. BMC Cancer (2018) 18.
doi: 10.1186/s12885-018-4599-8

65. Foster AC, Rangel-Diaz N, Staubli U, Yang JY, Penjwini M, Viswanath V, et al.
Phenylglycine analogs are inhibitors of the neutral amino acid transporters Asctl and
Asct2 and enhance nmda receptor-mediated Itp in rat visual cortex slices.
Neuropharmacology (2017) 126:70-83. doi: 10.1016/j.neuropharm.2017.08.010

66. Esslinger CS, Cybulski KA, Rhoderick JF. N-Gamma-Aryl glutamine analogues
as probes of the Asct2 neutral amino acid transporter binding site. Bioorg Med Chem
(2005) 13(4):1111-8. doi: 10.1016/j.bmc.2004.11.028

67. Oppedisano F, Catto M, Koutentis PA, Nicolotti O, Pochini L, Koyioni M, et al.
Inactivation of the Glutamine/Amino acid transporter Asct2 by 1,2,3-dithiazoles:
proteoliposomes as a tool to gain insights in the molecular mechanism of action and
of antitumor activity. Toxicol Appl Pharmacol (2012) 265(1):93-102. doi: 10.1016/
j-taap.2012.09.011

68. Wang L, Liu Y, Zhao T-L, Li Z-Z, He J-Y, Zhang B-], et al. Topotecan induces
apoptosis Via Asct2 mediated oxidative stress in gastric cancer. Phytomedicine (2019)
57:117-28. doi: 10.1016/j.phymed.2018.12.011

69. Liu Z, Peng Q, Li Y, Gao Y. Resveratrol enhances cisplatin-induced apoptosis in
human hepatoma cells Via glutamine metabolism inhibition. Bmb Rep (2018) 51
(9):474-9. doi: 10.5483/BMBRep.2018.51.9.114

70. Rajasinghe LD, Hutchings M, Gupta SV. Delta-tocotrienol modulates glutamine
dependence by inhibiting Asct2 and Latl transporters in non-small cell lung cancer
(Nscle) cells: a metabolomic approach. Metabolites (2019) 9(3). doi: 10.3390/
metabo9030050

71. Hara Y, Minami Y, Yoshimoto S, Hayashi N, Yamasaki A, Ueda S, et al. Anti-
tumor effects of an antagonistic mab against the Asct2 amino acid transporter on kras-
mutated human colorectal cancer cells. Cancer Med (2020) 9(1):302-12. doi: 10.1002/
cam4.2689

72. Suzuki M, Toki H, Furuya A, Ando H. Establishment of monoclonal antibodies
against cell surface domains of Asct2/Slcla5 and their inhibition of glutamine-

Frontiers in Immunology

11

10.3389/fimmu.2023.1221530

dependent tumor cell growth. Biochem Biophys Res Commun (2017) 482(4):651-7.
doi: 10.1016/j.bbrc.2016.11.089

73. Osanai-Sasakawa A, Hosomi K, Sumitomo Y, Takizawa T, Tomura-Suruki S,
Imaizumi M, et al. An anti-Asct2 monoclonal antibody suppresses gastric cancer
growth by inducing oxidative stress and antibody dependent cellular toxicity in
preclinical models. Am J Cancer Res (2018) 8(8):1499-513.

74. Chiu M, Sabino C, Taurino G, Bianchi MG, Andreoli R, Giuliani N, et al. Gpna
inhibits the sodium-independent transport system 1 for neutral amino acids. Amino
Acids (2017) 49(8):1365-72. doi: 10.1007/s00726-017-2436-z

75. Kanamori K, Ross BD. Electrographic seizures are significantly reduced by in
vivo inhibition of neuronal uptake of extracellular glutamine in rat hippocampus.
Epilepsy Res (2013) 107(1-2):20-36. doi: 10.1016/j.eplepsyres.2013.08.007

76. Broer A, Fairweather S, Broer S. Disruption of amino acid homeostasis by novel
Asct2 inhibitors involves multiple targets. Front Pharmacol (2018) 9:785. doi: 10.3389/
fphar.2018.00785

77. Roche MI, Ramadas RA, Medoftf BD. The role of Carmal in T cells. Crit Rev
Immunol (2013) 33(3):219-43. doi: 10.1615/CritRevImmunol.2013007056

