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Abstract

Glutamine metabolism plays a pivotal role in cancer progression, immune cell function, and the modulation

of the tumor microenvironment. Dysregulated glutamine metabolism has been implicated in cancer development
and immune responses, supported by mounting evidence. Cancer cells heavily rely on glutamine as a critical nutrient
for survival and proliferation, while immune cells require glutamine for activation and proliferation during immune
reactions. This metabolic competition creates a dynamic tug-of-war between cancer and immune cells. Targeting
glutamine transporters and downstream enzymes involved in glutamine metabolism holds significant promise

in enhancing anti-tumor immunity. A comprehensive understanding of the intricate molecular mechanisms under-
lying this interplay is crucial for developing innovative therapeutic approaches that improve anti-tumor immunity
and patient outcomes. In this review, we provide a comprehensive overview of recent advances in unraveling the tug-
of-war of glutamine metabolism between cancer and immune cells and explore potential applications of basic sci-
ence discoveries in the clinical setting. Further investigations into the regulation of glutamine metabolism in cancer
and immune cells are expected to yield valuable insights, paving the way for future therapeutic interventions.
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Introduction

Over the past two decades, remarkable progress has
been made in the field of cancer metabolism, attract-
ing widespread attention [1]. This area of research has
been inspired by Otto Warburg’s observations in 1922,
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wherein he discovered the specific glucose consump-
tion by cancer cells through the Warburg metabolic
pathway [2]. Specifically, glucose-lactate metabolism
in tumor tissues increased significantly by tenfold
compared to normal tissues under aerobic conditions,
highlighting the differences between cancer cells and
normal cells [2]. This pivotal discovery not only serves
as the foundation for fluro-18-deoxyglucose positron
emission tomography-computed tomography imag-
ing but also emphasizes the significance of investigat-
ing cancer metabolism [3]. Further investigations have
revealed that immune cells tend to preferentially uptake
glucose, while cancer cells exhibit a greater affinity for
glutamine absorption in various cancer models [4]. This
finding has prompted deeper contemplation regarding
the significance of glutamine metabolism in cancer and
immune cell research [5]. Particularly within the tumor
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microenvironment (TME), the competition for nutri-
ents and utilization of glutamine between cancer cells
and immune cells has become a focal point of study
[6]. The accumulating evidence strongly emphasizes
the critical role of glutamine metabolism in the intri-
cate interplay between cancer cells and immune cells
[7]. Delving deeper into the importance of glutamine
metabolism will further propel our understanding of
the relationship between cancer and immune cells.

In this review, we provide a comprehensive overview
of the recent advances in unraveling the tug-of-war of
glutamine metabolism between cancer and immune
cells. We discuss update of recent efforts to the molecu-
lar mechanisms involved in glutamine uptake, metabo-
lism, and its impact on cancer cell proliferation and
immune cell function. Furthermore, we review the
therapeutic strategies aimed at targeting glutamine
metabolism as a means to enhance anti-tumor immune
responses, as well as current knowledge gaps and
opportunities. The insights gained from this review
will contribute to the development of novel therapeutic
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approaches aimed at tipping the balance in favor of the
immune system and improving patient outcomes.

Glutamine emerges as a rising star in the field of cancer
immunotherapy

Glutamine, traditionally perceived as a non-essential
amino acid, has emerged as a key player in tumor biol-
ogy [8]. Initially identified by Schulze in 1883, with its
synthesis elucidated by Hans Krebs in 1935, glutamine’s
significance in organismal homeostasis was subse-
quently investigated through animal experiments [9].
Figure 1A depicts the significant progress made over
the past decades in unraveling the complexities of can-
cer and immune cell metabolism. In 1972, the crucial
role of glutamine in malignant cell oxidative metabolism
was discovered [10]. Subsequently, in 1979, the depend-
ence of cultured HeLa cells on glutamine as their pri-
mary energy source was revealed, further emphasizing its
critical role in maintaining cancer cell metabolism [11].
Advances in 1983 further deepened our understand-
ing of glutamine’s involvement in lymphocyte metabo-
lism [12]. By the year 2000, specific gene suppression of
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glutaminase (GLS) became a promising strategy for effec-
tively impeding tumor cell growth [13]. In 2014, the GLS
inhibitor CB-839, undergoing clinical trials, was reported
to possess potent anti-tumor activity, offering a novel
avenue for targeted cancer therapy through modulation
of glutamine metabolism [14]. In the course of persistent
investigation, researchers in 2019 made a striking obser-
vation, unveiling disparate metabolic traits exhibited by
cancer cells and immune cells. Furthermore, the revela-
tion that impeding the glutamine metabolism of cancer
cells could enhance the immune microenvironment and
bolster the effectiveness of immunotherapy has provided
a compelling impetus for further exploration [15]. This
groundbreaking finding has sparked a fervent wave of
inquiry into the intricate interplay between glutamine
metabolism and the immune landscape of cancer, cap-
tivating scientists and propelling them towards further
exploration in this captivating realm of research.

As the field continues to advance in recent years,
researchers have discovered that cancer cells exhibit a
distinct metabolic profile characterized by accelerated
rates of proliferation and high energy demands [8]. To
meet these requirements, cancer cells reprogram their
metabolic pathways to ensure an adequate supply of
nutrients and energy sources [16]. Glutamine emerges as
a significant player in this metabolic reprogramming, as
it provides carbon and nitrogen for macromolecule syn-
thesis, including proteins, nucleotides, and lipids essen-
tial for cancer cell growth and division [17]. Similarly,
immune cells such as T cells, natural killer (NK) cells, and
macrophages require energy to mount effective immune
responses against cancer cells [18, 19]. However, within
the TME, the availability of nutrients, including glu-
tamine, is limited due to competition among diverse cell
populations [20]. Figure 1B shows the metabolic compe-
tition creates a tug-of-war between cancer and immune
cells, as they vie for access to the limited glutamine
resources [21, 22]. In light of the intricate metabolic
competition between cancer and immune cells for lim-
ited glutamine resources, understanding the molecular
mechanisms underlying this "tug-of-war" becomes cru-
cial. Emerging evidence suggests that cancer cells utilize
various mechanisms to gain a competitive advantage over
immune cells in acquiring and utilizing glutamine [7,
23]. On the other hand, immune cells face the challenge
of acquiring enough glutamine to maintain their effector
functions and combat the tumor [7]. The aforementioned
evidence suggests that the involvement of glutamine in
tumor biology positions it as a pivotal player in the fight
against cancer. A comprehensive understanding of the
molecular mechanisms underlying glutamine metabo-
lism and its impact on both cancer cells and immune
cells holds great promise in elucidating immune evasion
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mechanisms and facilitating the development of effective
anti-cancer treatment strategies.

Glutamine metabolism in cancer cells
Glutamine addiction in cancer cells
Uncontrolled cell proliferation represents a prevail-
ing characteristic of tumorigenesis, necessitating not
only a consistent provision of essential nutrients and
metabolites but also necessitating adaptations in energy
metabolism to sustain cellular growth and division [24].
Glutamine, an indispensable nutrient for rapidly divid-
ing cells like tumor cells, can be obtained from the diet
or synthesized de novo via the enzymatic activity of glu-
tamine synthase [17]. Furthermore, during periods of
nutrient deprivation, glutamine acquisition can occur
through the autophagic degradation of macromolecules
[25]. Most cancers exhibit a strong affinity for glutamine,
and several cancer cell lines, such as glioblastoma, heav-
ily rely on this amino acid for their survival, as they are
unable to sustain themselves without an external source
of supply [26]. The dependency of transformed cells on
glutamine for their metabolic processes is now recog-
nized as the distinct phenomenon known as glutamine
addiction [27]. Glutamine is an essential component for
sustaining the survival and proliferation of cancer cells,
providing fuel for diverse metabolic pathways such as the
Krebs cycle, redox homeostasis, and the synthesis of cru-
cial cellular building blocks including nucleic acids, fatty
acids, glutathione (GSH), and other amino acids [28].
Figure 2A shows the process of glutamine catabolism
in tumor cells. The first step in glutamine metabolism
requires entry into the interior of tumor cells. Glutamine
is hydrophilic and therefore cannot traverse the plasma
membrane without the assistance of selective transport
proteins [29]. Given the high demand of tumor cells for
glutamine, it can be reasonably inferred that certain
selective amino acids must be upregulated in tumor cells
to meet this requirement. Figure 2B summarizes the cur-
rently identified glutamine transport proteins in tumor
cells that play a pivotal role in tumor glutamine metabo-
lism. SLC1A5 (ASCT?2) is a vital transporter for neutral
amino acids, relying on sodium to facilitate exchanges
with asparagine, serine, or threonine [30]. Its exceptional
affinity for glutamine, especially in acidic environments,
enables efficient transport of this amino acid into can-
cer cells thriving under such conditions [31]. SLC1A5 is
highly expressed in diverse solid tumors, including tri-
ple-negative breast cancer (TNBC) [32], KRAS-mutated
colorectal cancer (CRC) [33], esophageal cancer [30],
gastric cancer [34], lung cancer [35], ovarian cancer [36],
prostate cancer [37], renal cell [38], head and neck squa-
mous cell carcinoma (HNSCC) [39] and hepatocellular
carcinoma [40]. SLC7A5, also known as L-amino acid
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Fig. 2 Glutamine addiction in cancer cells. A The process of glutamine catabolism in tumor cells, as well as potential gene alterations that can
impact glutamine metabolism. Glutamine is transported into the cell through membrane amino acid transporters, such as SLCT1A5, SLC6A14,

and SLC38A1/2, where it undergoes a dehydrogenation reaction catalyzed by GLS to form glutamate. Glutamate then converts to a-KG

