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Differential glutamine
metabolism in the tumor
microenvironment – studies
in diversity and heterogeneity:
A mini-review

Michael D. Claiborne1 and Robert Leone2*

1Department of Medicine, Scripps Green Hospital and Scripps Clinic, La Jolla, CA, United States,
2Bloomberg-Kimmel Institute for Cancer Immunotherapy, Sidney Kimmel Comprehensive Cancer
Center, Johns Hopkins Medicine, Baltimore, MD, United States
Increased glutamine metabolism is a hallmark of many cancer types. In recent

years, our understanding of the distinct and diverse metabolic pathways

through which glutamine can be utilized has grown more refined.

Additionally, the different metabolic requirements of the diverse array of cell

types within the tumor microenvironment complicate the strategy of targeting

any particular glutamine pathway as cancer therapy. In this Mini-Review, we

discuss recent advances in further clarifying the cellular fate of glutamine

through different metabolic pathways. We further discuss potential promising

strategies which exploit the different requirements of cells in the tumor

microenvironment as it pertains to glutamine metabolism in an attempt to

suppress cancer growth and enhance anti-tumor immune responses.
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Introduction

Cancer cells undergo radical shifts in metabolism to support their growth (1).

Increased uptake of glucose by cancer cells with subsequent lactate production

irrespective of oxygen availability was described almost 100 years ago (2). Known today

as the Warburg effect, this metabolic phenotype is exploited clinically in the form of PET

scanning with the glucose analog 18F-2-fluoro-2-deoxy-D-glucose (FDG) for cancer

staging (3). Recent studies have attempted to extend these findings to other nutrients.

Glutamine is the most prevalent amino acid in serum, accounting for over 20% of the

circulating amino acid pool (4, 5). Tumor glutamine metabolism is implicated in the

synthesis of nucleic acids, the production of glutathione to maintain redox homeostasis, as

a source of TCA cycle intermediates, and as a substrate for post-translational
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fonc.2022.1011191/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1011191/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1011191/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1011191/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.1011191/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.1011191&domain=pdf&date_stamp=2022-09-20
mailto:rleone2@jhmi.edu
https://doi.org/10.3389/fonc.2022.1011191
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.1011191
https://www.frontiersin.org/journals/oncology


Claiborne and Leone 10.3389/fonc.2022.1011191
modifications, among other pathways (Figure 1). Although a

nonessential amino acid, glutamine levels can nonetheless have

a profound effect on tumor growth. In this regard, a model of

“glutamine addiction” has been proposed in which some tumor

cells are so dependent on the catabolism of exogenous glutamine

that they undergo apoptosis upon its withdrawal (6).

Despite the importance of these processes at a cellular level,

the net fate of glutamine as it pertains to an entire tumor is

variable and relies on a multitude of factors such as tissue type,

specific cellular make-up within a tumor (including immune,

stromal, endothelial and cancer cells) and the presence or absence

of specific genetic lesions such as mutations in critical proteins

such as c-Myc or KRAS. In fact, some tumors display net

glutamine catabolism while others display net glutamine

synthesis (7, 8). Additional genetic phenotypes which promote

glutamine dependence include VHL loss in RCC (via dependence

on reductive carboxylation-driven lipogenesis) and loss of the

negative NRF2 regulator KEAP1 driving glutamine dependence in

lung cancers (9, 10). Furthermore, the supplementation

requirement of exogenous glutamine for certain cancer cells

grown in culture does not necessarily extrapolate to their

metabolic requirements in vivo (11). Even with the tremendous
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importance of glutamine to the metabolism of cancer cells,