78. Kojo S, Elly C, Harada Y, Langdon WY, Kronenberg M, Liu YC. Mechanisms of
nkt cell anergy induction involve cbl-B-Promoted monoubiquitination of Carmal. Proc
Natl Acad Sci United States America (2009) 106(42):17847-51. doi: 10.1073/
pnas.0904078106

79. Lork M, Staal J, Beyaert R. Ubiquitination and phosphorylation of the Card11-
Bcl10-Maltl signalosome in T cells. Cell Immunol (2019) 340. doi: 10.1016/
j.cellimm.2018.11.001

80. Lobry C, Lopez T, Israel A, Weil R. Negative feedback loop in T cell activation
through I kappa b kinase-induced phosphorylation and degradation of Bcl10. Proc Natl
Acad Sci United States America (2007) 104(3):908-13. doi: 10.1073/pnas.0606982104

81. Hamp I, O'Neill TJ, Plettenburg O, Krappmann D. A patent review of Maltl
inhibitors (2013-present). Expert Opin Ther Patents (2021) 31(12):1079-96.
doi: 10.1080/13543776.2021.1951703

82. Li B, Cao Y, Meng G, Qian L, Xu T, Yan C, et al. Targeting glutaminase 1
attenuates sternness properties in hepatocellular carcinoma by increasing reactive
oxygen species and suppressing Wnt/Beta-catenin pathway. Ebiomedicine (2019)
39:239-54. doi: 10.1016/j.ebiom.2018.11.063

83. QuX, SunJ, Zhang Y, LiJ, HuJ, Li K, et al. C-Myc-Driven glycolysis Via txnip
suppression is dependent on glutaminase-mondoa axis in prostate cancer. Biochem
Biophys Res Commun (2018) 504(2):415-21. doi: 10.1016/j.bbrc.2018.08.069

84. Ge Y, Yan X, Jin Y, Yang X, Yu X, Zhou L, et al. Fmirna-192 and mirna-204
directly suppress Incrna hottip and interrupt Glsl-mediated glutaminolysis in
hepatocellular carcinoma. PloS Genet (2015) 11(12). doi: 10.1371/journal.pgen.1005726

85. Xiang L, Mou J, Shao B, Wei Y, Liang H, Takano N, et al. Glutaminase 1
expression in colorectal cancer cells is induced by hypoxia and required for tumor
growth, invasion, and metastatic colonization. Cell Death Dis (2019) 10. doi: 10.1038/
541419-018-1291-5

86. Thangavelu K, Chong QY, Low BC, Sivaraman J. Structural basis for the active
site inhibition mechanism of human kidney-type glutaminase (Kga). Sci Rep (2014) 4.
doi: 10.1038/srep03827

87. Robinson MM, McBryant SJ, Tsukamoto T, Rojas C, Ferraris DV, Hamilton SK,
et al. Novel mechanism of inhibition of rat kidney-type glutaminase by bis-2-(5-
Phenylacetamido-1,2,4-Thiadiazol-2-Y])Ethyl sulfide (Bptes). Biochem ] (2007)
406:407-14. doi: 10.1042/bj20070039

88. Thomas AG, Rojas C, Tanega C, Shen M, Simeonov A, Boxer MB, et al. Kinetic
characterization of ebselen, chelerythrine and apomorphine as glutaminase inhibitors.
Biochem Biophys Res Commun (2013) 438(2):243-8. doi: 10.1016/j.bbrc.2013.06.110

89. Stalnecker CA, Ulrich SM, Li Y, Ramachandran S, McBrayer MK, DeBerardinis
RJ, et al. Mechanism by which a recently discovered allosteric inhibitor blocks
glutamine metabolism in transformed cells. Proc Natl Acad Sci United States
America (2015) 112(2):394-9. doi: 10.1073/pnas.1414056112

90. McDermott LA, Iyer P, Vernetti L, Rimer S, Sun J, Boby M, et al. Design and
evaluation of novel glutaminase inhibitors. Bioorg Med Chem (2016) 24(8):1819-39.
doi: 10.1016/j.bmc.2016.03.009

91. Cederkvist H, Kolan SS, Wik JA, Sener Z, Skalhegg BS. Identification and
characterization of a novel glutaminase inhibitor. FEBS Open Bio (2022) 12(1):163-74.
doi: 10.1002/2211-5463.13319

92. Huang Q, Stalnecker C, Zhang C, McDermott LA, Iyer P, O'Neill J, et al.
Characterization of the interactions of potent allosteric inhibitors with glutaminase ¢, a
key enzyme in cancer cell glutamine metabolism. J Biol Chem (2018) 293(10):3535-45.
doi: 10.1074/jbc.M117.810101

