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metabolizing enzymes for
cancer immunotherapy
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Despite the immune system'’s role in the detection and eradication of abnormal
cells, cancer cells often evade elimination by exploitation of various immune
escape mechanisms. Among these mechanisms is the ability of cancer cells to
upregulate amino acid-metabolizing enzymes, or to induce these enzymes in
tumor-infiltrating immunosuppressive cells. Amino acids are fundamental
cellular nutrients required for a variety of physiological processes, and their
inadequacy can severely impact immune cell function. Amino acid-derived
metabolites can additionally dampen the anti-tumor immune response by
means of their immunosuppressive activities, whilst some can also promote
tumor growth directly. Based on their evident role in tumor immune escape, the
amino acid-metabolizing enzymes glutaminase 1 (GLS1), arginase 1 (ARG1),
inducible nitric oxide synthase (iNOS), indoleamine 2,3-dioxygenase 1 (IDO1),
tryptophan 2,3-dioxygenase (TDO) and interleukin 4 induced 1 (IL4I1) each serve
as a promising target for immunotherapeutic intervention. This review
summarizes and discusses the involvement of these enzymes in cancer, their
effect on the anti-tumor immune response and the recent progress made in the
preclinical and clinical evaluation of inhibitors targeting these enzymes.

KEYWORDS
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1 Introduction

Cancer arises from the accumulation of genetic and epigenetic alterations, conferring
selective growth advantage to transformed cells (1, 2). Associated with these alterations is
generally a diverse set of tumor-expressed antigens, including aberrantly expressed self-antigens
and neoantigens resulting from somatic mutations (3). Although this antigenic diversity
provides the immune system with ample opportunity to recognize and destroy cancerous
cells, an effective anti-tumor immune response is absent in many human cancers (4).
Mechanisms facilitating the immune escape of tumor cells include the downregulation or
loss of tumor antigens or antigen-presenting machinery, the impairment of T-cell trafficking
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and infiltration into tumors, and the induction of immunosuppressive
factors and cells in the tumor microenvironment (TME) (5, 6).

Over the recent decades, cancer immunotherapy has emerged as
a revolutionary approach to reinvigorate host anti-tumor immunity
(7). By alleviating negative regulation of T-cell activation, antibodies
targeting inhibitory immune checkpoint proteins, including
programmed death 1 (PD-1), its ligand PD-L1, and cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4), have produced durable
clinical responses in a subset of cancer patients (8-10). Other
immunotherapeutic treatment modalities, such as cytokine
therapy, cancer vaccines and adoptive cell transfer, have
additionally been developed to amplify pre-existing immune
reactivity in patients, or generate new tumor-specific immune
responses (7, 11). However, while cancer immunotherapies
represent attractive alternatives to conventional and targeted
therapies in terms of efficacy and tolerability, many patients
experience primary or acquired resistance (12, 13), necessitating
the development of alternative strategies or combinatorial therapies.

A critical hurdle for successful immunotherapeutic treatment of
cancer patients is the complex and heterogeneous nature of the TME
(14). Within this environment, tumor-induced accumulation of
immunosuppressive cells, such as regulatory T cells and myeloid-
derived suppressor cells (MDSCs), can promote profound tolerance to
cancerous cells (15, 16). Molecular mechanisms employed by these
suppressive populations as well as by tumor cells themselves include
the expression of inhibitory receptors or their ligands (8), and the
secretion of immunosuppressive cytokines (17). In addition,
upregulation of metabolic enzymes by any of these participants can
deprive the TME of nutrients essential to proliferating T cells, or expose
them to high levels of immunosuppressive metabolites (18). Finally, the
frequently hypoxic and acidic conditions surrounding tumor-
infiltrating T cells can further attenuate their function (19).

In this review, the role of a specific group of metabolic enzymes
—i.e., those metabolizing amino acids—in the escape of tumor cells
from immune surveillance will be summarized; advances in the
therapeutic targeting of these enzymes will be highlighted; and
current challenges and opportunities in this field will be discussed.

2 Amino acid-metabolizing enzymes
involved in tumor immune escape

Amino acids are integral to cellular homeostasis and proliferation,
serving as precursors for protein synthesis and constituting key
metabolic intermediates in energy production and various
biosynthetic pathways. In naive T cells, only minimal uptake of
amino acids is required to maintain homeostasis, which is
attributable to the metabolically quiescent state of these cells (20).
However, upon cognate antigen engagement and co-stimulation, T
cells drastically alter their metabolism to meet the energetic and
anabolic needs of rapid growth and proliferation (21). Being
auxotrophic for most amino acids (22), this requires activated T cells
to strongly increase both essential and non-essential amino acid uptake
(23). In the case of tumor-infiltrating T cells, this has to be achieved
amidst the highly competitive and dynamic settings of the TME.
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Within the tumor landscape, metabolic reprogramming is not a
unique feature of activated T cells, as highly proliferative cancer
cells have similar metabolic requirements. Cancer cells often avidly
consume energetic nutrients, particularly glucose and glutamine
(24, 25), causing them to outcompete T cells for these respiratory
fuels and biosynthetic precursors. This voracious phenotype is
governed by the upregulation of transporter proteins as well as
metabolic enzymes, including the glutamine-metabolizing enzyme
glutaminase 1 (GLS1) (Figure 1A) (26, 27). Expression of other
amino acid-metabolizing enzymes can additionally be exploited by
either tumor or infiltrating immunosuppressive cells. These
enzymes include arginase 1 (ARGI) (28, 29), inducible nitric
oxide synthase (iNOS) (30, 31), indoleamine 2,3-dioxygenase 1
(IDO1) (32-34), tryptophan 2,3-dioxygenase (TDO) (35, 36) and
interleukin 4 induced 1 (IL411) (Figures 1B-E) (37). Not only may
the activities of these enzymes directly serve to potentiate tumor
malignant properties through different mechanisms, it is their
ability to promote tumor growth through suppression of immune
responses that is their main common denominator (28, 33, 36-39).

A common mechanism of immunosuppression exerted by
different amino acid-metabolizing enzymes relies on the amino
acid dependency of activated T cells. As in all eukaryotic cells, the
intracellular availability of amino acids in T cells is continuously
monitored through at least two distinct pathways, involving either
the general control nonderepressible 2 (GCN2) kinase (40) or the
mammalian target of rapamycin complex 1 (mTORC1) (41).
Activation of the GCN2 pathway occurs upon accumulation of
uncharged tRNAs consequent to amino acid withdrawal
(Figure 2A) (42), whereas T-cell receptor (TCR)-induced
mTORCI signaling is inhibited upon insufficiency of selected
amino acids (Figure 2B) (41). Through independent mechanisms,
either perturbation induces a global reduction in translation
initiation. Moreover, GCN2 activation results in the selective
induction of genes aiding in cellular recovery, while mTORCI
inhibition promotes autophagy (Figures 2A, B) (40, 43). As a
consequence, amino acid deprivation can severely impact T
cell functionality.

A second suppressive mechanism shared by distinct amino acid-
metabolizing enzymes is the accumulation of immunosuppressive
metabolites within the TME. Among the different metabolites
generated by these enzymes, activation of the aryl hydrocarbon
receptor (AhR) is the most represented mechanism of
immunosuppression (Figure 2C) (36, 37, 44). The AhR is a ligand-
activated transcription factor expressed by most human cell types,
including various cells of the immune system, in which it regulates
the transcription of numerous target genes. Through sensing of a
broad range of exogenous and endogenous ligands, including
tryptophan-derived metabolites, the AhR controls various
physiological processes, including cell cycle progression, cellular
motility and immune cell function (45, 46).

In the following sections, each of the amino acid-metabolizing
enzymes involved in tumor immune escape will be discussed
separately, as this allows for the depth of review to be adequately
coordinated with the extent of knowledge available. As an
exception, IDO1 and TDO will be discussed jointly, as these
enzymes demonstrate highly overlapping mechanisms of action.
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Metabolic fates of amino acids and metabolites involved in tumor immunosuppression, with relevant amino acid-metabolizing enzymes indicated.
(A) Glutamine that has entered the cell is incorporated into proteins, contributes to the biosynthesis of nucleotides, asparagine and hexosamine,

and is imported into mitochondria. Within mitochondria, GLS1 and GLS2 convert glutamine into glutamate, which contributes to the generation

of tricarboxylic acid (TCA) cycle intermediates and derivatives, and to the cytosolic biosynthesis of non-essential amino acids and glutathione.

(B) Arginine can be metabolized to ornithine either extracellularly or cytosolically (as the final step of the urea cycle) by ARGL, or in the mitochondria
by ARG2. Ornithine can subsequently be used for a new cycle of ammonia detoxification, or can be converted into polyamines, proline or glutamate.
Alternative fates of arginine include incorporation into proteins and production of creatine, polyamines and nitric oxide (NO). (C) NO is produced
from arginine by nNOS, iNOS or eNOS, and can be converted into different reactive nitrogen species (RNS) that can alter the structure and function
of various biomolecules through nitration, S-nitrosylation or transition metal coordination. (D) Tryptophan serves as a fundamental protein building
block, and can be metabolized along the serotonin and kynurenine pathways to generate a variety of bioactive metabolites. (E) Tryptophan can

additionally be metabolized into indoles by both host cell-secreted IL411 and gut microbiota, of which the former also metabolizes phenylalanine
and tyrosine. Other metabolic pathways of phenylalanine and tyrosine are not shown in this figure.