through the action of GLUD, GOT or GPT, entering the TCA cycle for energy production. The green region represents the influence of various gene
alterations on different nodes of glutamine metabolism. B Multiple glutamine transporter proteins have been observed to undergo upregulation
across different types of cancer. GLS, glutaminase; GPT, glutamate pyruvate transaminase; GOT, glutamic-oxaloacetic transaminase; GLUD, glutamate
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transporter 1(LAT1), functions differently [41]. It is not
an active transport protein that relies on transmembrane
ion gradients [29]. On the contrary, it acts as a compul-
sory exchanger, mediating the influx of leucine into the
cell and the efflux of glutamine out of the cell [29, 42].
Hence, the question arises: How does SLC7A5, as a man-
datory exchanger, facilitate the entry of leucine into the
cell? Extensive exploration has revealed that the exchange
mechanism between SLC1A5 and SLC7A5 plays a role in
balancing cytoplasmic amino acid pools [43]. Specifically,

in the functional coupling between SLC7A5 and SLC1A5,
glutamine enters cancer cells through SLC1A5, which
then effluxes out of the cells via SLC7A5, linked to the
entry of leucine [44]. Consistent with this, increased
expression levels of SLC7A5 have been observed in vari-
ous types of cancer such as breast cancer [45], KRAS-
mutated CRC [46], gastric cancer [47], lung cancer [48],
pancreatic cancer [49], prostate cancer [50], melanoma
[51], ovarian cancer [52] and hepatocellular carcinomas
[53], and esophageal cancer [54].
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In addition to SLC1A5 and SLC7A5, there are other
transport proteins that contribute to glutamine metabo-
lism in tumor cells (Fig. 2B). SLC6A14, also known as the
amino acid transporter B%* (ATB%"), maintains a unidi-
rectional influx of glutamine across the transmembrane
gradient, concurrently binding with 2 Na+ions and 1 CI-
[55, 56]. SLC6A14 exhibits elevated expression in CRC
[57], estrogen receptor positive (ER +) breast cancer [58],
and pancreatic cancer [59], concomitant with their pro-
liferative capacity. Additionally, upregulation of SLC6A14
expression has been observed in gastric cancer, and
depletion of SLC6A14 leads to the suppression of epithe-
lial-mesenchymal transition-induced metastasis in gas-
tric cancer through disruption of the PI3K/Akt/mTORC1
pathway [60]. Furthermore, SLC38 family transporters
have been identified as key players in glutamine trans-
port in cancer [61]. These transporters can be classi-
fied into two distinct subfamilies characterized by their
unique operational features: system A, encompassing
prominent members SLC38A1(SNAT1) and SLC38A2
(SNAT?2), and system N, encompassing transporters
like SLC38A3 (SNAT3), and SLC38A5 (SNATS5) [61].
SLC38A1 exhibits upregulated expression in breast can-
cer [62], gastric cancer [63], CRC [64], lung cancer [65],
hepatocellular carcinoma [66] and melanoma [67], dis-
playing a strong correlation with enhanced proliferation.
In prostate cancer [68] and lung cancer [69], SLC38A2 is
markedly expressed, thereby playing a significant role in
tumorigenesis. Furthermore, a distinct expression pro-
file of SLC38A2 emerges across breast cancer subtypes
when compared to normal tissue. Data derived from
the TCGA database illustrate a trend towards decreased
SLC38A2 expression in breast cancer relative to adjacent
normal tissues, but these did not reach statistical signifi-
cance [70]. Notably, while SLC38A2 is downregulated in
ductal breast carcinoma, an upregulation is observed in
TNBC [71] and hormone-resistant breast cancers [72]. In
TNBC, SLC38A2 plays a crucial role in promoting glu-
tamine dependency and conferring resistance to oxida-
tive stress [71]. As a glutamine transporter induced by
oxygen deprivation in breast cancer, the upregulation
of SLC38A2 results in resistance to hormone therapy
and subsequently a poorer prognosis [72]. These diverse
observations highlight potential variations in the involve-
ment of SLC38A2 across different pathological subtypes
of breast cancer and at various treatment stages, under-
scoring the need to consider the heterogeneity when tar-
geting SLC38A2 for therapeutic interventions in breast
cancer. As another pivotal l-glutamine transporter,
SLC38A3 demonstrates marked upregulation in meta-
static NSCLC cells, with its expression levels intricately
associated with the prognostic outcomes of NSCLC
patients [73]. SLC38A5 is an Na+/H+exchanger that

Page 5 of 25

relies on amino acids, including glutamine, to enable the
transport of Na+and amino acids into cells, while con-
currently promoting H+efflux [74]. In pancreatic [75]
and breast cancer [76] cells, upregulation of SLC38A5
promotes cell proliferation, while its knockdown signifi-
cantly reduces cell growth impairs glutamine uptake. The
unveiling of SLC1A5, SLC7A5, SLC6A14, and the SLC38
family transporters, along with their distinctive func-
tional characteristics, enriches our comprehension of the
intricate nature of glutamine transport in cancer. These
discoveries also present exciting prospects for the devel-
opment of groundbreaking therapies tailored to selec-
tively target these pivotal transport proteins.

Upon entry into the cell through the aforementioned
glutamine transporters, glutamine is enzymatically
deaminated by GLS, leading to the generation of gluta-
mate (Fig. 2A). It then further converts to a-ketoglutarate
(a-KG) through the action of glutamate dehydrogenase
(GLUD) or transaminases, entering the tricarboxylic acid
(TCA) cycle, generating reduced nicotinamide adenine
dinucleotide (NADH) and flavin adenine dinucleotide
(FADH2), and ultimately producing adenosine triphos-
phate (ATP). The nitrogen derived from glutamine in
these processes plays a role in the synthesis of nucleotide
precursors [77]. The release of ammonia from GLS and
GLUD plays a crucial role in the synthesis of carbamoyl
phosphate in the urea cycle. Carbamoyl phosphate syn-
thetase I (CPSI) facilitate the incorporation of ammonia
into carbamoyl phosphate. In contrast, carbamoyl phos-
phate synthetase II (CPSII) utilizes the amide group from
glutamine to generate carbamoyl phosphate, which is an
important step in pyrimidine synthesis. Cytidine triphos-
phate synthetase (CTPS) converts uridine triphosphate
(UTP) into CTP by utilizing the amide group derived
from glutamine. In the process of purine synthesis,
5-phosphoribosyl-a-pyrophosphate (PRPP) generated
from the pentose phosphate pathway (PPP) is converted
to phosphoribosyl-f-amine (PRA) through the action
of phosphoribosyl pyrophosphate amidotransferase
(PPAT) when an amide group from glutamine is intro-
duced. Moreover, the amide group from glutamine can
also be transferred to formylglycinamide ribonucleotide
(FGAR), which subsequently forms phosphoribosyl-for-
mylglycinamidine (FGAM) through the catalytic activ-
ity of 5’-phosphoribosylformylglycinamidine synthase
(PFAS) during nucleotide synthesis. These investigations
highlight the critical role of glutamine-derived nitrogen
in nucleotide precursor synthesis and emphasize the sig-
nificance of glutamine as a rate-limiting factor in cancer
cell proliferation. A study observed that exogenous glu-
tamine can synthesize nucleotides in human primary
cancer samples cultured in vitro [78]. Cancer cells lack-
ing glutamine experience cell cycle arrest, emphasizing
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the importance of glutamine as a nitrogen source [79].
Glutamine metabolism can also serve as an alternative
carbon source for the TCA cycle, promoting fatty acid
synthesis through reductive carboxylation reactions [80].
Researchers also observed that approximately half of the
nonessential amino acids required for protein synthesis
in tumor cells are derived from glutamine using isotopic
tracing methods [77]. Additionally, glutamine is crucial
for maintaining cellular redox homeostasis. It regulates
the level of reactive oxygen species (ROS) by controlling
the synthesis of GSH. Glutathione, a tripeptide (Glu-Cys-
Gly), is involved in neutralizing peroxides [81]. Overall,
glutamine plays an indispensable role in fueling cancer
cell proliferation and biosynthesis, further understanding
of the complexities of glutamine metabolism in tumors
may provide novel insights into the development of more
effective cancer treatments.

Gene alterations modulating glutamine dependency

in cancer

The dependency of glutamine metabolism in cancer is
not simply a passive adaptation to proliferative state,
but rather a tightly regulated response to a multitude of
intracellular and extracellular factors, including poten-
tial genetic alterations. To date, the extent of glutamine
dependency in cancer cells has been found to be modu-
lated by oncogenic or tumor suppressor gene altera-
tions, which are summarized in Fig. 2A. MYC is the
third most commonly oncogene in human cancer [82].
Yuneva et al. were the first to observe its ability to drive
proliferation of cells dependent on glutamine [83]. Fur-
ther research revealed that MYC actively stimulates
gene expression related to glutamine metabolism. Spe-
cifically, MYC upregulates the glutamine transporter
and induces the expression of GLS at both mRNA and
protein levels [84, 85]. In glioblastoma cells, the sensi-
tivity to glutamine deprivation depends on ¢-MYC and
can be inhibited by targeting MYC expression [85]. This
dependency is not limited to MYC-driven tumor cells
but also occurs in various other cancer cell lines, includ-
ing lymphomas, prostate cancer, osteosarcoma, renal cell
carcinoma, colorectal cancer, and small cell lung cancer
[84, 86—90].These tumor cells rely on glutamine for cell
survival and growth when MYC is activated. Interest-
ingly, glutamine itself can also regulate the expression
of ¢-MYC protein in some tumor cells. In addition to
MYC, mutations in the key gene KRAS, which are associ-
ated with c-MYC protein stability and activity, similarly
result in dependence on exogenous glutamine for cell
growth and proliferation. Recent studies have revealed
that cancer cells with KRAS mutations utilize amino
acids such as glutamine and leucine to accelerate energy
metabolism and redox balance through GSH synthesis
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and macromolecule biosynthesis. This mutation leads to
upregulation of specific amino acid transporters (AATs)
in cancer cells, such as SLC7A5 and SLC38A2, which are
associated with enhanced amino acid uptake. Knocking
down KRAS reduces the absorption of amino acids by
colorectal cancer cells, while overexpression of mutated
KRAS increases the expression levels of AATs [91]. Simi-
larly, it has been observed that KRAS mutation induces
activation of the glutamine metabolism pathway in pan-
creatic cancer by enhancing the expression of pivotal
enzymes responsible for glutamine degradation [92]. For
instance, glutamic-oxaloacetic transaminase (GOT) 2 is
a key component of mutant KRAS-mediated rewiring of
glutamine metabolism in pancreatic ductal adenocarci-
noma [6]. Additionally, higher mRNA expression of GLS
has been detected in KRAS-mutated non-small cell lung
cancer (NSCLC) [93].