93. Reynolds MR, Lane AN, Robertson B, Kemp S, Liu Y, Hill BG, et al. Control of
glutamine metabolism by the tumor suppressor Rb. Oncogene (2014) 33(5):556-66.
doi: 10.1038/0nc.2012.635

94. Marchingo JM, Sinclair LV, Howden AJM, Cantrell DA. Quantitative analysis of
how myc controls T cell proteomes and metabolic pathways during T cell activation.
eLife (2020) 9. doi: 10.7554/eLife.53725

95. Yu XD, Plotnikova O, Bonin PD, Subashi TA, McLellan TJ, Dumlao D, et al.
Cryo-em structures of the human glutamine transporter Slcla5 (Asct2) in the outward-
facing conformation. eLife (2019) 8. doi: 10.7554/eLife.48120

96. Krol J, Loedige I, Filipowicz W. The widespread regulation of microrna
biogenesis, function and decay. Nat Rev Genet (2010) 11(9):597-610. doi: 10.1038/
nrg2843

frontiersin.org


https://doi.org/10.1016/j.mam.2008.05.005
https://doi.org/10.1038/s41577-020-00478-8
https://doi.org/10.7554/eLife.36158
https://doi.org/10.1016/j.immuni.2017.03.019
https://doi.org/10.1016/j.vaccine.2011.07.101
https://doi.org/10.1016/j.vaccine.2010.09.033
https://doi.org/10.1128/jvi.00603-16
https://doi.org/10.1016/bs.ircmb.2018.05.008
https://doi.org/10.1016/j.healun.2012.05.018
https://doi.org/10.1016/j.ccell.2015.02.006
https://doi.org/10.1016/j.ccell.2015.02.006
https://doi.org/10.1152/ajpgi.00048.2010
https://doi.org/10.1152/ajpgi.00048.2010
https://doi.org/10.1159/000047812
https://doi.org/10.1038/oncsis.2017.59
https://doi.org/10.1038/s41418-017-0053-8
https://doi.org/10.1113/jphysiol.2004.062521
https://doi.org/10.1186/s12885-018-4599-8
https://doi.org/10.1016/j.neuropharm.2017.08.010
https://doi.org/10.1016/j.bmc.2004.11.028
https://doi.org/10.1016/j.taap.2012.09.011
https://doi.org/10.1016/j.taap.2012.09.011
https://doi.org/10.1016/j.phymed.2018.12.011
https://doi.org/10.5483/BMBRep.2018.51.9.114
https://doi.org/10.3390/metabo9030050
https://doi.org/10.3390/metabo9030050
https://doi.org/10.1002/cam4.2689
https://doi.org/10.1002/cam4.2689
https://doi.org/10.1016/j.bbrc.2016.11.089
https://doi.org/10.1007/s00726-017-2436-z
https://doi.org/10.1016/j.eplepsyres.2013.08.007
https://doi.org/10.3389/fphar.2018.00785
https://doi.org/10.3389/fphar.2018.00785
https://doi.org/10.1615/CritRevImmunol.2013007056
https://doi.org/10.1073/pnas.0904078106
https://doi.org/10.1073/pnas.0904078106
https://doi.org/10.1016/j.cellimm.2018.11.001
https://doi.org/10.1016/j.cellimm.2018.11.001
https://doi.org/10.1073/pnas.0606982104
https://doi.org/10.1080/13543776.2021.1951703
https://doi.org/10.1016/j.ebiom.2018.11.063
https://doi.org/10.1016/j.bbrc.2018.08.069
https://doi.org/10.1371/journal.pgen.1005726
https://doi.org/10.1038/s41419-018-1291-5
https://doi.org/10.1038/s41419-018-1291-5
https://doi.org/10.1038/srep03827
https://doi.org/10.1042/bj20070039
https://doi.org/10.1016/j.bbrc.2013.06.110
https://doi.org/10.1073/pnas.1414056112
https://doi.org/10.1016/j.bmc.2016.03.009
https://doi.org/10.1002/2211-5463.13319
https://doi.org/10.1074/jbc.M117.810101
https://doi.org/10.1038/onc.2012.635
https://doi.org/10.7554/eLife.53725
https://doi.org/10.7554/eLife.48120
https://doi.org/10.1038/nrg2843
https://doi.org/10.1038/nrg2843
https://doi.org/10.3389/fimmu.2023.1221530
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liu et al.