promising preclinical results using targeted approaches to

specific glutamine metabolic pathways have not always

translated to success in the clinic (12, 13). In this review, we

discuss these seemingly paradoxical findings and highlight new

studies that have added to our understanding of the adaptability of

tumor metabolism. We discuss how interdependence between

cancer cells and other cells in the tumor microenvironment

(TME) may render metabolic inhibition of particular pathways

ineffective. As such, we emphasize how an understanding of the

activity of multiple metabolic programs across diverse cell types in

a tumor may yield more comprehensive information about

utilization of critical metabolites such as glutamine. It is within

this context that we suggest that the approach to glutamine

inhibition should ideally be tailored based on the specific

genetic lesions and cellular make-up of the TME. As such, this

approach will invoke a therapeutic middle ground between broad

metabolic inhibition, with incumbent risks of adverse effects from

normal tissue cytotoxicity, and highly targeted inhibition of

specific pathways, an approach that could restrict effects to only

a subset of cells in the tumor microenvironment allowing for

adaptation and progression of malignant tissues.
FIGURE 1

Metabolic fates of glutamine within the tumor cell. The amide nitrogen of glutamine can be utilized by enzymes in pyrimidine and purine
nucleotide synthesis. Additionally, glutamine itself is utilized by glutamine-fructose amidotransferase 1/2 (GFAT1/2) to begin the hexosamine
biosynthesis pathway (HBP). Glutamine-derived glutamate is utilized in the synthesis of glutathione (GSH) by the subsequent activities of GCL
(glutamine-cysteine ligase) and GS (glutathione synthetase). Glutamine is converted to glutamate by the action of glutaminase (GLS) and can be
used in the synthesis of alanine or converted to a-KG (alpha-ketoglutarate). Glutamate-derived a-KG can be used as a direct substate for
epigenetic modifcation by histone demethylases, as anaplerotic replenishment of the tricarboxylic acid cycle (TCA cycle) intermediates depleted
by other biosynthetic reactions, or used for fatty acid synthesis via conversion to citrate in the process of reductive carboxylation (dashed
arrows). Oxaloacetate (OAA) can additionally be used to synthesise aspartate and asparagine. Glucose-derived pyruvate (Pyr) and acetyl-CoA
(Ac-CoA) continue to contribute to the TCA cycle under these anaplerotic conditions.
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The nature of cellular
metabolic interdependence

Quantification of metabolic flux relies on accurate metabolite

identification through mass spectrometry (MS) or nuclear

magnetic resonance (NMR) analysis and can be broadly classified

as targeted (searching for known metabolites) or non-targeted (a

discovery-based approach). Targeted analyses rely on large high-

quality internal compound standard databases for reference, while

non-targeted analyses create large high-dimensional data sets that

require multivariate analysis for appropriate interpretation (14).

Despite advances inmetabolite identification, software packages for

statistical analysis, and cell culture techniques that have facilitated

this advanced study of metabolic pathways in monoculture,

metabolism remains a complex and multifaceted process.

Metabolism in a living organism is a constantly changing

interplay of a multitude of cell types that alter flux through

pathways depending on signals in their microenvironment (15).

The importance of microenvironment in terms of glutamine

metabolism is underlined by a study by Davidson, et al., which

demonstrated that cultured cells that rely on glutamine catabolism

in vitro do not necessarily require glutamine for growth in vivo, as

murine oncogenic KRAS-driven lung cancer cells do not

extensively utilize glutamine-derived carbons in TCA cycle

reactions (11). The authors of this study hypothesize that this
Frontiers in Oncology 03
may be due in part to the differences in cellular microenvironment

that fundamentally alter both metabolite and waste utilization.