3 The glutamine-metabolizing
enzyme GLS1

Glutamine is the most abundant free amino acid in humans,
both in circulation and in the intracellular environment (47). It is

considered conditionally essential, as it can be adequately obtained
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from de novo synthesis and protein turnover in healthy individuals,
but may become insufficient during critical illness or injury (48).
Aside from its key role in protein synthesis, glutamine contributes
to numerous biosynthetic pathways, including those directed
towards synthesis of nucleotides, non-essential amino acids, fatty
acids and glutathione (Figure 1A) (49). Moreover, glutamine can
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Molecular pathways underlying immunosuppression in T cells upon amino acid depletion or metabolite accumulation. (A) The general control
nonderepressible 2 (GCN2) kinase is activated by uncharged tRNA, which accumulates in cells upon depletion of any amino acid. Activated GCN2
phosphorylates elF2a, which halts global protein synthesis and induces ATF4 expression, which in turn induces the transcription of ATF4 target
genes that promote cellular recovery. (B) The mammalian target of rapamycin complex 1 (MTORC1) is recruited to the lysosomal surface upon
activation of the Ragulator-Rag complex by specific amino acids, including arginine and leucine, and is subsequently activated by T-cell receptor
(TCR)- and co-stimulatory signal-activated Rheb. Activated mTORC1 promotes protein synthesis through regulation of p70S6K and 4E-BP1 activity,
and inhibits autophagy. Amino acid depletion impedes these processes, as indicated by the dotted outlines and arrows. (C) The aryl hydrocarbon
receptor (AhR) is translocated to the nucleus upon binding of an agonist such as tryptophan-derived kynurenine (Kyn), indole-3-pyruvic acid (13P) or
their downstream metabolites. In the nucleus, the AhR binds to the AhR nuclear translocator (ARNT) and induces the transcription of its target genes,

which are involved in a variety of physiological processes.

serve as a significant source of energy in cells with high energetic
demands (50). In non-proliferating cells, this role is primarily
reserved for glucose, which is efficiently used in glycolysis, the
tricarboxylic acid (TCA) cycle and oxidative phosphorylation for
generation of ATP and biosynthetic precursors (Figure 3A) (51). In
contrast, energy production in most cancer cells is shifted towards
the inefficient use of glucose in aerobic glycolysis (“the Warburg
effect”), achieved through re-programming of metabolic pathways
(52). This altered metabolism yields important glycolytic
intermediates required for various anabolic processes, but
concurrently restricts entry of glucose into the TCA cycle. To
compensate for this metabolic shift, cancer cells often become
addicted to exogenous glutamine, which can replenish TCA cycle
intermediates through its downstream metabolite o-ketoglutarate
in a process called glutaminolysis (Figure 3B) (51).

Glutamine can be transported into cells through many different
transporters of the solute carrier (SLC) family (53). Conversion of
glutamine into o-ketoglutarate is subsequently initiated by
glutaminase (GLS) enzymes, which catalyze the deamidation of
glutamine to glutamate and act as the rate-limiting enzymes for
glutamine entry into the TCA cycle. In mammalian cells, GLS is
encoded by two genes, GLSI (or kidney-type glutaminase; KGA)
and GLS2 (or liver-type glutaminase; LGA). Expression of GLSI
occurs ubiquitously across human extrahepatic tissues (54, 55), and
is regulated by the c-Myc oncoprotein, which coordinately controls
cellular glutamine uptake (26, 27). Elevated tumoral GLS1
expression is found across a variety of cancer types, and is
frequently correlated with poor patient prognosis (56-60). In
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contrast, GLS2 is identified as a target gene of the tumor
suppressor protein p53 (61, 62), with expression restricted
primarily to the liver, pancreas, brain and pituitary gland (54, 55).
Along with its decreased expression in various cancer types (59, 63),
GLS2 is therefore generally regarded to have a tumor-suppressive
function. This may be related to its role in the promotion of an iron-
dependent form of cell death termed ferroptosis (64), or its ability to
act as a binding protein independent of its glutaminase activity (65).
In contrast, expression of GLS2 can also be promoted by the
oncogenic n-Myc protein (66), and upregulated GLS2 expression
in breast cancer tissues is found to be correlated with poor patient
prognosis (67, 68), indicating that the function of GLS2 may not be
strictly suppressive.

Following the discovery that glutamine is an indispensable nutrient
for the growth and survival of many cancer cells, several glutamine
metabolism-targeting strategies have been evaluated as potential
targeted anti-cancer therapies (Figure 3B). These include the selective,
allosteric inhibition of GLS1 using bis-2-(5-phenylacetamido-1,2,4-
thiadiazol-2-yl)ethyl sulfide (BPTES) (69) or its successors
telaglenastat (CB-839) (70) and TACS-6274 (IPN60090) (Figure 4A,
left) (71). Moreover, a number of competitive, irreversible inhibitors
with broad-spectrum activity against glutamine-utilizing enzymes have
been developed, also referred to as glutamine antagonists, which include
6-diazo-5-oxo-L-norleucine (DON) (72, 73) and its pro-drug
successors JHU-083 (74) and sirpiglenastat (DRP-104) (Figure 4A,
middle) (75). Finally, glutamine uptake can be competitively inhibited
using the SLC1A5/ASCT2 transporter antagonist V-9302 (Figure 4A,
right) (76). Starting clinical evaluation in the mid-1950s, DON has
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Glutamine and glucose metabolism in non-proliferating and proliferating cells. (A) In non-proliferating cells, glucose is primarily responsible for
energy generation through glycolysis, the tricarboxylic acid (TCA) cycle and oxidative phosphorylation, whereas glutamine contributes to a number
of biosynthetic processes. (B) In proliferating cells, enhanced glucose import facilitates the production of energy and glycolytic intermediates
through aerobic glycolysis, which diverts pyruvate away from the TCA cycle. To meet the high demand for TCA cycle intermediates and derivatives,
glutamine import and glutaminolysis are considerably enhanced, which concurrently facilitates the upregulation of biosynthetic pathways requiring
glutamine or glutamate as a substrate. The excessive import or metabolism of glutamine by proliferating cells can be restricted through use of
selective GLS1 inhibitors, broad-spectrum inhibitors of glutamine-utilizing enzymes, or glutamine uptake inhibitors, of which relevant examples are

provided in the figure.

already demonstrated promising anti-tumor activity in various cancer
types (77). However, clinical development of DON was discontinued
due to significant toxicities. Telaglenastat has since entered clinical
evaluation in 2014, but development was recently suspended after
failure of two phase II clinical trials (ClinicalTrials.gov identifiers:
NCT03428217 (78) and NCT04265534) and dissolution of developer
Calithera Biosciences, Inc. More recently, IACS-6274 (NCT05039801)
and sirpiglenastat (NCT06027086) entered clinical-stage development
as well. Importantly, although the mentioned therapeutic strategies
were initially solely perceived to exploit the dependence of tumors on
glutamine, it has been increasingly recognized that their effects extend
beyond those affecting the cancer cells, as will be discussed below.

In addition to directly supporting cancer cell proliferation,
excessive tumoral metabolism of glutamine may also deprive
tumor-infiltrating immune cells of an important nutrient. Similar
to cancer cells, activated T cells upregulate glutamine transporters
(including SLC1A5/ASCT2 and SLC38A1/SNATI1) and increase
glutaminolysis to accommodate the demands of rapid proliferation
(79-81). Moreover, sufficient levels of intracellular glutamine are
required for activation of TCR-induced mTORCI signaling (81, 82),
as glutamine serves as a counter-substrate for import of the essential
amino acid and mTORCI activator leucine (Figure 1A) (83).
Accordingly, glutamine-depriving conditions compromise the
growth and proliferation of activated T cells in vitro (79, 80),
whereas restoration of tumor interstitial glutamine levels by tumor-
specific GLS1 knockout increases T-cell infiltration and activity in
vivo (Figure 4B) (38). However, since different subsets of T cells
engage distinct metabolic programs (21, 84), their dependency on
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glutamine availability also diverges. In particular, limitation of
glutamine uptake inhibits the differentiation of naive CD4" T cells
under Thl- and Th17-skewing conditions (82), while glutamine
deprivation promotes their differentiation into CD4"CD25"FoxP3™
regulatory T cells (85, 86). These effects may at least partially be due
to compromised de novo synthesis of o-ketoglutarate (85),
nucleotides (86) or glutathione (87). In contrast to T cells, natural
killer (NK) cells do not appear to require glutamine for fueling their
metabolism, although glutamine deprivation does impair NK-cell
growth and functional responses due to its role in the regulation of c-
Myc expression (Figure 4B) (88).