The protein kinase, mechanistic target of rapamycin
(mTOR), orchestrates cellular processes via two distinct
complexes, mTORC1 and mTORC2 [94]. Notably, the
mTORC1 pathway exhibits persistent hyperactivation
in cancer, highlighting the need for deeper investigation
into its oncogenic implications [95]. Interestingly, suffi-
cient levels of glutamine have been shown to activate the
mTORC1 pathway, and reciprocally, mTORC1 regulates
glutamine metabolism [96]. It has been demonstrated
that the activation of the mTORC1 pathway is associ-
ated with cancer cells’ dependence on glutamine [97].
In human cancer epithelial cell lines, such as colorectal
and prostate cancer cells, mMTORCI promotes the utiliza-
tion of glutamine by activating GLUD [98]. Furthermore,
mTORC1 not only regulates GLUD, but also actively
controls GLS through S6K1-dependent c-MYC, enhanc-
ing cancer cells’ uptake of glutamine [99]. Recently, Chen
et al. uncovered that the loss of receptor for activated C
kinase 1 (RACK]1) elicits activation of the AKT/mTOR
signaling pathway, upregulating SLC1A5 and fostering
glutamine addiction in gastric cancer cells [100]. PIK3CA
serves as a crucial regulator in the context of glutamine
addiction. Previous studies have revealed that PIK3CA
mutations reprogram glutamine metabolism by upregu-
lating the expression of glutamate pyruvate transaminase
(GPT) 2, thereby increasing glutamine dependency in
CRC cells [101]. Recent investigations have reported that
PIK3CA mutations modulate SIRT4 expression through
negative regulation of the epigenetic factor EP300, ulti-
mately influencing GPT1 and altering glutamine metabo-
lism in cancer [99]. The activated ErbB2 (also known as
neu or HER?2) is a major driver of cancer [102]. In ErbB2-
transformed MCF10A cells, there is increased expres-
sion of GLS mRNA and protein compared to MCF-10A
cells, and knockdown of ErbB2 leads to downregulation
of GLS expression [103]. Further investigations have
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revealed that activated ErbB2 stimulates the expression
of GLS in cancer cells through the PI3K/Akt-independ-
ent nuclear factor-kappa B (NF-kB) pathway in breast
and gastric cancer [103, 104]. Previous investigations
have provided evidence demonstrating the pivotal role
of p53 in governing glutamine metabolism to uphold
the redox equilibrium of tumor cells [105]. Upon activa-
tion, p53 orchestrates the upregulation of GLS2 expres-
sion, thereby facilitating the breakdown of glutamine and
heightening the intracellular levels of GSH [106].

In addition, there are several other genetic alterations
associated with the glutamine dependency of cancer,
and these mutations in genes may influence the extent
to which tumor cells rely on glutaminase metabolism. In
mouse murine pro-lymphoid (BaF3) cells with mutated
JAK2 displayed significantly enhanced glutaminase
metabolism and increased expression of GLS compared
to wild-type cells [107]. Furthermore, the oncogenic tran-
scription factor c-JUN was found to regulate the gene
expression of GLS [108]. Hypoxic conditions induced
the reductive metabolism of glutaminase in tumor cells,
resulting in the transcriptional activation of GLS via
HIF-1a upregulation [90]. The increased dependence
on glutaminase metabolism is associated with muta-
tions in BRAF in melanoma cells [109]. Loss of the PTEN
gene has been found to decrease ubiquitination of GLS,
potentially leading to an increase in intracellular levels of
glutamine [110]. Conversely, loss of the RB1 gene upreg-
ulates the expression of GLS and SLC1A5 genes, further
promoting cellular uptake and utilization of glutamine
[111]. Furthermore, the upregulation of transforming
growth factor (TGF)-p and WNT signaling pathways
promotes the activation of SNAIL and DLX2, which in
turn upregulate the expression of GLS [112]. These find-
ings provide important clues for further investigation
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into the metabolic remodeling of tumor cells and poten-
tial targeted therapies.

Glutamine metabolism in immune cells

Crucial role of glutamine in immune cell

The early-to-mid 1980s witnessed a significant break-
through in the field of immunology, as researchers at
Eric Newsholme’s laboratory revealed the remarkable
utilization of glutamine by immune cells, including lym-
phocytes and macrophages, alongside glucose [113]. Glu-
tamine, as a fundamental fuel in immune cell metabolism,
plays a pivotal role in the functionality and activation
of immune cells. It has been observed that lymphocytes
exhibit remarkable utilization rates of approximately
2.7 pmol/minute per gram dry weight under aerobic con-
ditions [12]. Not only that, stimulation with concanavalin
A leads to a substantial 51% augmentation in glutamine
utilization [12]. In the face of restricted glucose availabil-
ity, immune cells exhibit a profound dependence on the
uptake and catabolism of glutamine as a means to sustain
the TCA cycle, a pivotal process crucial for their ongoing
viability and functionality [114—116]. This discovery pro-
pelled the exploration of the critical role played by glu-
tamine in the functioning and activation of immune cells.
Consequently, glutamine metabolism has emerged as a
pivotal regulator in maintaining immune cell homeosta-
sis. Table 1 summarizes the biological functions in which
several AATs have been identified as critical mediators of
glutamine uptake in immune cells. Figure 3 demonstrates
how inhibiting glutamine metabolism affects a range of
immune cell populations. In-depth understanding of
these mechanisms holds immense potential for advanc-
ing our comprehension of immunology and revolutioniz-
ing cancer therapeutic interventions.

Table 1 Membrane-bound transporters for glutamine amino acid, their characteristics, and the immune cells with upregulated

expression
Immune cell Glutamine  Biological functions Refs
transporters
NK cell SLCTAS Upregulation of SLCTA5 expression enhances IFN-y production in NK cells (1171
Tcell SLCTAS SLCTAS5 is essential for the rapid uptake of glutamine during the activation of naive T cells [118]
SLCTAS T cells lacking SLCTA5 exhibit significantly reduced glutamine uptake and mTORC1 activation upon TCR engage-  [119]
ment, leading to blocked differentiation of Th1 and Th17 cells
SLC6AT4 SLC6A14 serves as a compensatory glutamine transporter in CD8+T cells, allowing them to maintain effector [119]
function and sustain glutamine uptake even when the primary transporter is inhibited, distinguishing them
from triple-negative breast cancer cells which are sensitive to glutamine uptake inhibition
SLC38A2 SLC38A2-mediated glutamine transport can reprogram the generation and persistence of memory T cells [120]
B cell SLCTAS Inhibiting the glutamine transporter SLCTAS resulted in decreased IgM production in B cells [121]
DC cell SLC38A2 SLC38A2 expressed by DCs is essential for maintaining the effector function of antigen-specific CD8+T cells [7]

in the TME, without affecting antigen uptake or migratory capacity of DCs

NK Natural killer, DC Dendritic cell
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Inhibition of Glutamine Metabolism in immune cells

Fig. 3 The impact of glutamine metabolism inhibition on diverse immune cell populations. Created with BioRender.com. TANs, tumor-associated
neutrophils; TAMs, tumor-associated macrophages; NK, natural killer; MDSCs: myeloid-derived suppressive cells; IFN, interferons; IL, interleukin; TNF:

tumor necrosis factor

Glutamine metabolism in macrophages and NK cells

Tumor-associated macrophages (TAMs), including both
M1 and M2 subtypes, are among the most abundant cells
in the tumor microenvironment [122]. M1 macrophages
actively participate in immune responses, executing
immune surveillance through the secretion of inflam-
matory cytokines and chemokines, and engaging in
professional antigen presentation [122]. Conversely, M2
macrophages demonstrate diminished antigen-present-
ing capacity, releasing anti-inflammatory cytokines like
interleukin (IL)-10 or TGF-B, and suppressing immune
responses [122]. TAMs adjust their activation state, syn-
thesis of inflammatory cytokines, and proliferation of
peroxisomes by modulating glutamine metabolism [123].
The crucial role of glutamine in macrophages has been
emphasized through early animal experiments, which
have unveiled its irreplaceable involvement in cytokine
generation, including prominent players like IL-1, IL-6,
and tumour necrosis factor (TNF)-a [124]. Addition-
ally, glutamine has been shown to contribute indispen-
sably to antigen presentation and phagocytic function,
further emphasizing its critical significance in mac-
rophage biology [124]. The orchestration of glutamine
utilization stands out as a pivotal metabolic factor gov-
erning macrophage reprogramming and phenotypic

polarization [123, 125]. It was reported that the break-
down of glutamine generates a-KG, which plays a crucial
role in selectively activating M2 macrophages [123]. Glu-
tamine can also impact the metabolism of other nutri-
ents, influencing the metabolic function of macrophages
[126]. Recent research indicates that glutamine usage
reinforces fatty acid oxidation -induced pro-inflamma-
tory and anti-tumorigenic activation by fine-tuning the
nicotinamide adenine dinucleotide (NAD)+/NADH
ratio via glutamine-to-lactate conversion [126]. These
findings not only deepen our understanding of the meta-
bolic regulation of macrophages in the TME but also pro-
vide a novel research perspective for exploring the role of
glutamine in NK cells. Initial investigations have under-
scored the pivotal role of glutamine in NK cells, reveal-
ing that the upregulation of SLC1A5 significantly boosts
interferon (IFN)-y production by enhancing glutamine
uptake [117]. Subsequent studies have further illumi-
nated the critical importance of glutamine availability,
showing that a reduction in c-MYC protein levels, which
leads to diminished cellular proliferation and impaired
NK cell function, results primarily from glutamine scar-
city rather than the direct inhibition of glutaminolysis
[127]. Building on these revelations, recent research has
emphasized the metabolic adaptability and resilience of
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NK cells, particularly highlighting their reliance on glu-
tamine alongside other substrates such as fatty acids
or acetate, to precisely regulate IFN-y expression in
response to physiological needs [128]. This nuanced
appreciation of glutamine’s central role in modulating
the metabolic pathways crucial for immune cell efficacy
opens new avenues for therapeutic intervention.