The effect of the microenvironment on metabolic

programming of specific cellular constituents therefore can in

part be reflective of the metabolic interdependence, or co-

metabolism, of specific resident cell types. The notion that non-

cancerous cells in the tumor microenvironment contribute to

cancer cell metabolism and growth has been particularly well

studied in the case of glucose utilization and has led to the

development of the concept termed the “reverse Warburg

effect”, or RWE (Figure 2). In this model, cancer cells induce

aerobic glycolysis in cancer-associated fibroblasts (CAFs) through

oxidative stress, exosomal microRNAs, or signaling modalities

such as TGF-b (16–18). The CAFs in turn produce and secrete

high-energy intermediates from aerobic glycolysis, such as

pyruvate and lactate, which conversely support oxidative

phosphorylation in the tumor cells (19, 20). Interdependence

centered on glutamine metabolism in cell types sharing a

microenvironment is particularly well demonstrated in

physiological processes such as brain cell metabolism, wherein

glutamate secreted by neurons as an excitatory neurotransmitter

undergoes rapid uptake and conversion by astrocytes into

glutamine using enzymes not expressed in neurons themselves

(21). Through this mechanism, cell type-specific metabolism

tightly regulates the process of neurotransmission.
FIGURE 2

Glutamine in the tumor microenvironment. In response to signals including ROS and miRNA secreted by tumor cells and utilizing metabolites
such as tumor-derived NH3+, cancer associated fibroblasts (CAFs) metabolize glutamine into high-energy intermediate molecules such as
pyruvate (Pyr) or lactate (Lac), which are then secreted and utilized by tumor cells. Glutamine is metabolized by pro-inflammatory, or M1-like
macrophages into succinate, which helps stabilize HIF1a and drives expression of pro-inflammatory and tumoricidal genes. In tumor-associated
macrophages (TAMs), or M2-like macrophages, glutamine is metabolized to a-KG and serves as a co-factor for epigenetic modification by
histone demethylases which support an anti-inflammatory phenotype. These macrophages additionally modulate the activity of vascular
endothelial cells, aiding in the remodeling that permits for tumor metastasis via vascular egress. T lymphocytes also display differential glutamine
requirements, with immunosuppressive T-regulatory, or Treg frequencies increased in the absence of glutamine and glutamine supporting the
development of pro-inflammatory Th1-phenotype cells.
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In addition to known physiological processes, an increasing

body of evidence implicates cellular interdependence in

glutamine metabolism during pathophysiological processes

such as tumorigenesis. Indeed, studies in animal breast cancer

models demonstrated that glutamine-derived ammonia, thought

to be a simple waste product of cancer cell metabolism, was

recycled by CAFs into other amino acids which could serve as a

critical nitrogen source fueling tumorigenesis (22). Addressing

similar findings, Yang et al. found that by inhibiting both cellular

constituents in this exchange, a combination strategy targeting

glutamine synthetase in fibroblasts alongside glutaminase in

cancer cells reduced tumor weight and metastatic burden in

orthotopic mouse ovarian cancer models (23). Interestingly,

recent computational modeling has also challenged the notion

that tumor cells are reliant on exogenous glutamine for growth,

as glutamine-derived carbon did not impact in silico growth

models, which remained limited by glucose and oxygen under

various modeling conditions (24).

Future work aimed at comprehensive assessment of the

metabolism of the entire tumor, which includes cancer cells,

stromal cells, and infiltrating immune cells, will likely be critical

in order to achieve meaningful therapeutic outcomes. We next

focus on different metabolic fates of glutamine within the tumor

microenvironment and attempts to exploit the differential

metabolic requirements of cells therein.
Anaplerosis

Conversion of glutamine to glutamate via glutaminase (GLS)

with subsequent conversion to alpha ketoglutarate (a-KG) allows
for entry of glutamine-derived carbons into the TCA cycle to

replenish intermediates that have been extracted for other

biosynthetic reactions (25). Glutaminase therefore serves as a

logical target for inhibition of tumor metabolism, and

preclinical studies of the glutaminase inhibitor CB-839

demonstrated efficacy in slowing tumor cell growth (26–28).

Unfortunately, successful clinical application has been more

challenging (12, 13). The clinical shortcomings of glutaminase

inhibition to slow tumor growth may be based in the adaptable

nature of tumor metabolism. For example, asparagine can also

serve an anaplerotic role as a source of oxaloacetate, and tumor

asparagine synthetase is sufficient to prevent apoptosis in cancer

cells deprived of glutamine (29). The availability of other nutrients

can also control the degree to which glutamine is utilized for

anaplerotic reactions. Muir et al. recapitulated the aforementioned

decrease in glutamine utilization seen in vivo with cancer cells

cultured in bovine serum instead of cell culture media, which

more closely approximates physiological nutrient levels (30).

Levels of the amino acid cystine alone were sufficient to explain

these findings, as cystine activated the cystine/glutamate

antiporter xCT (SLC7A11) to drive tumor glutamine uptake.

The authors hypothesize that the supraphysiological levels of
Frontiers in Oncology 04
glutamine used in most cell culture media led to increased

anaplerotic utilization and may have been responsible for some

of the antiproliferative effects seen following glutaminase

inhibition. However, they propose that co-administration of

cystine with glutaminase inhibitors could comprise a reasonable

therapeutic modality, with cystine driving glutamine uptake and

utilization rendering tumors sensitive to glutaminase inhibition.

Rossiter et al. additionally demonstrated pyruvate to be a

conditional suppressor of glutamine dependence in K562 cells

through CRISPR screens using relatively glutamine-rich standard

culture medium versus HPLM (human plasma-like medium) with

more physiological glutamine levels, wherein pyruvate

supplementation rescued growth defects seen in GLS-deficient

cells in standard culture media and withdrawal of pyruvate in

HPLM created similar growth defects which were dependent on

a-KG production (31).