Based on the evident role of GLS1 in cancer development,
selective targeting of this enzyme presents an attractive therapeutic
anti-cancer approach. This is supported by the direct anti-
proliferative effect exerted by different GLS1 inhibitors on cancer
cells of diverse origin in in vitro studies (70, 89, 90). However,
inhibition of GLS1 may also indirectly affect tumor growth through
the combined effect of elevated glutamine availability and inhibition
of glutaminolysis on immune cell function. Notably, although both
tumor cells and activated T cells upregulate glutaminolysis to fuel
their proliferation (25, 79), the metabolism and proliferative ability
of these cells is not equally disrupted by GLSI inhibition (70, 91).
More specifically, different subsets of T cells are differentially
dependent on functional glutaminolysis, as genetic GLS1
disruption suppresses CD4" T-cell differentiation into Th17 cells,
but promotes CD4" Th1 and cytotoxic CD8" T-cell differentiation
and function (Figure 4B). This is associated with the altered
epigenetic regulation of gene expression caused by modulation of
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FIGURE 4

Overview of glutamine metabolism and uptake inhibitors, and their effects on different cell types in the tumor microenvironment. (A) Chemical
structures of selective GLS1 inhibitors, broad-spectrum inhibitors of glutamine-utilizing enzymes, and a glutamine uptake inhibitor. For inhibitors
which are currently or have previously been evaluated in clinical trials, the current status of clinical development is indicated. (B) Effects of glutamine
deprivation and the different glutamine metabolism-targeting strategies on T cells, NK cells, myeloid cells and tumor cells. Effects shown in black
have a positive impact on the anti-tumor immune response, whereas effects shown in grey have a negative effect.

o-ketoglutarate levels (84). Furthermore, restoration of glutamine
availability upon GLS1 inhibition restores NK-cell cytotoxicity,
which is not abolished by abrogation of NK-cell glutaminolysis
(88). In contrast, selective inhibition of GLS1 suppresses the
differentiation and immunosuppressive function of immature
myeloid cells as well as the polarization of macrophages towards
an anti-inflammatory phenotype (Figure 4B) (92-94).

Despite the complementary anti-proliferative effect exerted by GLS1
inhibitors on tumor cells and their stimulatory effect on the immune cell
compartment, monotherapy with BPTES or telaglenastat has
demonstrated variable efficacy in in vivo models (70, 90, 91, 93, 95).
Moreover, only limited single-agent activity has been observed for
telaglenastat in clinical trials (96, 97), which may be due to
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upregulation of compensatory metabolic pathways in the targeted
cancer cells (95, 98, 99). Broader blockade of glutamine-utilizing
enzymes or inhibition of glutamine uptake may at least partially
resolve these issues, although they would logically also disrupt the
metabolism of immune cells. Nonetheless, inhibition of glutamine-
utilizing enzymes by JHU-083 or sirpiglenastat does not disable the in
vivo anti-tumor immune response, but instead conditions T cells
towards a more proliferative, less exhausted phenotype (Figure 4B)
(74,75, 100). This is attributed to the remarkable flexibility of T cells, but
not tumor cells, to use glucose for replenishment of TCA cycle
intermediates when glutamine metabolism is blocked (74).
Furthermore, sirpiglenastat enhances CD4* and CD8" T-cell function
and decreases regulatory T-cell numbers (100), while JHU-083
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promotes anti-tumor immunity by inducing apoptosis of MDSCs,
stimulating the conversion of immunosuppressive macrophages and
MDSCs into pro-inflammatory macrophages, and inhibiting the
expression of IDOI in both myeloid and tumor cells (101). Inhibition
of glutamine uptake by SLC1A5/ASCT?2 inhibitor V-9302 additionally
induces a marked reduction of tumor growth in vivo, which is
accompanied by enhanced activation and functionality of effector T
cells (Figure 4B). Compensatory upregulation of the glutamine
transporter SLC6A14/ATB** by T cells, but not tumor cells, is
suggested to explain this unanticipated effective immune response (38).

The effectiveness of GLSI inhibition may also be limited by the
exhaustion of T cells in vivo, as GLS1 deficiency over time induces
expression of PD-1 on T cells (84). Moreover, inhibition of GLSI, as
well as glutamine deprivation or inhibition of glutamine uptake,
results in upregulation of tumoral PD-L1 expression (Figure 4B) (102,
103). These observations indicate that dual targeting of glutamine
metabolism and the PD-1/PD-L1 interaction may improve the
therapeutic anti-tumor response. Accordingly, a-PD-1 or o-PD-L1
treatment, as well as blockade of CTLA-4, enhances the efficacy of
inhibitors targeting GLS1 (91, 102), glutamine-utilizing enzymes (74,
75) or glutamine uptake in vivo (104). Moreover, inhibition of GLS1
or glutamine-utilizing enzymes enhances the response to immune
checkpoint inhibitors in immune checkpoint blockade-resistant
mouse models (93, 101). In a phase II clinical trial, telaglenastat
combined with the PD-1 inhibitor nivolumab showed a modest
objective response rate in 0o-PD-1/PD-Ll-refractory melanoma
patients based on preliminary results (NCT02771626) (105). In
contrast, a phase II study of telaglenastat in combination with
pembrolizumab (o-PD-1) and chemotherapy in patients with
metastatic non-small cell lung cancer was terminated due to lack of
clinical benefit (NCT04265534). Clinical evaluation of sirpiglenastat
combined with durvalumab (o-PD-L1), for which a phase I/II trial in
advanced stage fibrolamellar hepatocellular carcinoma patients has
recently been initiated (NCT06027086), may provide further clarity
on the effectiveness of combining glutamine metabolism-targeting
strategies with immune checkpoint blockade.

In conclusion, GLS1 inhibition and other glutamine
metabolism-targeting strategies have presented themselves as
promising approaches for cancer treatment, both through direct
targeting of glutamine-addicted tumor cells and through
enhancement of the anti-tumor immune response. The latter
effect appears to be at least partially owed to the plasticity of T
cells to accommodate perturbations in their glutamine metabolism,
although further efforts are required to completely understand the
mechanisms underlying this favorable phenomenon. Moreover, as
the discussed approaches have yet to demonstrate convincing
efficacy in clinical trials, a rational exploration of the drug
combination space may prove valuable for future clinical endeavors.

4 The arginine-metabolizing
enzyme ARG1

Similar to glutamine, arginine is classified as a conditionally
essential amino acid, as it must be provided through nutrition
during conditions of stress as well as during fetal and neonatal
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development (106). It is a highly versatile amino acid, serving as a
precursor for the synthesis of proteins, other amino acids and a
variety of biologically important metabolites, including nitric oxide
(NO), creatine, agmatine and polyamines (Figure 1B). The
metabolic fate of arginine is determined by the coordinated action
of a diverse set of highly regulated enzymes and arginine
transporters (107). Among these are the arginase (ARG) enzymes,
catalyzing the hydrolysis of arginine into the non-proteinogenic
amino acid ornithine and the waste product urea. This metabolic
conversion presents the final step of the urea cycle for ammonia
detoxification and provides ornithine as a substrate for polyamine
synthesis and interconversion into proline or glutamate (107).

In humans, ARG is expressed as two isoforms differing in
subcellular localization and distribution among cell and tissue
types (108). ARGI is a cytosolic enzyme predominantly and
abundantly expressed in the liver as a key enzyme of the urea
cycle, although it is also expressed by cells of the myeloid lineage to
regulate immune responses (109-111). In contrast, mitochondrial
ARG2 has a more ubiquitous, extrahepatic expression pattern (109),
and is suggested to primarily function as a regulator of arginine
availability (112). Similar to ARGI, it can also be expressed by
various immune cells (113-116), although its role in the immune
system is still largely elusive. In accordance with their physiological
tissue distribution, expression of ARG1 by tumor cells is mainly
limited to hepatocellular carcinoma (117, 118), while ARG2,
although largely understudied compared to ARG, is found in the
neoplastic cells of several human cancer types (39, 119-121).
Importantly, however, and in contrast to the GLS1 enzyme, the
main immunosuppressive activity exerted by ARG enzymes does
not stem from their expression by tumor cells, but rather from
ARG expressed by tumor-infiltrating immune cells.

A role for ARGI in the immune system was first identified
based on its Th2-type cytokine-inducible expression in various
murine myeloid cell types, including macrophages and dendritic
cells (122, 123). However, the cell-type specificity and inducibility of
ARG1 expression in myeloid cells differs considerably between
humans and mice (Figure 5A) (124), complicating the translation
from murine studies to human subjects. In contrast to its murine
counterpart, human ARGI is strictly and mostly constitutively
expressed by granulocytes, including neutrophils, granulocytic
MDSCs (G-MDSCs) and eosinophils (125, 126). For this reason,
murine ARG1-expressing myeloid cells other than granulocytes will
not receive focus in this review. However, this is not where the
discrepancies end, as murine myeloid cells mostly regulate
extracellular arginine levels through its uptake and subsequent
ARGI-mediated degradation (28). In contrast, human
granulocytes store ARG in their granules to become active only
upon exocytosis (Figure 5A) (110, 111, 125, 127), which is reported
to involve a proteolytic cleavage step (110, 111). Finally, murine G-
MDSCs have been found to release ARGI in small extracellular
vesicles (128), which is a phenomenon currently only observed for
ARGI1-expressing tumor cells in the human setting (129).

In patients with various cancer types, high ARGI1 expression
and activity is found in both circulating and tumor-infiltrating
myeloid cells, with G-MDSCs as its major source (29, 117, 130-
132). Notably, granulocytes of glioblastoma patients are found to be
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in a degranulated state, while plasma ARG1 levels of these patients
are significantly increased (Figure 5B) (133). Furthermore, tumor-
infiltrating granulocytes in patients with non-small cell lung cancer
or renal cell carcinoma have decreased ARG levels compared to
their non-tumor-infiltrating counterparts (126, 134), despite having
increased ARGl mRNA expression (126). These findings indicate
the tumor-associated release of granule-stored ARGI in cancer
patients, which is in line with the elevated ARGI1 levels and
activity, as well as decreased arginine levels, found in the plasma
of patients with diverse tumor types (Figure 5B) (29, 111, 117, 126,
134). Importantly, since the release of ARGI occurs upon tumor
infiltration (134), arginine levels in the TME may be even further
reduced. In murine pancreatic tumors, near-complete depletion of
arginine is detected in tumor interstitial fluids, whereas ornithine
levels are increased compared to those in plasma samples (135).
Although ARGI expression and its mode of action differs between
the murine and human myeloid compartment, this suggests that
myeloid cell-expressed ARG1 can efficiently deprive the TME of a
valuable nutrient.