Glutamine metabolism in T cells and B cells

The metabolic characteristics of T cells are markedly
shaped by their activation status [129]. Quiescent T cells
exhibit reduced glycolysis rates and diminished glu-
tamine metabolism to support crucial biosynthetic path-
ways essential for survival [129]. In contrast, activated T
effector cells display heightened glycolysis and intensified
glutamine metabolism, facilitating the protein and nucle-
otide demands of rapidly dividing T cells [129]. Consist-
ent with this observation, the process of T cell activation
is accompanied by the upregulation of both SLC1A5 and
SLC38A1, leading to a notable increase in glutamine
uptake [130]. Previous research has found that glu-
tamine, through breakdown, supplements the oxidative
phosphorylation (OXPHOS) cascade reaction in T cells
and promotes the synthesis of lipids, polyamines, and
amino acids [118]. Lowering glutamine levels to 50% of
the standard culture concentration significantly inhibits
mouse T cell proliferation, while reducing it to below 10%
completely blocks proliferation [131]. Similarly, treat-
ment with the glutamine antagonist JHUO083 results in
decreased T cell activation and proliferation [132]. Com-
plete removal of glutamine from the culture medium hin-
ders cell growth and the secretion of IL-2 and IFN-y by
activated mouse splenic T cells [131]. Furthermore, acti-
vation of memory CD8+T cells through CD8 antibody-
mediated stimulation triggers downstream signaling of
the T cell receptor, enhancing T cell-mediated cytotoxic-
ity and promoting the production of effector cytokines,
which is dependent on glucose and glutamine [133]. This
finding further highlights the critical role of glutamine in
regulating T cell function and immune response.

Recent studies also shed light on its critical involve-
ment in maintaining the equilibrium among distinct T
cell subpopulations. The role of glutamine in T cells is
mediated through rapid uptake facilitated by SLC1A5,
promoting the activation of naive T cells and regulating
T cell immune response [119]. Deficiency of SLC1A5
impacts the induction of Thl and Th1l7 cells, weaken-
ing the inflammatory T cell response [119]. In CD8+T
cells, SLC6A14 assumes the role of a glutamine trans-
porter, particularly under conditions where the primary
transport mechanism is inhibited, safeguarding effector
functionality and continuous glutamine absorption [134].
Moreover, the role of SLC38A2 in mediating glutamine
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transport contributes to the reprogramming of the emer-
gence and maintenance of memory T cells, highlighting
the impact of glutamine availability on T cell memory
[120]. Furthermore, prior investigations have suggested
that a shortage of glutamine hinders the proliferation of
Teff cells and the production of cytokines, while promot-
ing the expansion of regulatory T cells (Tregs) population
[135]. Multiple metabolic pathways associated with glu-
tamine, such as glutamine-mTOR signaling, glutamine-
glutamate-other amino acid pathway, glutamine-ISR
stress pathway, and glutamine-autophagy pathway, have
been observed to modulate the differentiation of Th17
and Tregs [136]. Glutamine plays a pivotal role in the
orchestration of natural killer T (NKT) cell metabolism.
In the quiescent state, NKT cells exhibit elevated levels
of glutamine compared to CD4+T cells, and upon acti-
vation, they demonstrate enhanced glutamine catabo-
lism [137]. Furthermore, glutamine metabolism seems
to be critical for NKT cell homeostasis and mitochon-
drial functions. Activated NKT cells utilize glutamine
to fuel the tricarboxylic acid cycle and GSH synthesis,
with nitrogen derived from glutamine driving protein
glycosylation through the hexosamine biosynthetic path-
way [137]. This heightened glutamine metabolism and
the hexosamine biosynthesis pathway distinctly regulate
the production of IL-4 and IFN-y [137]. These findings
underscore the vital role of glutamine in promoting effec-
tive immune cell responses and suggest that interventions
aimed at supplementing glutamine levels may enhance T
cell activation and bolster anti-tumor immunity.

The significance of glutamine extends beyond T lym-
phocytes, as it also plays a pivotal role in the metabo-
lism of B lymphocytes. It has been observed that the
differentiation of B cells into plasma cells and memory B
cells depends on the availability of an adequate supply of
glutamine [138]. Anne Le and colleagues have revealed
a glucose-independent TCA cycle, which is exclusively
fueled by glutamine metabolism in B cells [139]. Remark-
ably, this metabolic route remains functional even in the
presence of abundant glucose and exhibits sustained
activity under hypoxic conditions [139]. Waters et al’s
findings indicate that glutamine constraint jeopard-
izes both the growth and differentiation of B cells [140].
Moreover, the production of antibodies and cytokines
by B cells is dependent on the catabolism of glutamine.
Inhibition of GLS expression results in reduced immu-
noglobulin (Ig) G and IgM antibody production, and
glutaminase blockade decreased downstream mTOR
activation and attenuated IL-10 secretion [121, 141, 142].
Notably, SLC1A5, a critical glutamine transporter, plays a
pivotal role in regulating immunoglobulin synthesis in B
cells. Its inhibition leads to a significant reduction in IgM
production, highlighting the crucial role of SLC1A5 as a
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transportation protein in orchestrating the intricate pro-
cess of immunoglobulin generation within B cells [121].
The significance of comprehending the pivotal role of
glutamine metabolism and its transporters in regulating
B cell activity is further underscored by these compelling
findings. Importantly, this research also highlights the
criticality of investigating glutamine metabolism within
the context of tumor immunity. Such investigations hold
great promise for unraveling novel therapeutic strategies
aimed at harnessing the power of glutamine metabolism
to combat cancer.

Glutamine in neutrophils and myeloid-derived suppressor

cells (MDSCs)

The pivotal role of glutamine metabolism extends to neu-
trophils and myeloid cells. In recent studies have shown
that glutamine also plays a vital role in maintaining the
survival and function of immune cells such as neutro-
phils. The allure of tumor-released chemotactic factors
beckons neutrophils to the tumor site, where tumor-
associated neutrophils (TANs) can bolster CD8+T
cell responses and anti-tumor activity in the absence of
tumor-derived TGF-B. However, in the presence of TGEF-
B, TANs fuel the pro-tumor activity of CD8+T cells
[143]. Notably, when compared to other white blood
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cells such as macrophages and lymphocytes, neutrophils
exhibit the highest rate of glutamine consumption [143—
145]. These cells exhibit a remarkably high utilization
rate of glutamine, which is associated with a significant
reduction in their apoptosis rate. Intriguingly, glutamine
has been shown to mitigate neutrophil apoptosis by sup-
pressing the expression of pro-apoptotic proteins Bax
and Bcl-xs, as supported by compelling evidence [146].
Furthermore, by targeting the glutamine metabolism of
MDSCs, an exciting breakthrough was achieved. Inhibit-
ing the glutamine metabolism of MDSCs not only trig-
gered activation-induced cell death but also facilitated
their transformation into pro-inflammatory macrophages
[147]. These findings highlight the complex interplay
between glutamine metabolism and immune cell homeo-
stasis, underscoring the critical importance of maintain-
ing optimal glutamine levels for both tumor progression
and immune function.

The impact of glutamine metabolic competition

on the tumor microenvironment

Tumor-induced glutamine competition leads to reduced
uptake in immune cells

Figure 4A visually demonstrates the differential uptake of
glutamine between immune cells and tumor cells in the
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TME. Tumor cells activate multiple carcinogenic path-
ways, leading to increased expression of transporters and
metabolism-related enzymes, which in turn results in
enhanced uptake of glutamine by tumor cells and mas-
sive consumption of glutamine in the TME [7, 23]. As
evidenced by the remarkable 18F-Gln tracing results,
tumor cells exhibit the highest capacity for glutamine
uptake, thus establishing their dominance in the compe-
tition for this critical resource [148]. The immune cells
have a certain demand for glutamine, and a decrease in
glutamine levels can threaten the integrity and function
of immune cells [149]. Unfortunately, compared to tumor
cells, immune cells have difficulty adapting to the con-
stantly evolving tumor through "microevolution" because
the latter develops new immune escape mechanisms
[150]. As observed at the gene level tumor cells have sig-
nificantly higher scores for glutamine metabolism genes
than CD8+T cells, highlighting their metabolic differ-
ences with immune cells [151]. Notably, supplement-
ing glutamine in the tumor microenvironment led to a
slowdown in tumor growth and restored T cell infiltra-
tion, function, and memory phenotype [152]. The lat-
est research further supports the above view, with a
co-culture model constructed to simulate the interaction
between breast cancer spheroids and Jurkat T cells [153].
They found that the high energy demand of breast cancer
cells leads to glutamine depletion, thereby affecting T cell
function [153]. In a recent study, researchers have uncov-
ered that immunologically-hot melanoma exhibits a
heightened reliance on glutamine compared to immuno-
logically-cold melanoma, both in vivo and in vitro [154].
A lack of amino acids such as glutamine not only dam-
ages the activation of effector T cells but also increases
the number of Tregs, further highlighting the impor-
tance of maintaining sufficient glutamine concentra-
tion in the immune microenvironment [155]. Therefore,
some scholars have proposed the concept of "glutamine
hijacking," which suggests that targeted inhibition of glu-
tamine metabolism in tumor cells can alleviate glutamine
competition in the tumor microenvironment, release
glutamine for immune cell utilization, and promote anti-
tumor immune response [134]. These research results
provide compelling evidence supporting the view that
glutamine competition caused by tumors weakens the
immune cell-mediated anti-tumor immunity.