A broader blockade of cellular glutamine programs has been

explored with glutamine antimetabolites, most notably 6-diazo-

5-oxo-L-norleucine (DON), which inhibits not only glutaminase

but a range of enzymatic reactions utilizing glutamine as a

substrate (32). Likely related to its broad mechanism of

inhibition, early clinical trials using DON showed a narrow

therapeutic index despite signs of antitumor efficacy (33). The

development of a DON prodrug with protecting groups

preferentially cleaved to release DON in tumor tissue over

serum has permitted for further animal study of this

antimetabolite approach. Pharmacokinetics of this prodrug

revealed that although Tmax for detectable DON was delayed

in tumor versus serum (30 minutes versus 5 minutes), Cmax was

over 20% higher in the tumor with more than double the AUC

value for detectable DON tumor versus serum over the course of

administration (34).

Preclinical studies with this DON prodrug demonstrate a

decrease in tumor oxidative phosphorylation and ATP

generation. Notably, although dividing T lymphocytes are also

among the cells known to utilize glutamine for Warburg

metabolism at activation, DON did not inhibit tumor infiltrating

lymphocytes (TILs) but rather endowed them with a highly-

activated, long-lived phenotype. Cell type-specific differences in

metabolic compensation appear to be critical to this finding, such

as the ability of TILs but not tumor cells to preferentially utilize

pyruvate via pyruvate carboxylase (PC) for replenishment of TCA

cycle intermediates (e.g., oxaloacetate) under conditions of

glutamine blockade. Further studies suggested an additional

mechanism of tumor control arose from alteration in myeloid-

derived suppressor cell (MDSC) phenotype under glutamine

antimetabolite therapy, with these typically pro-tumorigenic cells

converting to a more pro-inflammatory phenotype while losing

expression of IDO, the enzyme responsible for synthesizing the

immunosuppressive metabolite kynurenine (35). These pre-clinical

studies provided evidence to initiate a Phase 1 and Phase 2a first-in-

human study of this DON pro-drug, now known as DRP-104, for

patients with advanced solid tumors (NCT04471415). These studies
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highlight the potential of exploiting differential cell-specific

metabolic requirements within the tumor microenvironment,

circumventing the ability of cancerous cells to utilize their

metabolic flexibility to overcome simple nutrient deprivation.
The hexosamine
biosynthesis pathway

Another role of glutamine is fueling, along with glucose, the

hexosamine biosynthesis pathway, or HBP, which provides the

necessary glycosaminoglycans for extracellular matrix (ECM)

synthesis and intracellular glycosylation reactions (36). The rate-

limiting step in this pathway, glutamine-fructose amidotransferase

1/2 (GFAT1/2), condenses glutamine with glucose-derived

fructose-6-phosphate (F6P) to ultimately synthesize uridine

diphosphate N-acetylglucosamine (UDP-GlcNAc). Enzymes

such as O-GlcNAc transferase (OGT) utilize UDP-GlcNAc to

glycosylate target proteins, while the hyaluronan synthases

(HAS1-3) utilize this UDP-GlcNAc for ECM synthesis. Recent

studies targeting the HBP demonstrated that glutamine blockade

with DON decreases ECM component synthesis and alters ECM

structure in pancreatic cancer models, shifting the tumor

microenvironment from immune-exclusionary to one more

amenable to immune cell infiltration (37). As such, DON

treatment sensitized tumors to checkpoint blockade therapy.

Control of tumor burden in this model was dependent on the

ability of T lymphocytes to access and kill tumor cells.

Further studies have demonstrated additional cancer cell-

intrinsic mechanisms by which tumor cells rely on the HBP for

progression and metastasis and the therapeutic potential of HBP

inhibition. Rossi et al. describe a correlation between loss of

phosphoglycerate dehydrogenase (PHGDH) expression in

primary tumors of breast cancer patients and shortened

metastasis-free survival. In mice, the authors demonstrated

that PHGDH interacts with phosphofructokinase, and the loss

of this interaction increases flux through hexosamine

biosynthesis (38). This increased flux provides the substrate

for integrin aVb3 sialylation, which facilitates tumor metastatic

activity. Studies utilizing direct HBP inhibition have also

demonstrated reduction in pancreatic patient-derived tumor

xenograft outgrowths with genetic ablation or pharmacologic

inhibition of the HBP enzyme phosphoacetylglucosamine

mutase 3 (PGM3) (39). These studies support the notion that

targeting metabolic pathways utilized by the malignant

population of the tumor microenvironment (tumor cells)

while seemingly not utilized to such a degree by other

populations (such as T lymphocytes, which are not known to

construct extensive ECM) could serve as an exploitable target for

metabolic therapy of established solid tumors.
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Epigenetic modification