Enhanced activity of ARG1 in the TME may directly support tumor
growth by supplying tumor cells with ornithine or ornithine-derived
polyamines, which are essential for cell growth and proliferation (136,
137), and by decreasing cytotoxic NO production (137). However, these
are not the sole mechanisms through which ARG1 promotes tumor
growth, as its activity can also adversely affect the activation and
function of tumor-infiltrating immune cells. In activated T cells,
arginine is not only required to keep up with the fast rate of
activation-induced protein synthesis, but it is also rapidly metabolized
by virtue of the upregulation of ARG2 and that of other enzymes
determining its downstream fate, including conversion into the
polyamine precursors agmatine and putrescine (138). To meet the
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high demand for arginine, activated T cells mostly depend on its
enhanced uptake, which is achieved through upregulation of the
arginine transporter SLC7A1/CAT-1 (Figure 6A) (138, 139). When
extracellular arginine is superfluous, activated T cells shift their
metabolism from aerobic glycolysis towards oxidative phosphorylation
through sensing of arginine levels by different transcriptional regulators.
While this limits their differentiation, it instead favors the generation of
central memory-like T cells with greater survival capacity and enhanced
in vivo anti-tumor responses (138). In contrast, when extracellular levels
of arginine are depleted, intracellular arginine levels become insufficient,
despite attempts of T cells to restore them by increasing the import of its
precursor citrulline and upregulating the expression of the arginine
biosynthetic enzyme argininosuccinate synthetase (Figure 6A)
(140, 141).

Arginine-depriving conditions or ARGI-expressing cells
profoundly inhibit the activation-induced proliferation of T cells
(126, 142, 143). Over the years, a number of mechanisms
underlying this inhibitory effect have already been elucidated
(Figure 6B). A prime mechanism is the reversible reduction of
CD3( chain expression, which blocks cell surface re-expression of
the TCR complex after its antigen-induced internalization and thus
compromises T-cell signaling (142, 144). Accordingly, decreased
CD3( expression is found in the peripheral or tumor-infiltrating T
cells of cancer patients with high myeloid ARGI expression (28, 29).
Arginine starvation also disrupts the cell cycle progression of
activated T cells, arresting them in the Gy/G; phase and thereby
hampering their proliferation (145). Cell cycle arrest is caused by
arginine deprivation-induced activation of the GCN2 pathway,
which blocks the upregulation of critical cell cycle progression
regulators by promoting a global arrest in de novo protein
synthesis (145, 146). Amino acid sensing by mTORCI1 may
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tumor microenvironment.

additionally be involved in the effects of arginine starvation on T-
cell proliferation (147, 148). Finally, the actin-depolymerizing factor
cofilin is inhibited in T cells cultured under arginine-depriving
conditions. This impairs formation of the immunological synapse
between T cells and antigen-presenting cells due to stiffening of the
actin cytoskeleton and thereby hampers effective T-cell
activation (149).

Besides affecting T-cell activation and proliferation, arginine
depletion also specifically inhibits the T-cell production of several
cytokines, including IFNY, IL-5 and IL-10, which is associated with
their reduced mRNA expression, and secretion of the cytotoxic
protease granzyme B (Figure 6C) (142, 150). In contrast, T-cell
chemotaxis and the antigen-specific cytotoxicity of CD8" T cells are
largely preserved (150, 151). Moreover, the viability of T cells remains
unaltered upon arginine depletion (142-144), allowing these cells to re-
gain their proliferative and cytokine secretory potential upon arginine
replenishment and re-stimulation (143). Arginine deprivation also
induces the generation of CD4'CD25"FoxP3" regulatory T cells,
either from naive CD4" T cells or from a pre-existing natural
CD4°CD25FoxP3™ regulatory T cell population (147, 152-154).
This may require or be potentiated by TGF-B (147, 154) and
involves the mTORCI signaling pathway (147). However, ARGI-
expressing MDSCs may also promote Th17 differentiation of naive
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CD4" T cells (155), indicating a complex role for arginine in T-cell
differentiation. Depletion of arginine additionally impairs NK-cell
proliferation and IFNY secretion, while effects on NK-cell viability
and cytotoxicity are still unclear based on the existence of contradictory
reports (117, 156-158). Moreover, arginine deprivation promotes the
expansion of immunosuppressive G-MDSCs in mice (159), while it
does not affect the activation, phagocytic functions or cytokine
production of murine macrophages (Figure 6C) (160).

In an effort to constrain the immunosuppressive effects exerted
by ARGI-expressing myeloid cells, several ARG-targeting small
molecule inhibitors have been developed. These are limited to only
dual inhibitors of ARG1 and ARG2, as the highly conserved active
sites of these enzymes encumber the development of isoform-specific
variants (161). The extensively studied (2S)-2-amino-6-
boronohexanoic acid (ABH) and N®-hydroxy-nor-L-arginine (nor-
NOHA) were among the first inhibitors to be identified (Figure 7)
(162, 163), but poor pharmacokinetic properties have limited their
clinical application (164, 165). More recently, inhibitors with
considerably improved pharmacokinetic profiles have been
developed, which include numidargistat (INCB001158; CB-1158)
(117, 166) and OATD-02 (OAT-1746) (Figure 7) (167). Whereas
OATD-02 can inhibit both intracellular and secreted ARG enzymes
(167), numidargistat acts only extracellularly due to its inefficient
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ability to cross the cell membrane (117). Notably, this spares not only
the activity of crucial liver-expressed ARG, but also that of ARG2,
which appears to function only within the cell. However,
consequences of ARG2 inhibition may be limited based on the
phenotype of ARG2-deficient mice (168). Furthermore, in vitro
studies indicate that inhibition of ARG2 may even be beneficial for
the anti-tumor T cell response (115, 169), whereas it may also directly
inhibit the growth of ARG2-expressing tumors (170). Alternative
approaches to directly or indirectly inhibit ARG activity have also
been reported, which include isoform-specific ARG antibodies (171,
172) and therapeutic peptide vaccines (173, 174).

ARG inhibition or myeloid cell ARG1 knock-out inhibits tumor
growth in various syngeneic mouse models, which has compellingly
been associated with changes of the TME immune cell composition
towards a tumor-hostile environment (28, 117, 151, 170, 175, 176).
Moreover, in different murine tumor models, inhibition of ARG
enhances the therapeutic efficacy of o-PD-(L)1 treatment (117, 151,
177). Based on these promising results, numidargistat has entered a
number of phase I/II clinical trials over the last several years. These
include two completed trials in patients with advanced solid tumors
in which numidargistat was studied as monotherapy and in
combination with the PD-1 inhibitor pembrolizumab
(NCT02903914) or retifanlimab (NCT03910530). Preliminary
phase I data reported for the former demonstrate a slight
improvement in the objective response rate of colorectal
carcinoma patients treated with numidargistat mono- or
combination therapy compared to historical control data, and an
increased number of intratumoral CD8" T cells in post-treatment
biopsies (178). However, further clinical results will have to be
awaited to draw any firm conclusions on the benefit of ARG
inhibition for cancer treatment. The clinical evaluation of OATD-
02, which has just recently entered its first phase I trial in patients
with advanced and/or metastatic solid tumors (NCT05759923),
should also contribute to this quest.

Taken together, the growing body of research on the role of
myeloid cell-expressed ARGI in cancer immune escape underscores
the promise of this enzyme as a target for cancer immunotherapy. To
date, this is mostly supported by in vitro studies performed on human
immune cells and in vivo studies with syngeneic mouse models.
Importantly, however, it remains to be determined whether the
differential expression of ARGI between mice and humans poses
any problem for the translation of this approach towards cancer
patients. For this, data from clinical trials is pivotal, and these data
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should also provide insight as to whether extracellularly-restricted
ARG inhibitors may be more beneficial for cancer treatment
compared to inhibitors acting also intracellularly, or vice versa.

5 The arginine-metabolizing
enzyme iNOS

A different metabolic fate of arginine is its conversion into the
important signaling molecule NO. This reaction is catalyzed by
nitric oxide synthase (NOS) enzymes and yields citrulline as a by-
product that can be recycled back into its precursor arginine
(Figure 1C). Three distinct isoforms of NOS are encoded by the
mammalian genome, which are neuronal NOS (nNOS or NOS1),
inducible NOS (iNOS or NOS2) and endothelial NOS (eNOS or
NOS3). Both nNOS and eNOS are constitutively expressed enzymes
that can be triggered by calcium influx to transiently produce
nanomolar concentrations of NO (179). A calcium-independent
increase in eNOS activity can additionally be elicited by eNOS
phosphorylation (180). Under physiological conditions, nNOS
plays a fundamental role in neurotransmission, while eNOS is a
critical regulator of various cardiovascular functions, including
vasodilation (179). Distinctively, expression of iNOS can be
induced in a variety of cell types upon exposure to a broad range
of factors, including pro-inflammatory cytokines and hypoxia (181,
182), while it is concurrently subject to intricate regulation by NO
levels and arginine availability (183-185). iNOS is capable of
calcium-independently producing sustained micromolar levels of
NO, through which it primarily supports pathogen killing and
regulation of immune responses (179).