Tumor-induced glutamine competition via mTOR pathway
to regulate immune function

The scarcity of nutrients represents a selective stress that
exerts a profound impact on the evolutionary dynamics
of an array of cellular processes [156]. Acting as a crucial
sensor for assessing the nutritional status of eukaryotic
cells, mTOR exhibits activation in response to a surplus
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of amino acid availability, thereby regulating an assort-
ment of synthetic metabolic pathways essential for sus-
taining cellular growth [157]. As previously mentioned,
immune cells typically lack mechanisms to adapt to nutri-
ent competition, which is a major mechanism regulating
anti-tumor immunity. Limited glutamine resources in the
microenvironment can inhibit mTOR activity and sub-
sequently affect immune cell function. Figure 4B dem-
onstrates tumor-induced glutamine competition via the
mTOR pathway to regulate the function of immune cells.
In T cells, inhibition of mTOR activity may lead to com-
promised activation of c-MYC signaling pathway, causing
metabolic stress and affecting T cell proliferation [158].
Additionally, studies have found that mTOR inhibition
promotes T cell differentiation towards immunosuppres-
sive Tregs [159]. Another study showed that mTOR inhi-
bition promoted the differentiation of naive CD4+T cells
into Foxp3+ Treg cells with suppressive function in vivo
[160]. Conversely, mTOR signaling activation supports
the differentiation of naive cells towards Th1 cells [160].
Moreover, in B cells, glutamine deprivation-induced inhi-
bition of mTOR activation can promote GSK3 inhibition
and suppress IL-10 secretion [161]. Under low-glutamine
conditions, mTOR signaling is significantly suppressed
in NK cells, impacting c-MYC expression in IL-2/IL-
12-stimulated NK cells and consequently impairing cell
growth and NK cell responses [162]. In summary, glu-
tamine deficiency induced by tumor-induced competi-
tion highlights the complex role of mTOR in regulating
immune cell function.

Tumor-induced glutamine competition via the PD-1/

PD-ligand 1 (PD-L1) axis to regulate immune function

Blockade of the PD-1/PD-L1 axis has brought about a
paradigm shift in cancer immunotherapy, demonstrating
significant clinical efficacy across a wide range of cancer
types [163]. PD-1 is expressed on T cells, while its ligand
is expressed on the surface of cancer cells and other cells.
This interaction leads to T cell exhaustion and serves as a
protective mechanism against T cell-mediated damage to
target tissues [164]. The expression of PD-1 and PDL-1 in
the tumor immune microenvironment can be influenced
by various metabolic factors, including glutamine metab-
olism [165]. Figure 4C demonstrates that tumor-induced
glutamine competition modulates immune function via
the PD-1/ PD-L1 axis. When glutamine is restricted,
PD-L1 expression is upregulated in tumor cells, which
is intriguingly reversible upon glutamine restoration,
returning to normal levels [166]. Notably, the deficiency
of glutamine can modulate the expression of PD-L1
through multiple pathways [167]. Ma et al. demonstrated
that glutamine deprivation activates the EGFR signaling
pathway via ERK1/2 and c-Jun activation in renal cancer
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cells [168]. Treatment with EGFR inhibitor also induced
PD-L1 expression and ERK1/2 phosphorylation in renal
cancer cells. Importantly, inhibition of EGFR, ERK, and
c-Jun phosphorylation suppressed PD-L1 expression
induced by glutamine deprivation, suggesting that glu-
tamine deprivation upregulates PD-L1 expression on
cancer cells through the EGFR/ERK/c-Jun pathway [168].
In bladder cancer, PD-L1 expression was observed to
be upregulated via the EGFR/MEK/ERK/c-Jun pathway
under conditions of glutamine deficiency, impairing T
cell function [169]. In lung and colon tumors, the inhibi-
tion of glutamine utilization led to an increase in PD-L1
expression by reducing GSH levels [170]. This reduction
in GSH levels resulted in the inhibition of sarcoplasmic
reticulum Ca2+-ATPase (SERCA) activation, leading to
elevated cytosolic Ca”* levels and CaMKII phosphoryla-
tion. Subsequently, these changes further activated the
downstream NF-kB signaling pathway, ultimately pro-
moting the expression of PD-L1 [170].

Building upon these findings, Zhao et al. developed a
photosensitizer-based immunostimulant called BVC,
which comprises chlorin e6, an ASCT2 inhibitor (V9302),
and a PD-1/PD-L1 blockade agent (BMS-1, 171]. They
found that BVC not only enhances the immune recog-
nition between CD8+T cells and FAS-overexpressing
tumor cells but also reduces tumor cell immune escape
through PD-1/PD-L1 blockade, resulting in significant
benefits for the eradication of metastatic tumors [171].
Recently, researchers have developed nano-bombs for
cancer treatment that effectively decrease glutamine
levels in cancer cells. This reduction in glutamine sub-
sequently lowers GSH levels and induces endoplasmic
reticulum stress, ultimately leading to the upregulation of
PD-L1 expression [172]. The intricate interplay between
glutamine metabolism and PD-L1 expression in the
tumor microenvironment has unveiled novel pathways
for therapeutic intervention.

Tumor-induced glutamine competition promotes
glutamate secretion to modulate immune responses
Cancer cells strengthen their resistance to tumor-infil-
trating lymphocytes (TILs) partly through the metabo-
lites released into the TME, contributing to its hostility.
Multiple studies have indicated that the overexpression
of GLS observed in many cancers may not only decrease
glutamine levels but also elevate intratumoral glutamate
levels [173, 174]. Xiong et al. analyzed the significantly
elevated glutameta concentration in tumor tissues of
tumor-bearing mice, which was approximately 2—-7 times
higher than that in adjacent tissues [175]. The breakdown
of glutamine into glutamate can have significant effects
on immune cells. Figure 4D provides a summary of the
impact of tumor cell-secreted glutamine on different
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immune cells within the TME. Studies have revealed
that glutamate can trigger the expression of immuno-
suppressive genes, including STAT3, ARF4, and RAB10,
in neutrophils, which promotes their immunosuppres-
sive phenotype [175]. Importantly, high levels of gluta-
mate in the TME have been found to induce neutrophil
transformation into an immunosuppressive state [175].
In MDSCs, the activation of mGluR2/3 reduces the
immunosuppressive properties of MDSCs on T cells and
diminishes the effects of MDSCs in cancer cells [176,
177]. In T lymphocytes, external application of gluta-
mate has been found to inhibit T cell activation and IL-6
production through the stimulation of metabotropic glu-
tamate receptor 5 [176, 178]. This effect is thought to be
mediated by the activation of adenylyl cyclase, leading to
the inhibition of multiple signal transduction pathways
such as ERK, JNK, and NF«B. Additionally, high levels of
glutamate can affect ROS metabolism in T cells by dis-
rupting the function of the Xc*- transporter, which is
essential for cysteine uptake and GSH synthesis [179]. In
macrophages, the activation of mGIuR5 elevates the level
of the nuclear receptor peroxisome proliferator-activated
receptor (PPAR) g and promotes a shift from M1 to M2
phenotype, leading to reduced IFN-y production [180].
Tumor-induced competition for glutamine exerts a for-
midable impact on immune cells, as cancer cells’ secre-
tion of glutamate not only disrupts T cell activation and
promotes an immunosuppressive phenotype in neu-
trophils and MDSCs but also facilitates a shift towards
an M2 macrophage phenotype. This intricate interplay
underscores the pivotal role of glutamate in modulating
immune responses within the tumor microenvironment.
Targeting glutamate metabolism holds immense poten-
tial for enhancing anti-tumor immunity, presenting novel
avenues for therapeutic intervention. The detrimen-
tal effects of tumor-induced glutamine competition on
immune cells cannot be overlooked, and these complex
interactions further contribute to providing new paths
for therapeutic intervention.

The role of glutamine metabolism inhibition

in modulating immune response

As our comprehension of the intricate nexus between
metabolism and immune response progresses, the
increasingly discernible efficacy of glutamine metabolism
inhibitors as immunomodulatory agents emerges. By
selectively targeting pivotal enzymes and pathways impli-
cated in glutamine metabolism, these inhibitors present
distinctive opportunities for finely regulating immune
activation and suppression. The current repertoire of
drugs aimed at glutamine metabolism can be broadly cat-
egorized into three classes, specifically glutamine antime-
tabolites, glutamine catabolic-related enzymes inhibitors,
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and glutamine uptake inhibitors [181]. Figure 5 presents
a comprehensive overview of the impact of inhibit-
ing glutamine metabolism via different pathways on the
TME. Further elucidation of the role of glutamine metab-
olism inhibitors in modulating immune response in can-
cer paves innovative therapeutic approaches that hold the
potential to revolutionize the realm of immunology.