Glutamine-derived a-KG is a critical cofactor utilized by a

family of histone demethylases to control gene expression of

many cancer-promoting genes (40). These regulated genes differ

greatly across tumor types and some members of this family of

demethylases, such as Jmjd3, can be thought of as oncogenes or

tumor suppressor genes depending on the cellular context (41–

43). In addition to tumor type, the regional availability of

glutamine within a tumor can also directly affect epigenetic

modification and control of cellular differentiation. Pan et al.

demonstrated differential histone methylation in glutamine-rich

peripheral tumor compared to the glutamine-depleted tumor

core in BRAF V600E tumor models (44). This difference in

glutamine levels was reflected in the tumor epigenetic landscape,

with an increase in H3K27 methylation driven by low glutamine

in the core of the tumor leading to an increase in expression of

dedifferentiation markers and an increased resistance to BRAF

inhibitor treatment. As hypoxia (as is often encountered in the

TME) inhibits both histone and DNA demethylation (45), it is

reasonable to query whether glutamine availability additionally

affects DNA modifying enzymes in a similar manner. Indeed,

ten-eleven translocation (TET) enzyme-mediated locus-specific

CpG demethylation decreased in chicken embryos treated with

the glutaminase inhibitor bis-2-(5-phenylacetamido-1,3,4-

thiadiazol-2-yl) ethyl sulfide (BPTES) under dynamic

conditions of TET induction, although it should be noted

these studies were not conducted in the setting of cancer (46).

Additional studies have shed light on how glutamine

metabolism can control the epigenetic landscape of other

critical cell populations within a tumor. Glutamine metabolism

differentially affected T lymphocyte subsets in work by Johnson

et al., with chromatin accessibility and gene expression altered to

differentially restrict Th17 but promote Th1 development under

conditions of glutaminase deficiency or inhibition (47).

Glutaminase activity is also critical in the transduction of IL-2

signaling into differentiation programs that control CD8+ T

lymphocyte memory or effector fate (48). In myeloid cells, Liu

et al. demonstrated that glutaminolysis-derived a-KG is critical

for Jmjd3-dependent epigenetic modification and activation of

gene programs more associated with the immunosuppressive

M2 phenotype as compared to the more pro-inflammatory M1

phenotype (49). Macrophages and other myeloid cells make up a

sizeable portion of the tumor microenvironment (Figure 2), and

their phenotype plays a major role in tumor progression and

response to therapy (50). As glutamine metabolism impacts

multiple cell types in the immune compartment of the tumor

microenvironment, informed selection of which tumors to treat

with epigenetic-targeting drugs that rely on glutamine

metabolism will be critical in determining response to therapy.
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Redox homeostasis

Glutamine-derived glutamate is used in the synthesis of

glutathione (GSH), a tripeptide of glutamate, cysteine, and

glycine which serves as a major cytosolic antioxidant in

eukaryotes (51). Tumor cells generate extensive free radicals,

and a significant portion of extracellular glutamine has been

shown to be utilized in glutathione synthesis for maintenance of

redox homeostasis in lung cancer models (52). However, as is the

case with most metabolic pathways, tumor cells are adaptable in

the context of glutamine withdrawal. Sun et al. demonstrated

that glutamine withdrawal activates the serine-glycine one-

carbon (SGOC) metabolism, facilitating the diversion of

glycolytic intermediates to serine and glycine synthesis (53).

This supports not only GSH synthesis but de novo nucleotide

synthesis via the production of methylation substrates from

SGOC that are critical for thymidine synthesis. Successful

targeting of glutamine metabolism for perturbation of redox

homeostasis will therefore rely on a more complete

understanding of the metabolic requirements of all cell types

within a tumor. Indeed, preclinical studies have shown that

glutaminase inhibition can impair GSH synthesis and lead to

oxidative stress-induced death in multiple types of AML,

synergizing with other drugs that disrupt redox state (54).