NO, the primary product of NOS activity, is a short-lived, highly
difusible free radical (frequently denoted as "NO) capable of freely
crossing cellular membranes (Figure 8A). While NO is relatively
unreactive towards most biomolecules, it can very rapidly form
reactive nitrogen species (RNS) by reacting with molecules having
unpaired electrons, such as other free radicals and transition metal
ions (186). An important reaction partner of NO is superoxide anion
(O37), which is formed by NOS enzymes upon depletion of the
substrate arginine or co-factor tetrahydrobiopterin (BH,) (187), but
can also be generated by other sources such as NADPH oxidase (188).
Reaction of NO with superoxide anion yields the powerful, but short-
lived oxidant peroxynitrite (ONOO™) (Figure 8A), which can
efficiently nitrate protein tyrosine residues upon its decomposition
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(186). Other NO-derived RNS (i.e., N;O3 and NO™) can readily react
with the thiol side chain of cysteine residues to yield protein S-
nitrosylation (189). Both nitration and S-nitrosylation are highly
selective processes, and have the potential to greatly alter the structure
and function of target proteins (186, 189). In addition to protein
modification, NO-derived RNS can cause DNA damage by
modifying nucleic acids (190), and can generate nitrolipids capable
of activating cell-signaling pathways (191). Moreover, NO can
coordinate to transition metals bound by enzymes and
transcription factors, thereby altering their activity (Figure 8A)
(192). As a relevant exemplar, coordination of NO to the heme-
bound iron of soluble guanylate cyclase (sCG) induces production of
the second messenger cyclic guanosine monophosphate (cGMP),
which serves to regulate various physiological processes (193, 194).
It is broadly acknowledged that NO plays an important role in
both cancer development and subsequent progression. NO-
producing NOS enzymes are aberrantly expressed in a variety of
human tumors (195), with effects of elevated NO levels being
dependent on the cellular source, concentration, local chemical
environment and cellular target (196). Among the three isoforms,
iNOS has most extensively been studied in cancer based on its
frequent detection in tumor cells, tumor-infiltrating immune cells
and tumor-associated fibroblasts. Overexpression of eNOS has
additionally been found in the vascular endothelial cells of a myriad
of cancer types (195). Although the elevated expression of NOS

10.3389/fimmu.2024.1440269

enzymes, particularly iNOS, has recurrently been associated with
tumor malignancy and poor patient prognosis, it is increasingly
recognized that the role of NO in cancer is inherently complex
owing to its diverse spectrum of cellular sources and biological
effects (196). Notably, NO acts as a double-edged sword in cancer
by predominantly exerting pro-tumorigenic effects at relatively low
concentrations, such as inducing DNA damage, tumor cell metabolic
reprogramming and neovascularization, while suppressing tumor
growth at higher concentrations by inducing apoptosis (Figure 8B)
(195, 197). Furthermore, dependent on its concentration, NO can
either stimulate or suppress the anti-tumor immune response, as will
be discussed below.

Early research has indicated that NO promotes an effective immune
response when present at low, physiological concentrations. This is for
instance achieved through the cGMP-dependent induction of Th1- and
Th17-cell differentiation (198, 199), the suppression of regulatory T-cell
generation (200), and the inhibition of T-cell apoptosis through caspase
S-nitrosylation (Figure 8B) (201). However, within the TME, the
production of NO is often considerably enhanced due to the presence
of iNOS-expressing tumor cells, macrophages and MDSCs, resulting in
NO concentrations capable of significantly hampering immune
responses. At elevated concentrations, NO inhibits T-cell activation
and proliferation by impeding activation-induced protein tyrosine
phosphorylation, which may occur through nitration or S-
nitrosylation of crucial protein residues, or through a cGMP-
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dependent pathway (Figure 8B) (202-207). In addition, these and other
NO-dependent mechanisms can prime T cells to undergo apoptosis
(204, 208, 209). High concentrations of NO also suppress the in vitro
polarization of CD4" T cells towards both Th1 and Th17 phenotypes
(210-213), while an effective immune response may further be
precluded by the NO-induced generation of CD4'CD25"FoxP3~
regulatory T cells (214). Moreover, besides affecting the functionality
of T cells, high concentrations of NO can impair effector functions of
NK cells through nitration of crucial signaling proteins (215), and
induce phenotypic and metabolic reprogramming of macrophages and
dendritic cells (Figure 8B) (216-218).

An effective immune response also relies on the ability of T cells
to infiltrate tumor tissues and to successfully recognize their cognate
tumor antigens (Figure 9). While low concentrations of NO
stimulate the expression of cellular adhesion molecules mediating
the migration of T cells from blood vessels into the tumor stroma
(219), high concentrations act suppressive, thereby hampering the
infiltration of T cells into tumor tissues (Figure 9A) (219-221).
Moreover, NO-induced nitration of the chemoattractant CCL2 can
cause successfully migrated T cells to remain trapped in the tumor
stroma (222). In contrast, nitrated CCL2 has an unaltered ability to
recruit MDSCs into the tumor core (222), while accumulation and
induction of MDSCs is further promoted by iNOS-dependent
upregulation of vascular endothelial growth factor (VEGF)
secretion (Figure 9A) (223). NO-mediated nitration can also
abrogate the recognition of tumor antigens by T cells (Figure 9B),
as nitration of even a single tyrosine residue in major
histocompatibility complex (MHC)-presented peptides can hinder
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their interaction with the TCR (224, 225). Moreover, MDSCs from
peripheral lymphoid organs can induce nitration of TCR and CD8
molecules on T cells upon antigen-specific cell-cell contact,
rendering them insensitive to stimulation by the presented
antigen (226, 227). Tumor-infiltrating MDSCs, which greatly
upregulate iNOS expression in response to the hypoxic TME, can
additionally affect nearby cells without requiring antigen-specific
interaction (228). This allows them to nitrate MHC class I
molecules on neighboring tumor cells, thereby disturbing their
peptide presentation and allowing them to become resistant to
antigen-specific cytotoxic T cells (229). Furthermore, NO-derived
peroxynitrite can inhibit proteasomal activity in tumor cells,
resulting in decreased generation of antigenic peptides (230).
Finally, through inducing the downregulation of MHC class II
gene transcription, NO can also negatively affect the function of
antigen-presenting cells (Figure 9B) (231).

Based on the pivotal role of NO in cancer development, different
therapeutic strategies aimed at the modulation of NO levels have
already been considered for cancer treatment. Noteworthy in this
context is the clear dichotomy presented by the assessment of both
NO-donating molecules and NOS inhibitors. NO donors are studied
for their ability to directly induce the apoptosis of tumor cells or to
sensitize them to other therapies (232), but they will evidently frustrate
the immune system as well. In contrast, NOS inhibitors may serve as
targeted therapies to revert the pro-tumorigenic effects of NO on tumor
cells (233), while they may also reinvigorate anti-tumor immune
responses (Figure 8C). During the recent decades, a large number of
NOS inhibitors has already been developed and evaluated in clinical
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into tumors [1], and nitration of the chemoattractant CCL2 further precludes T-cell infiltration into the tumor core [2]. MDSC recruitment into the
tumor core is not affected by CCL2 nitration [3], whereas MDSC accumulation and induction is promoted by iNOS-induced upregulated VEGF [4].
(B) Effects of NO-derived peroxynitrite on the recognition of antigens on tumor and antigen-presenting cells by T cells. Peroxynitrite can hinder
recognition through nitration of MHC class I- or ll-presented peptides [1], nitration of TCR [2] and CD8 molecules on T cells [3], nitration of MHC
class | molecules [4], downregulation of antigenic peptide generation through inhibition of proteasomal activity [5] and downregulation of MHC class
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Frontiers in Immunology

12

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1440269
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Grobben

trials for various disease indications. These include both pan- and
isozyme-selective inhibitors of the NOS enzymes (234). In murine
cancer models, treatment with either type of inhibitor has been shown
to reduce tumor growth (30, 233, 235, 236), but availability of in vivo
data on the contribution of the immune system to this effect is still very
limited (235, 237). Since peroxynitrite may be the major NO-derived
effector molecule responsible for T-cell dysfunction, peroxynitrite
neutralization or blockade of its formation may also present an
attractive therapeutic strategy, which has already demonstrated
efficacy in murine models (207, 222). Only recently, the first phase I/
II clinical trial evaluating the use of an NOS inhibitor for anti-cancer
therapy has been completed (NCT02834403). Results from this trial
demonstrate a promising efficacy for the pan-NOS inhibitor 1-N°-
monomethyl-arginine (L-NMMA; Figure 8D) in combination with
docetaxel chemotherapy in triple-negative breast cancer patients, and
show modest differences in circulating immune cell composition
between responders and non-responders (238). Moreover, .-NMMA
is currently being evaluated in a phase I trial in combination with
pembrolizumab (0-PD-1) in patients with different solid tumors
(NCT03236935), which may yield further clarification on the effects
of NOS inhibition on the anti-tumor immune response.