Glutamine antimetabolites

Glutamine metabolism, since the 1950s, owing to its
remarkable antitumor properties [182]. As the criti-
cal role of glutamine in TME continues to be unveiled,
recent investigations have shifted their attention towards
unraveling the intricate involvement of 6-diazo-5-oxo-
L-norleucine (DON) in modulating tumor immunity
[183]. In pancreatic cancer, DON treatment reduces the
levels of hyaluronic acid and collagen, resulting in exten-
sive remodeling of the extracellular matrix (ECM) sur-
rounding the tumor [183]. This remodeling alters the
mechanical properties of the ECM, enhancing the infil-
tration of CD8+T cells and facilitating the promotion
of anti-tumor immune response [183]. Furthermore,
DON treatment sensitizes pancreatic cancer to anti-PD-1
therapy, further emphasizing its therapeutic significance
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[183]. Emerging research on DON and other innovative
drugs has unveiled their remarkable potential in harness-
ing the immune system’s power against tumors [184]. In
a groundbreaking investigation, Frejlachova et al. dis-
covered that by synergizing DON with an intratumoral
immunotherapy approach utilizing mannan-BAM, TLR
ligands, and anti-CD40 antibody, they achieved a stag-
gering 50% complete eradication of advanced Panc02
subcutaneous tumors in treated animals [184]. Notably,
this therapeutic combination also induced long-last-
ing immune memory [184]. These findings underscore
the promising role of DON in empowering anti-tumor
immunity and open new avenues for future therapeutic
interventions.

JHUO83, an orally active precursor to a glutamate
antagonist, selectively activates within the tumor micro-
environment, leading to glutamine metabolism inhibition
[185]. In CD8+T cells, JHU-083 suppresses glutamine
metabolism and glycolysis but upregulates OXPHOS,
utilizing extracellular acetate as an alternative fuel to
potentiate its anti-tumor effects [15]. Moreover, JHU083
modulates MDSCs within the TME, promoting their
polarization into pro-inflammatory TAMs and inhibiting
the expression of IDO, thereby boosting the anti-tumor
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immune response [147]. Importantly, JHUO83 treatment
reduces immunosuppressive cell populations in murine
models, including monocyte and granulocyte-derived
suppressive cells, regulatory T cells, and pro-tumor
CD4+Th17 cells [185]. These findings provide compel-
ling evidence of JHU083’s ability to enhance immune cell
activity, thereby improving the effectiveness of immu-
notherapy [185]. Moreover, under glutamine inhibition
conditions, Th1 cells display heightened oxidative metab-
olism and exhibit a highly activated, memory-like pheno-
type, presenting new avenues for exploration. Excitingly,
combining JHUO83 treatment with the EGFR peptide
vaccine (EVAXx) significantly inhibits lung tumor devel-
opment, highlighting the potential synergy of this com-
bination therapy in promoting tumor-specific immune
responses mediated by adaptive T cells [185]. Further-
more, JHUO83 has been reported to enhance the prolif-
eration of CD8+ T cells and improve the efficacy of PD-1
blockade in hepatocellular carcinoma [151].

DRP-104 (sirpiglenastat) represents a novel prod-
rug of the broad-spectrum glutamine antagonist DON.
As an inactive form, DRP-104 preferentially converts
to DON within tumors [186]. Unlike DON, which can
induce gastrointestinal toxicity upon administration,
DRP-104 undergoes inert metabolic inactivation in gas-
trointestinal tissues. It has been reported that DRP-104
achieves 11-fold higher exposure of DON in tumor tis-
sues compared to gastrointestinal tissues, highlighting its
immense potential and stimulating further investigation
into its anti-tumor effects [187]. Metabolomic analysis
of tumors treated with DRP-104 reveals extensive altera-
tions, indicative of dysregulation in tumor synthetic
metabolism and classical cancer metabolic pathways,
including changes in glutamine metabolism and reduc-
tion in several immunosuppressive metabolites [186].
Specifically, treatment with DRP-104 results in signifi-
cant increases in various infiltrating immune cells, such
as T cells, NK cells, and NKT cells [186]. Functionally, T
cells exhibit enhanced proliferative capacity and reduced
exhaustion, while tumor-associated macrophages polar-
ize towards the M1 phenotype [186]. There is a reduction
in myeloid-derived suppressor cells and pro-tumor pro-
teins within the TME [186]. Ultimately, as a monother-
apy, DRP-104 demonstrates notable anti-tumor activity,
with further enhanced therapeutic efficacy when used in
combination with checkpoint blockade therapy, leading
to improved survival and long-term durable cures [186].
Moreover, researchers have discovered that the effects of
DRP-104 are CD8 + T cell-dependent and result in robust
immune memory [187]. A recent study has reported that
DRP-104 exerts its effects in KEAP1 mutant lung cancer
by suppressing glutamine-dependent nucleotide synthe-
sis. Notably, DRP-104 demonstrates the ability to counter
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T cell exhaustion and enhance the functionality of both
CD4+and CD8+T cells [188]. The discovery and appli-
cation of agents like DRP-104 open up new avenues and
possibilities for the development of more effective cancer
treatment strategies.

Glutamine uptake inhibitors

In an ideal scenario, tumor cells upregulate specific glu-
tamine transporters, leading to a reduction in glutamine
levels within the tumor microenvironment and depriv-
ing immune cells of their glutamine demand. This cre-
ates a competition for glutamine between tumor cells
and immune cells. By inhibiting the ability of tumor
cells to uptake glutamine and increasing the levels of
glutamine within the tumor microenvironment, a dual
effect can be achieved: suppressing tumor cell growth on
one hand and enhancing the availability of glutamine for
immune cells on the other hand, thereby strengthening
the anti-tumor immune function of immune cells. The
inhibition of certain AATs has demonstrated a promis-
ing anti-tumor immune response. SLC1A5 is a crucial
sodium-dependent solute carrier protein that facilitates
the import of glutamine and serves as the principal con-
duit through which cancer cells acquire glutamine [189,
190]. Researchers have discovered a potent and selec-
tive glutamine transporter inhibitor, V9302, which spe-
cifically targets the SLC1A5 and effectively inhibits
glutamine uptake [191].SLC1A5 has been reported to be
involved in the modulation of the immune microenvi-
ronment in multiple types of tumors. In glioma, ASCT2
has been linked to immune response, and its knockdown
effectively reduces tumor-associated macrophage infil-
tration as well as M2 polarization in glioma [192]. In
TNBC, V9302 improved CD8+T cell effector function
by driving GSH synthesis through selective inhibition
of glutamine uptake by TNBC cells [134]. Furthermore,
V9302 exerts its impact on the immune microenviron-
ment through another pathway, promoting autophagy to
regulate the accumulation of ROS [193]. This leads to a
decrease in B7H3 expression and an enhancement in the
production of granzyme B in CD8+T cells. In a synge-
neic mouse model, the combination therapy of V9302
and anti-PD-1 demonstrates the ability to enhance anti-
tumor immunity [193]. Recently, a groundbreaking thera-
peutic strategy utilizing molybdenum disulfide (MoS2)
as a carrier for the delivery of anti-PD-L1 antibody and
V9302, a competitive transmembrane antagonist tar-
geting the amino acid transporter ASCT2, has demon-
strated remarkable potential in enhancing anti-tumor
immune responses within TNBC cells [194]. Specifically,
this treatment facilitates the migration of CD8+T cells
from the tumor periphery into the tumor core, effec-
tively impeding the growth of TNBC 4T1 tumors [194].



Wang et al. J Exp Clin Cancer Res (2024) 43:74

Notably, following treatment with MoS2-aPD-L1-V9302,
there is a substantial increase in glutamine levels within
the tumor interstitial fluid, resulting in a significant aug-
mentation of activated T cells [194]. SLC7A5 functions
as an antiporter, facilitating the exchange of intracellular
amino acids, specifically glutamine, with a 1:1 stoichi-
ometry across the cell membrane [195]. Recent findings
have shown that reducing the expression of SLC7A5 in
TNBC can lead to a remarkable increase in the infiltra-
tion of CD8+ T cells [196]. Building upon this discovery,
a promising therapeutic approach has emerged, involv-
ing the combination of JPH203 treatment, which effec-
tively blocks SLC7A5, with an anti-PD-1 antibody. This
powerful combination demonstrates synergistic effects,
bolstering CD4+T and CD8+T cells infiltration and
significantly impeding the progression of tumors. These
breakthroughs not only deepen our understanding of the
intricate mechanisms at play in TNBC but also offer a
potential avenue for enhancing immunotherapy efficacy
by strategically targeting SLC7A5 [196]. These findings
highlight the therapeutic potential of targeting glutamine
transporters and its impact on the immune microenvi-
ronment in cancer treatment.

However, it is worth noting that certain known glu-
tamine transporters not only function in tumor cells
but also play an important role in immune cells. Conse-
quently, the current inhibitors may potentially impact the
glutamine transport in immune cells, thereby attenuating
the anti-tumor immune response. SLC38A2, a secondary
active transporter energized by the Na+ electrochemi-
cal gradient, facilitates the transport of neutral amino
acids, particularly in glutamine transportation [197]. A
recent study explored the mechanisms underlying the
functional impairment and metabolic reprogramming
of T lymphocytes in multiple myeloma and found silenc-
ing SLC38A2 resulted in decreased glutamine uptake
and immune dysfunction of T cells [198]. Another study
explored the expression patterns of SLC38A2 in both
tumor and immune cells, revealing significantly higher
expression levels in tumor cells and dendritic cells com-
pared to CD8+T cells and other immune cells [7]. Both
tumor cells and cDCls engage in competitive uptake of
glutamine through the SLC38A2 transporter protein,
and the lack of SLC38A2 compromises the ability of DCs
to promote T cell priming [7]. In summary, developing
inhibitors targeting nutrient transporters has emerged
as a promising strategy to effectively weaken cancer cell
metabolism and block tumor growth. However, these
inhibitors may also impact nutrient transporters on
immune cells, leading to immunosuppression. This dual
effect underscores the importance of targeting specific
transporters on cancer cells. Thus, developing inhibitors
specifically targeting nutrient transporters on cancer cells
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would be the most ideal choice. One exceptional example
is that the application of pharmacological intervention
with the SLC1A5 inhibitor V9302 demonstrated remark-
able selectivity in blocking glutamine uptake specifically
in TNBC cells, while leaving CD8+T cells unaffected
[134]. Intriguingly, CD8+T cells exhibit an adaptive
response by upregulating an alternative glutamine trans-
porter, SLC6A14, thereby sustaining both glutamine
uptake and immune effector function within V9302-
treated tumors [134]. This finding not only expands our
understanding of the complexity of targeting glutamine
transporters, but also provides new avenues and possi-
bilities for customizing more precise treatment strategies
that can be tailored to individual patients.