97. Kim J-M, Im YN, Chung Y-J, Youm J-h, Im SY, Han MK, et al. Glutamine
deficiency shifts the asthmatic state toward neutrophilic airway inflammation. Allergy
(2022) 77(4):1180-91. doi: 10.1111/all.15121

98. Broer S. Amino acid transporters as targets for cancer therapy: why, where,
when, and how. Int ] Mol Sci (2020) 21(17). doi: 10.3390/ijms21176156

99. DeVore SB, Hershey GKK. The role of the cbm complex in allergic
inflammation and disease. J Allergy Clin Immunol (2022) 150(5):1011-30.
doi: 10.1016/j,jaci.2022.06.023

100. Shi J-h, Sun S-C. Ter signaling to nf-kappa b and Mtorcl: expanding roles of
the Carmal complex. Mol Immunol (2015) 68(2):546-57. doi: 10.1016/
j.molimm.2015.07.024

101. Li K, Wang F, Yang Z-N, Cui B, Li P-P, Li Z-Y, et al. Pml-rar alpha interaction
with Trib3 impedes ppar Gamma/Rxr function and triggers dyslipidemia in acute
promyelocytic leukemia. Theranostics (2020) 10(22):10326-40. doi: 10.7150/thno.45924

Frontiers in Immunology

12

10.3389/fimmu.2023.1221530

102. Yang L, Zheng Y, Miao Y-M, Yan W-X, Geng Y-Z, Dai Y, et al. Bergenin, a
ppar gamma agonist, inhibits Th17 differentiation and subsequent neutrophilic asthma
by preventing Gls1-dependent glutaminolysis. Acta Pharmacol Sin (2022) 43(4):963—
76. doi: 10.1038/s41401-021-00717-1

103. Kono M, Yoshida N, Maeda K, Suarez-Fueyo A, Kyttaris VC, Tsokos GC.
Glutaminase 1 inhibition reduces glycolysis and ameliorates lupus-like disease in Mrl/

Lpr mice and experimental autoimmune encephalomyelitis. Arthritis Rheumatol (2019)
71(11):1869-78. doi: 10.1002/art.41019

104. Wang R, Dillon CP, Shi LZ, Milasta S, Carter R, Finkelstein D, et al. The
transcription factor myc controls metabolic reprogramming upon T lymphocyte
activation. Immunity (2011) 35(6):871-82. doi: 10.1016/j.immuni.2011.09.021

105. Lim S, Phillips JB, da Silva LM, Zhou M, Fodstad O, Owen LB, et al. Interplay
between immune checkpoint proteins and cellular metabolism. Cancer Res (2017) 77
(6):1245-9. doi: 10.1158/0008-5472.Can-16-1647

frontiersin.org


https://doi.org/10.1111/all.15121
https://doi.org/10.3390/ijms21176156
https://doi.org/10.1016/j.jaci.2022.06.023
https://doi.org/10.1016/j.molimm.2015.07.024
https://doi.org/10.1016/j.molimm.2015.07.024
https://doi.org/10.7150/thno.45924
https://doi.org/10.1038/s41401-021-00717-1
https://doi.org/10.1002/art.41019
https://doi.org/10.1016/j.immuni.2011.09.021
https://doi.org/10.1158/0008-5472.Can-16-1647
https://doi.org/10.3389/fimmu.2023.1221530
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Glutaminolysis and peripheral CD4+ T cell differentiation: from mechanism to intervention strategy
	1 Introduction
	2 Glutaminolysis
	3 Mechanism of glutaminolysis in regulating peripheral na&iuml;ve CD4+ T cell differentiation
	3.1 Regulating peripheral CD4+ T cell differentiation via epigenetic regulation
	3.2 Regulating peripheral CD4+ T cell differentiation via mTORC1
	3.3 Regulating peripheral CD4+ T cell differentiation via GSH

	4 Intervention strategy to harness glutaminolysis for immunotherapy
	4.1 Interference with Gln uptake
	4.1.1 ASCT2
	4.1.2 SNAT1 and SNAT2
	4.1.3 CBM complex

	4.2 Interference with Gln enzymolysis
	4.2.1 GLS1
	4.2.2 Other enzymes

	4.3 Simultaneous interference with Gln uptake and enzymolysis

	5 Conclusion
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