Overall, there is accumulating evidence that the complex,
multifaceted role of iNOS in cancer includes the facilitation of
tumor immune escape. Distinctive from the action of other amino
acid-metabolizing enzymes, this may not only involve the direct
suppression of T-cell responses, but also the impediment of their
tumor infiltration and antigen recognition. However, as in vivo data
on the effects of NOS inhibitors on the anti-tumor immune
response are currently still largely lacking, attention should be
directed towards studying these inhibitors in more complex
models. Simultaneously, such studies can contribute to our
understanding of whether the use of either pan- or isozyme-
selective NOS inhibitors should be the preferred approach for
future clinical trials.

6 The tryptophan-metabolizing
enzymes |IDO1 and TDO

Unlike glutamine and arginine, tryptophan is an essential
amino acid that is exclusively obtained by humans through
dietary intake. In addition to serving as a fundamental protein
building block, tryptophan is a precursor for various bioactive
compounds. These include metabolites generated along the
serotonin pathway and indoles produced by the gut microbiota or
by host cells (Figures 1D, E) (37, 239). However, the vast majority of
tryptophan degradation occurs through the kynurenine pathway,
which is initiated and rate-limited by the paralogous enzymes IDO1
and IDO2, and the evolutionarily unrelated TDO. Each of these
enzymes catalyzes the oxidation of tryptophan to yield N-
formylkynurenine, which is then rapidly hydrolyzed to
kynurenine and can be further metabolized into an array of
downstream molecules (Figure 1D) (240).

Expression of IDOI, the most extensively studied enzyme of the
kynurenine pathway, is highly inducible across a broad range of cell
and tissue types, with IFNYy serving as its main inducer (241, 242).
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While initially recognized for its role in the defense against infectious
pathogens (243), IDOL is now widely acknowledged as a critical
regulator of immune responses. Existence of the closely related
enzyme IDO2 was not discovered until two decades later (244, 245),
and its physiological relevance is still to be fully elucidated (246, 247).
Although it is expressed in a number of human tissues (245), IDO2
displays only low tryptophan-metabolizing activity (248) and
frequently suffers from genetic polymorphisms compromising or
ablating its activity (245). Nonetheless, studies performed with
IDO2-deficient mice have indicated a role for the enzyme in
controlling inflammation (249), and it has recently been associated
with post-acute sequelae of SARS-CoV-2 (or long COVID-19
syndrome) (250). Finally, expression of TDO is mainly restricted to
the liver and the brain, where it constitutively regulates systemic and
brain tryptophan homeostasis (251, 252). In addition, TDO has been
implicated in the maintenance of brain morphology and the
regulation of brain function (252).

The immunoregulatory function of IDOLI is one also commonly
exploited by tumors, and has additionally been ascribed to TDO
expressed in the context of cancer. While normally silenced in many
tissues, IDOL1 is highly expressed in the tumor cells of a wide range
of human cancer types (33). This constitutive or inducible
expression can be initiated by loss of the tumor suppressor
protein BIN1 (253), or gain-of-function mutation of the KIT
proto-oncogene (Figure 10) (254). Moreover, constitutive IDO1
expression can further be maintained by autocrine signaling
involving the cyclooxygenase-2 (COX-2)/prostaglandin E2
(PGE2) pathway (255) or a self-sustaining autocrine loop
involving activation of the AhR by tryptophan metabolites
(Figure 10) (256). Besides its presence in tumor cells, IDO1 is
also expressed by various cells residing in the TME or tumor-
draining lymph nodes, including dendritic cells, MDSCs,
macrophages, endothelial cells, fibroblasts and mesenchymal stem
cells (257-262). Across different tumor types, expression of IDOL1 is
inversely correlated with infiltrating CD3" and CD8" T cells as well
as NK cells, while being positively correlated with regulatory T-cell
frequency (263-268). In addition, elevated IDO1 expression
correlates with tumor progression as well as poor survival in both
solid and hematological cancers (269).

Expression of TDO can be detected in cancers of various tissue
origins as well (35, 36), despite normally being confined to only specific
tissue types. Constitutive expression of TDO in tumor cells can be
regulated similarly to that of IDO1, involving signaling via the COX-2/
PGE2 and AhR pathways (270, 271), while other TDO-regulating
pathways have been described as well (Figure 10) (272, 273).
Upregulated expression of TDO is additionally (or even
predominantly) found in the stroma of various tumor types
(274, 275), which includes its expression by pericytes and fibroblasts
(274, 276). Elevated TDO expression is correlated with decreased
survival in a number of human cancer types (277-280), and inversely
correlates with CD8" T-cell infiltration in human glioma tissues (36). In
contrast to both IDO1 and TDO, gene expression of IDO?2 is limited in
human tumor tissues (37), and tryptophan-metabolizing activity fully
resides with co-present IDOI in IDO2-expressing tumors (281).
Furthermore, although IDO2 is also expressed by dendritic cells
(245), it remains unclear what role it serves in these cells (282, 283).
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Elevated metabolism of tryptophan by either IDO1 or TDO can
adversely affect T-cell responses through both depletion of
tryptophan levels and accumulation of its metabolites (Figure 11).
While tryptophan depletion may act by activation of the GCN2
kinase pathway or repression of mTORCI activity (284, 285),
kynurenine and its downstream derivatives can operate as
agonists of the AhR (Figure 2) (36, 44, 286, 287). Kynurenine
uptake by T cells may additionally be potentiated by the depletion of
tryptophan, as kynurenine and tryptophan are competitively
transported into T cells by the SLC7A5/LAT1 transporter (288).
IDO1-expressing cells inhibit the proliferation of activated T cells
(257, 289, 290) and induce CD8" T-cell anergy (284), which is at
least partially ascribed to tryptophan depletion-induced GCN2
activation (284). Underlying molecular mechanisms affecting the
T cells include their arrest in the mid-G; cell cycle phase (289) and
the GCN2-dependent downregulation of CD3({ expression in the
CD8" subset, which impairs their cytotoxic effector function
(Figure 11) (291). Notably, tryptophan metabolites may also
contribute to suppression of T-cell proliferation as well as induce
T-cell death (292-294), with AhR activation and potentially
consequently enhanced fatty acid degradation as recently
proposed cell death-inducing mechanisms (278, 295).
Furthermore, elevated tryptophan metabolism upregulates PD-1
expression on CD8" T cells through activation of the kynurenine-
AhR signaling pathway (296-298), and concurrently inhibits the
production of IFNY by these cells (291, 299). On the other hand,
IDO1-expressing cells promote the activity of immunosuppressive

10.3389/fimmu.2024.1440269

T cells through GCN2-dependent activation of resting regulatory T
cells and inhibition of their reprogramming into Th17-like effector
cells (300-302). Moreover, tryptophan depletion and metabolite
accumulation promote the conversion of naive CD4" T cells into
CD4"CD25"FoxP3" regulatory T cells, which can involve
modulation of either the GCN2, mTORC1 or AhR signaling
pathway (Figure 11) (44, 147, 291).

The tryptophan-metabolizing activities of IDO1 and TDO can
also have detrimental consequences for NK cells, which are mostly
attributed to the action of kynurenine or its downstream
metabolites (Figure 11). Effects exerted by these molecules include
the inhibition of NK-cell proliferation and the induction of NK-cell
death (293, 294). Moreover, kynurenine downregulates the
expression of activating NK-cell receptors (303), as well as NK
receptor ligand on tumor cells (304), with consequential inhibition
of NK-cell cytotoxic activity and IFNYy production (303, 305). The
generation of an immunosuppressive microenvironment can
further be driven by the effects of excessive tryptophan
metabolism on dendritic cells, macrophages and MDSCs
(Figure 11). In particular, through modulation of the GCN2
pathway, tryptophan depletion enhances the tolerogenicity of
dendritic cells (306) and polarizes macrophages towards a
suppressive phenotype (307). The latter effect can also be induced
through kynurenine-dependent AhR signaling (297, 308), which
additionally promotes chemokine-mediated recruitment of these
macrophages by tumors (308). Furthermore, IDO1 promotes the
expansion and suppressive capacity of MDSCs (309), and indirectly
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Nucleus

Regulation of IDO1 and TDO expression in tumor cells. IFNy-induced expression of IDO1 is STAT1- and NF-«B-dependently increased upon loss of
the tumor suppressor protein BIN1 [1]. Constitutive expression of IDO1 can additionally be enhanced through constitutive activation of the
oncogenic KIT-PI3K-Akt-mTOR pathway upon KIT gain-of-function mutation [2]. Moreover, constitutive expression of both IDO1 and TDO is
regulated through autocrine signaling involving the COX-2/PGE2 pathway [3] and through a positive feedback loop in which IDO1- and TDO-
generated metabolites such as kynurenine (Kyn) promote expression of IDO1 and TDO through the AhR pathway [4]. For IDO1, the former pathway
has been demonstrated to involve either KIT-PI3K-Akt-mTOR signaling or the PKC-dependent regulation of GSK3 and B-catenin (B-cat) activity,
while the latter pathway involves autocrine IL-6/JAK/STAT3 signaling. Expression of TDO in tumor cells can also be C/EBPB- and p38-dependently
induced by IL-1 [5], and can be tumor cell type-dependently increased or decreased through glucocorticoid signaling [6]. Only pathway
components with a demonstrated involvement in the different regulatory pathways are shown in the figure.
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Effects of elevated tryptophan (Trp) metabolism by IDO1 and/or TDO on different immune cells, tumor cells and neovascularization. Molecular
pathways, effector molecules or cells that are implicated in these effects are indicated within brackets. The molecular pathways include the general
control nonderepressible 2 (GCN2) signaling pathway activated by Trp depletion, the mammalian target of rapamycin complex 1 (mTORC1) signaling
pathway inhibited by Trp depletion, and the aryl hydrocarbon receptor (AhR) signaling pathway activated by kynurenine (Kyn) and downstream
metabolites, as illustrated in Figure 2. Dotted outlines and arrows indicate components and processes which are downregulated or inhibited in

response to elevated Trp metabolism.

recruits them to the tumor through the action of IDO1-induced
regulatory T cells (Figure 11) (268).