Glutamine catabolic-related enzymes inhibitors

The critical role of GLS as a key enzyme involved in glu-
tamine metabolism has emerged as a promising approach
for cancer therapy. GLS is an enzyme that converts glu-
tamine to glutamate, and small molecule inhibitors tar-
geting GLS include CB-839, 968 and BPTES. The role of
CB839 in the tumor immune microenvironment has been
extensively evaluated in preclinical experiments, reveal-
ing its distinct effects within the TME. For instance,
CB-839 enhances the cytotoxicity of autologous TILs
against melanoma cells derived from patients [199]. Fur-
thermore, when combined with anti-PD1 or anti-CTLA4
antibodies, CB-839 promotes the infiltration of effector T
cells into tumors and upregulates IFNy-associated gene
expression, thereby enhancing the antitumor activity of
these checkpoint inhibitors [199]. In STK11-/Lkb1-defi-
cient lung cancer, CB839 demonstrates a notable sup-
pression of CD8+T cells clonal expansion and activation
[200]. Recently, researchers have successfully engineered
a dual-mechanism-based nutrient partitioning nanoregu-
lator (DMNPN) that downregulates glutaminase expres-
sion and enhances nutrient availability for T cells, thereby
bolstering their antitumor immunity [201]. Compound
968, a promising agent currently undergoing preclinical
evaluation, exhibits potent inhibition of ovarian cancer
cell proliferation while enhancing granzyme B secretion
in CD8+T cells [202]. Combination therapy with anti-
PD-L1 and compound 968 results in increased secretion
of granzyme B, CXCL10, and CXCL11 by CD4+and
CD8+T cells, thereby bolstering CD3 + T cell infiltration
into tumor microenvironments [202]. In recent investi-
gations, researchers have developed an innovative com-
bination of compound 968 and photosensitizers. This
groundbreaking approach induces immunogenic cell
death in tumor cells, leading to the generation of novel
antigens that facilitate dendritic cell maturation [203].
Consequently, this process orchestrates the recruit-
ment and activation of cytotoxic T lymphocytes (CTLs)
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[203]. Moreover, the intervention of CI9SN remodels
the TME by targeting glutamine metabolism, polarizing
M2 TAMs towards an M1 phenotype. This reprogram-
ming further enhances the recruitment and activation
of CTLs [203]. The past years have seen significant pro-
gress in the development of GLS inhibitor, BPTES, as a
promising drug candidate by researchers. Researchers
present a metabolically and immunologically targeted
agent, termed PD-L1-targeted metabolism and immune
regulator (PMIR), constructed using a PD-L1-targeting
peptide modified glutaminase inhibitor (BPTES) loaded
into zeolitic imidazolate framework [204]. At the tumor
site, PMIR effectively inhibits glutamine metabolism in
tumor cells, leading to an elevation in intratumoral glu-
tamine levels and improving immune cell functionality,
ultimately reshaping the immunosuppressive TME and
evoking robust immune responses [204]. In addition,
researchers have developed a multifunctional biomimetic
nanoplatform (referred to as HM-BPT), which utilizes
pH-sensitive tumor-targeting hybrid membrane-coated
manganese oxide nanoparticles for the delivery of the
glutaminase inhibitor BPTES. Treatment with HM-BPT
in a 4T1 xenograft model resulted in significant tumor
suppression, infiltration of CTLs, as well as M1 phe-
notype repolarization and activation of the stimulator
of IFN genes (STING) pathway in macrophages [205].
These studies highlight the potential of GLS inhibitors in
cancer therapy, providing insights into the modulation of
the immune microenvironment and the development of
innovative treatment strategies.

GLUDI1, a critical enzyme involved in glutamine
metabolism within mitochondria, has recently emerged
as a key player in shaping the tumor immune microenvi-
ronment. The innovative therapeutic approach employing
MLIipRIR-NPs combines R162, a glutamate dehydro-
genase inhibitor, and the hydrophobic photosensitizer
IR780 [206]. This strategy effectively disrupts the glu-
tamine metabolism pathway within mitochondria, lead-
ing to cancer cell immunogenic death [206]. Importantly,
GLUDI1 inhibition through MLipRIR-NPs treatment has
been shown to facilitate dendritic cell maturation, a pro-
cess essential for antigen presentation and immune cell
activation [206]. The activated dendritic cells promote
the activation and proliferation of CTLs within tumors
[206]. This dual mechanism not only induces tumor cell
death but also enhances the antitumor immune response
[206]. Furthermore, combining GLUDI1 inhibition with
an anti-PD-L1 antibody amplifies the therapeutic effects.
This combination therapy results in increased activation
of CD8+ T cells and CD86 + dendritic cells in the spleen,
leading to elevated levels of pro-inflammatory cytokines
[206]. Moreover, recent studies have revealed the associa-
tion between GLUD1 and ribosomal S6 kinase 2 (RSK2)
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in LKB1-deficient lung cancer patients [207]. Inhibiting
GLUD1/RSK2 has been shown to enhance the infiltration
of CD8+ T cells and increase IFN-y levels within tumors,
indicating the critical role of GLUDI1 in shaping the
immune microenvironment in specific cancer subtypes
[207]. These findings highlight the importance of GLUD1
in shaping the immune microenvironment and pave the
way for the development of tailored immunotherapeutic
approaches.

GOT exists in two distinct forms: cytoplasmic GOT1
and mitochondrial GOT2 [197]. The transaminase activ-
ity of GOT?2 facilitates the conversion of glutamate and
OAA into a-KG and aspartate, while GOT1 catalyzes the
reverse reaction [198]. GOT2 has been identified as play-
ing a pivotal role in pancreatic cancer, modulating the
immune microenvironment and suppressing anti-tumor
immune responses. Beyond its conventional malate-
aspartate shuttle function, GOT?2 also enhances the tran-
scriptional activity of the PPARS through direct fatty
acid binding. While GOT2 is not essential for in vivo
proliferation of cancer cells, its interaction with PPARS
constrains the spatial distribution of CD4+and CD8+T
cells within the tumor microenvironment. This novel
insight offers a fresh perspective on the mechanisms of
tumor immune evasion and provides critical clues for
the development of therapeutic strategies targeting the
immune microenvironment [208]. GPT2, another key
enzyme facilitating the transamination between ala-
nine and o-ketoglutarate, has recently been reported
to be involved in the formation of the tumor immune
microenvironment [209]. Aminooxyacetic acid hemihy-
drochloride (AOA), a notable GPT2 inhibitor, exhibits
promising effects [210]. In this groundbreaking study, the
authors have successfully demonstrated that the utiliza-
tion of AOA results in a remarkable reduction in tumor
growth rate and an impressive enhancement in the infil-
tration of CD4+and CD8+T cells [209]. Notably, when
combined with anti-PD-L1 treatment, a synergistic effect
is observed, leading to a substantial potentiation of the
anti-tumor immune response [209]. These findings shed
new light on the therapeutic potential of AOA as a val-
uable intervention for combating cancer [209]. These
compelling findings underscore the importance of glu-
tamine metabolic enzymes as gatekeepers of immune
surveillance and anti-tumor immunity. Future research
endeavors should continue to elucidate these discover-
ies, delving deeper into the molecular intricacies that
the interplay between glutamine metabolism and the
immune microenvironment.

Novel approach to inhibit glutamine metabolism
In recent years, there has been a growing interest in
developing novel approaches to manipulate glutamine
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metabolism and modify the immune microenviron-
ment to enhance the cytotoxicity of immune cells against
tumors. A recent study describes a pioneering strategy
involving a newly developed polymer containing hydro-
phobic ferrocene units and thioketal bonds in the main
chain. This polymer successfully delivered a prodrug of
oxaliplatin and artesunate, referred to as Artoxplatin,
to cancer cells [172]. Metabolomics analysis revealed a
decrease in glutamine levels in the cancer cells treated
with this novel polymer, which led to an upregulation
of PD-L1 [172]. Importantly, combining the use of this
polymer, named nanobombig, with anti-PD-L1 therapy
demonstrated enhanced tumor inhibitory effects [172].
Furthermore, researchers discovered that osmundac-
etone (OSC), a bioactive phenolic compound derived
from Phellinus igniarius, exhibited regulatory effects
on the immune microenvironment, as confirmed by
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downregulation of GLUD1 expression upon OSC treat-
ment [211]. Additionally, concentrations of related
metabolites a-KG and NADH were reduced in response
to OSC treatment [211]. However, further investigation is
needed to fully elucidate the immunomodulatory role of
OSC in the microenvironment.