Further studies have demonstrated that the glutamine

transporter inhibitor V-9302 selectively blocked glutamine

uptake by cancer cells, but not CD8+ T lymphocytes, in

preclinical breast cancer models (55). Glutathione production

and cytotoxic capability was increased in T lymphocytes under

these conditions as a result of a T lymphocyte-specific

compensatory upregulation of the amino acid transporter

SLC6A14, which allowed for increased synthesis of glutathione

that tumor cells were unable to parallel. Similar to the

aforementioned studies of DON prodrugs, a cell-type specific

approach whereby differential metabolism is exploited between

tumor and non-tumor cells may facilitate the approach of

metabolic therapies as they pertain to redox homeostasis.
Nucleotide synthesis

Glutamine plays a critical role in the synthesis of purine and

pyrimidine nucleotides both as a direct nitrogen donor and via

anaplerotic reactions that replenish amino acids used in

nucleotide synthesis (56). As mentioned earlier, Sun et al.

demonstrated that increased de novo serine and glycine

synthesis in tumor cells under conditions of glutamine

withdrawal facilitates the necessary synthesis of nucleic acids

via increased flux through one-carbon metabolism, suggestive of

metabolic flexibility of cancer cells in terms of nucleic acid

metabolism (53). Interestingly, this inherent adaptability is

evident even within subtypes of the same cancer, as analyses of

small cell lung cancers has revealed a subset dependent on Myc-
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activity specifically for ribosomal RNA (rRNA) synthesis over

mRNA synthesis, suggesting multiple avenues of metabolic

adaptation as it pertains to nucleotide metabolism beyond the

need for synthesis of genomic DNA (57).

The contribution of glutamine to cellular nucleic acid

synthesis may represent the most generalizable and least cell-

type specific modulation of metabolism across cancers. A large-

scale proteomics approach analyzing a multitude of tumor types

has demonstrated an almost-universal shift of glutamine as a

source for anaplerotic reactions of the TCA cycle and towards

enzymes in nucleic acid synthesis such as phosphoribosyl

pyrophosphate amidotransferase (PPAT) during cancer

progression (58, 59). In fact, in these analyses, PPAT activity

bore the strongest prognostic value of any metabolic enzyme.

Nevertheless, wholesale blockade of this pathway could have

consequences on other cell types, as glutamine-dependent

nucleotide synthesis in immune cells has been demonstrated

as critical not only for replication of genomic DNA during cell

division but also to support rRNA synthesis and ribosomal

biogenesis (60, 61). That said, whether or not co-metabolic

processes, such as those between cancer cells and immune

cells, for instance, could compensate and allow for an

asymmetric targeting of nucleic acid metabolism in distinct

cellular compartments within a tumor is yet to be determined.

For instance, could cancer cells that are dying in response to

glutamine blockade provide a source of nucleic acid building

blocks to fuel salvage pathways of responding immune cells?

Such an approach would necessarily exploit a differential

plasticity between cancer cells and immune cells.
Conclusion

Alterations in tumor metabolism have attracted scientific

attention for over a century. While modern approaches have

demonstrated how metabolites are utilized in exquisite detail,

recent studies suggest that the heterogeneous nature of the

tumor microenvironment, the interconnected nature of cellular

metabolism, and the plasticity of intracellular metabolic

pathways create significant hurdles to successful application of

targeting a single, highly specific glutamine metabolic pathway

such as glutaminase activity. Evidence of competition for glucose

and differential glucose metabolism between cells within the

tumor microenvironment has existed for some time (62). We

now have evidence that glutamine can also be utilized in a

heterogeneous manner within the TME. Frameworks such as the

RWE can help us to rethink approaches to metabolic inhibition

in cancer therapy, while other cell types within the TME, such as

endothelial cells (63–65) and stromal cells (66), in addition to

the immune cells already discussed, can be highly dependent

upon glutamine metabolism (Figure 2). Understanding more

completely which cells are utilizing glutamine for which
frontiersin.org

https://doi.org/10.3389/fonc.2022.1011191
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Claiborne and Leone 10.3389/fonc.2022.1011191
pathways may permit for targeted therapies that can realize the

full potential of inhibiting this critical metabolite in cancer.
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