In contrast to different immune cells, tumor cells can rather
efficiently adapt to tryptophan-deprived conditions (Figure 11).
While activation of the GCN2 pathway in malignant cells
downregulates protein synthesis, it concurrently upregulates
tryptophan transport (310) and tryptophanyl-tRNA synthetase
expression (311), allowing the cells to readily utilize available
tryptophan for protein synthesis to support proliferation. Notably,
even upon sustained tryptophan deprivation, tumor cells continue
protein synthesis, which was recently shown to result in the
generation of frame-shifted and tryptophan-to-phenylalanine-
substituted proteins (312, 313). Consequences of these aberrant
proteins for cellular physiology are, however, still unclear and
tumor cell presentation of resultant aberrant peptides may even
elicit immunogenic responses (312, 313). Tryptophan metabolism
can also directly promote the survival and proliferation of tumor
cells through accumulation of kynurenine (36, 314, 315), which
additionally stimulates their migratory ability (270, 316). Moreover,
the activity of IDOL1 is involved in promoting neovascularization,
thereby further supporting tumor growth (309, 317), while
expression of TDO by tumor-associated pericytes suggests a
similar role for TDO (Figure 11) (274).

Despite the abundant in vitro evidence indicating a tumor-
promoting role for IDO1, elucidation of the effects exerted by IDO1
in vivo have been complicated by the expression of IDOI in both
tumor cells and non-malignant host cells of cancer patients, of
which contributions vary among cancer types (275). This
encumbers the reproduction of tumors and their TME in
syngeneic mouse models, which is further obstructed by the
scarcity of murine cell lines naturally expressing IDO1 (318), as is
also the case for TDO (319). However, using IDO1-deficient mice,
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host IDO1 has been found to play a role in promoting tumor
growth, MDSC accumulation and expression of PD-1 by CD8" T
cells in a model of Lewis lung carcinoma (320). In murine models of
colon, skin and brain cancer, however, host IDO1 deficiency does
not diminish tumor growth (321-323), although it modestly
enhances the efficacy of immune checkpoint blockade therapies
(322) or decreases regulatory T-cell infiltration (323). Notably,
ablation of host IDO1 expression also induces loss of IDOI
inhibitor efficacy in different tumor models, which would be
suggestive of a suppressive role for host IDO1, although
deficiency in host IDOL1 itself paradoxically does not alter tumor
growth in these models (324, 325). On the other hand, tumor cell-
specific knockdown of IDOI can inhibit tumor growth, decrease
regulatory T-cell accumulation and improve survival in murine
cancer models (321, 326). An important role for tumor-expressed
IDO1 is further corroborated by the effective IDO1 inhibitor-
mediated suppression of tumor growth in IDOI1-deficient hosts
(327). Moreover, IDO1 overexpression in tumor cells has been
shown to promote tumor growth in vivo (33, 268), which is
associated with decreased infiltration of effector T cells, and
increased numbers of regulatory T cells and MDSCs (268). Based
on in vivo models, tumor cell-expressed IDO1 thus appears to
considerably contribute to the promotion of tumor growth, whereas
a role for host IDO1 remains to be further substantiated.

Since discovery of the immunosuppressive role of IDO1 in
tumor development, a great number of IDO1 inhibitors has been
developed (328, 329). Preclinical evaluation of promising inhibitors
has demonstrated their lymphocyte-dependent monotherapeutic
efficacy in different murine tumor models (268, 299, 325, 327,
330). Moreover, IDO1 inhibition enhances the in vivo efficacy of o
CTLA-4 and o-PD-(L)1 therapy (322, 331-333), which may in part
be related to the induction of IDO1 observed upon immune
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checkpoint blockade (330, 331). Similar induction of IDO1 also
appears to occur in patients, as indicated by the elevation of
systemic kynurenine-to-tryptophan ratios in o-PD-1-treated
sarcoma, melanoma and renal cell carcinoma patients (334, 335).
Contrary to inhibitors of IDO1, only relatively few selective TDO
inhibitors have been reported (336-339). Development of TDO
inhibitors is complicated by the small size and lipophilicity of the
TDO active site (337), explaining the general suffering of TDO
inhibitors from limited potency or drug-likeness (339).
Nonetheless, inhibitors such as the orally bioavailable LM10 and
PF06845102/EO0S200809 have enabled evaluation of the
immunosuppressive effect of TDO in murine tumor models (35,
319). While TDO overexpression in tumor cells can promote tumor
growth through suppression of the anti-tumor immune response
(35, 36), inhibition of TDO can restore tumor suppression (35) and
enhance the efficacy of CTLA-4 blockade therapy (319). Preclinical
and early clinical development of several dual IDO1/TDO
inhibitors is currently also ongoing (340-342), which may serve a
role for tumors co-expressing IDO1 and TDO or those upregulating
TDO upon IDO1 inhibition.

While clinical evaluation of selective TDO inhibitors for cancer
treatment is still to be awaited, various IDO1 inhibitors have already
entered clinical development, frequently in combination with
immune checkpoint blockade (329). Epacadostat (INCB024360)
was the first IDO1 inhibitor to advance into a phase III clinical trial
(ECHO-301/KEYNOTE-252) after showing promising efficacy in
advanced melanoma patients when combined with o-PD-1
antibodies in two nonrandomized, uncontrolled phase II trials
(343, 344). However, the phase III trial failed to demonstrate an
improved progression-free survival for the combination of
epacadostat with pembrolizumab (o-PD-1) compared to
pembrolizumab alone (345). Thereupon, several other phase III
trials were terminated early, withdrawn or downscaled to
randomized phase II trials, along with the suspension of several
phase I and II evaluations (346). Nonetheless, a number of phase I
and II trials has also been initiated since the failure of ECHO-301,
suggesting that IDO1 inhibition may still have a future as an
immunotherapeutic approach for cancer treatment.

Extensive discussion about factors underlying the disappointing
clinical results has also since arisen (Figure 12) (347-349). Concerns
have been raised as to whether the dosing of epacadostat in the
ECHO-301 trial was sufficient to obtain adequate intratumoral and
intracellular concentrations required for maximal IDO1 inhibition
(Figure 12A) (347). Based on results of a phase I dose escalation, the
chosen dose of 100 mg twice daily yields an appreciable, though
sub-maximal, reduction in plasma kynurenine levels (350).
Considering the reported association of immune checkpoint
blockade with induction of IDO1 (330, 331, 334, 335), dosing
based on its monotherapeutic profile could thus have proven to
be insufficient. Regrettably, the degree of IDOI inhibition was
evaluated in neither plasma nor tumor biopsies of patients
enrolled in the ECHO-301 trial. The same argument of therapy-
induced IDO1 induction should also question ¢-PD-1 antibodies as
preferred combination partners for IDO1 inhibitors. Moreover,
restriction of kynurenine-mediated PD-1 induction in tumor-
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infiltrating T cells upon IDO1 inhibition may even cause PD-1
blockade to be redundant (Figure 12B) (296-298). Stratification of
patients based on IDOI1 expression or activity could also have
improved the chance of observing a clinical benefit upon IDO1
inhibition, but this is still only rarely applied in clinical trials
(Figure 12C) (347, 349, 351).

IDO1 can also exert immunosuppressive effects independent of
its enzymatic activity (352-354). This involves non-catalytic signaling
events initiated by the enzyme (352, 353), which are likely not
inhibited by active site-targeting inhibitors, and may even be
enhanced by them (355) (Figure 12D). Such effects were recently
suggested to partially account for the IDOI1-dependent immune
suppression observed in human glioma (354) and were
demonstrated to promote tumor growth in a melanoma mouse
model (356), but it remains to be determined whether they also
serve a role in different tumor types. Other possible explanations for
the outcome of the ECHO-301 trial include a potential compensatory
role of TDO, IDO2 and/or IL4I1 (Figure 12E) (37, 348), and
activation of AhR signaling by IDO1 inhibitors themselves
(Figure 12F) (349, 357). Although these mechanisms are unlikely to
account for the disappointing results (349), only thorough evaluation
of clinical samples will allow their unequivocal rejection. Finally, a
recent study performed with treatment-naive ovarian cancer patients
demonstrates that IDO1 inhibition by epacadostat induces
overproduction of tumoral nicotinamide adenine dinucleotide
(NAD"), which reduces T-cell proliferation and functionality in
vitro and mitigates IDO1 inhibitor efficacy in vivo (Figure 12G)
(358). Blockade of NAD" generation or signaling may therefore
present a promising combination strategy for IDOI inhibition
(358). Alternatively, patients may benefit from the direct targeting
of downstream effector pathways of tryptophan metabolism, such as
AhR or GCN2 signaling (297, 359), or the selective depletion of
kynurenine by kynureninase treatment (360), rather than inhibition
of upstream IDO1 or TDO. Moreover, peptide vaccines are being
developed and clinically tested to target IDO1-expressing cells rather
than the enzyme itself (361), and degraders are in development to
target both enzymatic and non-enzymatic IDO1 activities (362).
However, these strategies remain to be further validated in
preclinical or clinical studies.