Recent advances in clinical trials of glutamine metabolism
inhibitors

In the landscape of oncological research, the inhibition
of glutamine metabolism has emerged from preclinical
studies as a compelling avenue for therapeutic interven-
tion, sparking fervent interest in its clinical application.
This surge of enthusiasm is bolstered by the ongoing
scrutiny of 24 clinical trials cataloged on ClinicalTrials.
gov as of November 26, 2023 (Table 2), which are dedi-
cated to probing the pharmacological properties of

Table 2 Characteristics of ClinicalTrials.gov registered glutamine metabolic interventions for cancer therapy

Therapeutic agents Cancer type NCT member Phase Combination therapy  Status

(CB-839 Leukemia NCT02071927 | None Completed

CB-839 Hematological tumors NCT02071888 | None Completed

CB-839 Solid tumors NCT02071862 | None Completed

CB-839 Solid tumors and fluoropyrimidine resist- NCT02861300 |; II None Not yet recruiting
ant PIK3CA mutant colorectal cancer

(CB-839 Advanced stage non-small cell lung NCT04250545 | Sapanisertib Suspended (Drug supply issues)
cancer

(CB-839 Solid tumors NCT03875313 [l None Completed (Slow enroliment)

CB-839 Recurrent or refractory Multiple NCT03798678 | Carfilzomib Active
Myeloma

(CB-839 Metastatic and refractory RAS wildtype ~ NCT03263429 |; lI Panitumumab; Irinotecan  Active
colorectal cancer

(CB-839 Platinum resistant BRCA -wild-type ovar- NCT03944902 | Niraparib Terminated (Participant off study)
ian cancer

CB-839 Solid tumors NCT03965845 I: I Palbociclib Completed

CB-839 EGFR-mutated stage IV non-small cell NCT03831932 ;I Osimertinib Recruiting
lung cancer

(CB-839 Advanced triple negative breast cancer ~ NCT03057600 I Paclitaxel Completed

CB-839 IDH-mutated diffuse astrocytoma NCT03528642 | Radiation Therapy Active
or anaplastic astrocytoma

CB-839 Renal cell carcinoma NCT03163667 I Everolimus Completed

(CB-839 Prostate cancer NCT04824937 I Talazoparib Unknown

CB-839 Metastatic renal cell carcinoma NCT03428217 I Cabozantinib Completed

CB-839 Melanoma; Clear cell renal cell carci- NCT02771626 |1l Nivolumab Terminated (Lack of efficacy)
noma; Non-small cell lung cancer

CB-839 Advanced solid tumor NCT03872427 I No Active

CB-839 Advanced cervical cancer NCT05521997 I Chemoradiation Not yet recruiting

CB-839 KEAP1 or NRF2-mutated, non-squamous NCT04265534 I Pembrolizumab Terminated (Lack of efficacy)
NSCLC

IPN60090 Advanced solid tumors NCT03894540 I Pemobrolizumab Terminated

IPN60090 Advanced solid tumors NCT05039801 | Bevacizumab; Paclitaxel  Recruiting

DRP-104 Advanced solid tumors NCT04471415 |11 Atezolizumab Terminated

DRP-104 Fibrolamellar hepatocellular carcinoma ~ NCT06027086 |; Il Durvalumab Not yet recruiting
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glutaminase inhibitors and delving into their immuno-
genic characteristics.

Among these inhibitors, CB-839 has risen as a beacon
of promise, venturing into extensive Phase I/II clinical
trials [212, 213]. Multiple clinical trial findings have illu-
minated the favorable clinical activity of CB-839 along-
side minimal adverse reactions [212—216]. Furthermore,
investigations into the combination of CB-839 with
immunotherapy have yielded encouraging outcomes,
exemplified by its synergistic effect with nivolumab in
patients diagnosed with melanoma, clear cell renal cell
carcinoma, and NSCLC [217]. Conversely, while certain
trials exploring CB-839 alone or in combination with
other therapies have exhibited less auspicious results,
the potential value of CB-839 as a complementary com-
ponent to existing treatment paradigms persists [218].
Meanwhile, IPN60090, also known as IACS-6274, has
emerged as another promising GLS1 inhibitor, boasting
favorable physicochemical properties and pharmacoki-
netic characteristics, coupled with a remarkable affinity
for the target molecule [219, 220]. Ongoing clinical trials
are actively unveiling insights into the prospective appli-
cations of IPN60090 in cancer therapy, shedding light
on its potential therapeutic significance (NCT03894540,
NCT05039801). In a parallel vein, the novel prodrug of
the broad-spectrum glutamine antagonist DON is DRP-
104, alias sirpiglenastat, stands out as a beacon of prom-
ise in the realm of anti-tumor agents [187]. Its distinctive
inactive-to-active conversion within the tumor microen-
vironment augments metabolic targeting and selectiv-
ity, which underscores its potential as a groundbreaking
therapeutic strategy [186, 187]. Currently, two clinical
trials are underway to assess its safety, tolerability, and
efficacy (NCT04471415, NCT06027086). The inhibition
of glutamine metabolism has emerged as a promising
avenue for cancer therapy, with CB-839, IPN60090, and
DRP-104 representing exciting new drugs that hold sig-
nificant potential. While clinical trials have shown prom-
ising results, it is important to continue exploring these
compounds and their precise mechanisms of action, as
well as identifying the patient populations who may ben-
efit the most from these therapies.

Unresolved questions and future directions

Currently, despite promising prospects in preclinical
models, targeting glutamine metabolism faces chal-
lenges in clinical trials due to inherent heterogeneity in
glutamine metabolism within tumor cells and immune
cells, as well as its complex impact on immune responses.
As is well known, TME is a dynamic ecosystem with
spatiotemporal variations [221]. Investigating how glu-
tamine metabolism adapts to the constantly chang-
ing TME clues, such as hypoxia, acidosis, and nutrient
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deprivation, provides crucial insights into understand-
ing immune cell function and resistance mechanisms
[222, 223]. Recent studies have reported the various
strategies used to inhibit glutamine metabolism have dis-
crete effects on CD8+T cells, emphasizing that target-
ing the same pathway with different modes may result
in conflicting metabolic and functional consequences,
further highlighting the importance of understanding
how glutamine precisely affects the metabolic pathways
and functional dynamics of different immune cell sub-
populations in TME [224]. Organoid and microfluidic
platforms provide new opportunities for studying TME
in a controlled manner. Using these advanced models,
researchers are expected to dissect the complex interac-
tions between immune cells and tumor cells, ultimately
revealing the exact role of glutamine metabolism in shap-
ing the immune landscape. Furthermore, considering the
widespread importance of glutamine in various cellular
metabolic processes, potential therapeutic approaches
targeting glutamine metabolism may have unexpected
consequences on immune cells. Early clinical trials of
glutamine antagonist metabolites have revealed unac-
ceptable systemic toxicity, highlighting the need for more
selective approaches to disrupt glutamine metabolism in
cancer patients [225]. While there are promising thera-
peutic targets within glutamine metabolism, selectively
inhibiting glutamine metabolism in cancer cells while
preserving normal tissues remains a major challenge.
Overcoming this obstacle requires innovative strate-
gies that exploit the unique metabolic vulnerabilities of
tumors to ensure optimal efficacy and minimal off-tar-
get effects. Furthermore, the identification of additional
metabolic regulators and signaling pathways that regulate
glutamine metabolism in cancer and immune cells pre-
sents a feasible solution. Further fundamental research is
needed to unravel the mechanisms underlying glutamine
regulation, which could unlock new therapeutic targets
and provide deeper insights into the complex interac-
tions within the tumor microenvironment. In the near
future, the development of specific inhibitors targeting
glutamine metabolism in cancer cells will be an ideal
choice. Moreover, exploring the interplay between glu-
tamine metabolism and other key metabolic pathways,
such as glucose metabolism, lipid metabolism, and amino
acid metabolism, remains an actively researched area.
Deciphering the intricate connections and dependencies
among these metabolic pathways will help discover novel
metabolic targets and pathways, paving the way for syn-
ergistic therapeutic opportunities and innovative treat-
ment modalities. Integrating multi-omics data, including
genomics, transcriptomics, proteomics, and metabo-
lomics, with advanced computational approaches will
provide a comprehensive framework for unraveling the
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complex networks and interactions involving glutamine
metabolism. Such integrative data analysis methods can
reveal new therapeutic targets and guide the develop-
ment of innovative treatment strategies. Although there
are challenges and unanswered questions in the field of
targeting glutamine metabolism, ongoing research pro-
vides promising avenues for future exploration. Contin-
ued efforts in this field hold great potential for advancing
precision medicine and improving patient outcomes.

Conclusion

Glutamine metabolism is a crucial battleground in the
fight against cancer as cancer cells rely on glutamine as
an essential energy source, while immune cells demand
it during their activation and proliferation in immune
responses. This metabolic competition for limited
resources is a complex and fluctuating struggle between
opposing factions that has significant implications for
tumor control and immune surveillance. Recent advances
have shed light on the critical role of dysregulated glu-
tamine metabolism in cancer development and immune
responses. However, a comprehensive understanding of
the intricate molecular mechanisms involved is still lack-
ing. Targeting key components of glutamine metabolism,
such as transporters and enzymes, presents an exciting
opportunity to enhance anti-tumor immunity by tipping
the balance in favor of immune cells. Nevertheless, the
translation of these findings into effective clinical inter-
ventions is still in its early stages. Further investigation
of the intricate molecular mechanisms underlying this
ongoing battle is essential for the development of inno-
vative therapeutic approaches that enhance anti-tumor
immunity and lead to improved patient outcomes. The
ongoing exploration of these multifaceted molecular
pathways not only deepens our understanding of this glu-
tamine tug-of-war but also paves the way for pioneering
interventions that have the power to revolutionize the
landscape of cancer treatment.
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GPT Glutamate pyruvate transaminase

GSH Glutathione
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IFN Interferons
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MDSCs Myeloid-derived suppressive cells
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TAMs Tumor-associated macrophages
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