Collectively, the extensive prognostic, preclinical and early-
phase clinical evidence linking deranged tryptophan metabolism
to immunosuppression and tumor growth once positioned IDO1
inhibitors at the forefront of experimental immunotherapy. While
this perception has since been challenged by the failure of the
ECHO-301 trial, it remains evident that tryptophan metabolism
holds promise as a targetable pathway for cancer treatment.
Nonetheless, this development urges for a deeper understanding
to be attained of both the mechanisms underlying IDO1-mediated
immunosuppression and the effects of tryptophan metabolic
pathway inhibition, to which the examination of clinical samples
may strongly contribute. Moreover, the improved design of clinical
trials using patient stratification and monitoring of target
engagement could contribute to further validation of the target,
whereas alternative or combinatorial strategies should also still offer
hope for cancer patients.
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Potential factors underlying clinical failure of IDO1 inhibitor treatment. (A) The dosing of IDO1 inhibitor may be insufficient to obtain adequate
intratumoral and intracellular concentrations required for maximal IDO1 inhibition. (B) c.-PD-1 and a-PD-L1 antibodies may not be the ideal
combination partners for IDO1 inhibitors based on the induction of IDO1 expression upon treatment with these antibodies (left), and the aryl
hydrocarbon receptor (AhR)-dependent reduction of PD-1 expression on tumor-infiltrating T cells upon IDO1 inhibition (right). (C) A lack of patient
stratification based on expression or activity of IDO1 may also underly the absence of clinical efficacy. (D) IDO1 may induce immunosuppression
through a non-catalytic function that is not restrained (and may even be enhanced) by inhibitors targeting the IDO1 active site. (E) Compensatory
tryptophan (Trp) metabolism by either TDO, IDO2 and/or IL4I1 may negate the effects of IDO1 inhibition, either due to reduced competition for
substrate or as a consequence of enzyme upregulation. IL4I1 catalyzes a different reaction compared to the other enzymes, but can also produce
agonists of the AhR such as indole-3-pyruvic acid (I3P). (F) IDO1 inhibitors may act as AhR agonists themselves, thereby nullifying the reduced
activation of AhR by kynurenine (Kyn). (G) Inhibition of IDO1 may induce nicotinamide adenine dinucleotide (NAD*) overproduction through
induction of transporter and metabolic enzyme expression, with consequential suppression of T-cell proliferation and function. Dotted arrows and
outlines indicate processes which are inhibited or downregulated, whereas bold arrows indicate upregulated processes.

7 The aromatic amino acid- expression in murine and human B cells (363, 364). IL4I1 catalyzes
metabolizin g enzyme IL411 the conversion of L-amino acids into their respective o-keto acids

with concomitant release of hydrogen peroxide (H,O,) and

The final amino acid-metabolizing enzyme with a proposed role ~ ammonia (NH;), and has a preference for aromatic substrates,
in tumor immune escape is IL411, which is a secreted L-amino acid  specifically phenylalanine, tyrosine and tryptophan (Figure 1E) (37,
oxidase (LAAO) first characterized by its interleukin 4-inducible ~ 365-367). Although five isoforms of IL4I1 are encoded by the
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human genome, expression of only two isoforms has been found in
humans (363, 368). These isoforms diverge in their secretory signal
peptide sequence, but yield identical proteins upon signal peptide
cleavage (368). Expression of the first IL4I1 isoform is chiefly found
in lymphoid tissues (364, 369), while the second isoform is highly
expressed in the testis and can also be found in specific cells of the
brain (368). Within human lymphoid tissues, IL4I1 expression is
primarily restricted to professional antigen-presenting cells (364,
366, 370), with considerably higher levels found in macrophages
and dendritic cells compared to those in B cells (371). Moreover,
ILA4I1 is expressed by human Th17 and Th17-like cells (372-374)
and is found in MDSCs of tumor-bearing mice (31, 375). While the
physiological roles of IL4I1 remain to be fully elucidated, the
enzyme has been ascribed various immunoregulatory functions,
including regulation of B-cell physiology (376).

Elevated expression of IL4I1 has been detected in various
human cancer types, including both solid tumors and lymphomas
(37, 369, 370). In melanoma and ovarian cancer patients, IL4I1
expression or activity is additionally found to increase with disease
progression or metastasis (37, 377, 378). Among solid and non-B-
cell malignancies, IL411 is only rarely expressed by tumor cells, but
instead can often be found in tumor-associated macrophages (370,
379). Contrarily, although IL4I1 expression by macrophages is a
common feature of B-cell lymphomas as well, several subtypes also
frequently express IL4I1 in neoplastic cells, in keeping with its
natural expression in B cells (370). Moreover, whereas high IL4I1
expression appears to portend a poor prognosis in several solid
tumor types (37, 378, 380-383), high levels of IL4I1 are correlated
with superior outcome in follicular and diffuse large B-cell
lymphoma (370, 384). This suggests a dichotomous role for IL4I1
in solid tumors compared to B-cell lymphomas, which may be
related to the physiological regulatory role of IL4I1 in B-cell
activation (376), but requires further substantiating evidence.

Similar to other amino acid-metabolizing enzymes, IL4I1 is
capable of inhibiting the proliferation of activated human T cells
(Figure 13) (366). This effect was initially solely ascribed to the
IL4I1-mediated generation of H,O,, since phenylpyruvic acid, the
o-keto acid product of major substrate phenylalanine, only affects T

10.3389/fimmu.2024.1440269

cells at very high concentrations (366). Treatment of human T cells
with H,0, results in the downmodulation of CD3( expression,
IFNY production and cytotoxic activity (366, 385, 386). Moreover,
at higher concentrations or prolonged exposure, H,O, can induce
T-cell death (387, 388), which preferentially targets effector rather
than regulatory T cells (389). IL4I1 activity additionally promotes
the differentiation of naive CD4" T cells into CD4*CD25"FoxP3*
regulatory T cells, which has been suggested to involve
phenylalanine deficiency-induced inhibition of mTORCI1
signaling (390). Based on the relatively low affinity of IL4I1 for
phenylalanine (391), however, it seems unlikely that IL4I1 is
capable of depleting this amino acid, indicating that another
mechanism may underly the observed effect. Finally, IL4I1 is
capable of raising the activation threshold of CD8" T cells while
restraining their differentiation into memory T cells (392), and
promoting the polarization of macrophages towards a suppressive
phenotype (Figure 13) (393, 394).

More recently, IL4I1 has additionally been recognized for its
ability to generate AhR ligands upon degradation of one of its other
substrates (37). Metabolism of tryptophan yields the o-keto acid
indole-3-pyruvic acid, which can subsequently be converted into
indole-3-lactic acid, indole-3-acetic acid, indole-3-aldehyde and
kynurenic acid (Figure 1E) (37, 395). Each of these metabolites
has previously, albeit generally not consistently, been associated
with AhR agonism (37, 286, 395-398), with indole-3-pyruvic acid
serving as its most potent activator (37). Addition of indole-3-
pyruvic acid, but not the oi-keto acid derivative of phenylalanine or
tyrosine, to human T cells induces the expression of AhR target
genes, and reproduces the inhibition of their proliferation observed
with supernatants of IL4I1-expressing cells (Figure 13) (37). IL411 is
also reported to inhibit TCR signaling through a mechanism
independent of its enzymatic activity (399), but an effect of IL4I1-
mediated tryptophan metabolism was not considered in this study
and may underly these observations. The activity of IL4I1 can
additionally directly affect tumor cells, as evidenced by the
enhanced proliferation, motility and invasive capacity of IL4I1-
expressing tumor cells of different tissue origin (37, 383, 400), which
may at least in part be due to indole-3-pyruvic acid-mediated

(Naive) CD4*/CD8* T cells Tumor cells
IFN! .
TR L0 0o G p Cylotoxie
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o3 (H;0.)
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FIGURE 13

Effects of elevated phenylalanine, tyrosine or tryptophan metabolism by IL4I1 on T cells, macrophages and tumor cells. Molecular pathways and
effector molecules that are implicated in these effects, such as activation of the aryl hydrocarbon receptor (AhR) by indole-3-pyruvic acid (I3P) or
other tryptophan metabolites, are indicated within brackets. Dotted outlines and arrows indicate components and processes which are

downregulated or inhibited in response to elevated metabolism by [L4I1.
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activation of the AhR pathway (37). Similarly, AhR signaling may
be involved in the IL4I1-induced suppression of tumor cell
ferroptosis (Figure 13) (367).

Across human cancer types, IL4I1 gene expression associates
more strongly with a pan-tissue AhR activation signature compared
to that of either IDO1 or TDO, indicating IL4I1-generated
metabolites as key AhR activators in cancer (37). While this is
corroborated by the ability of IL4I1 to activate the AhR in various
models and the high expression of IL4I1 in cancer tissues (37), it is
argued by another study demonstrating only poor correlation
between the expression of IL411 and individual AhR target genes
in a number of tumor types (391). Moreover, IL411 demonstrates a
roughly 50-fold lower affinity for tryptophan compared to IDO1
(391), whereas its expression is on average only moderately higher
than that of IDO1 across different tumor types (37). Although this
may partially be compensated for by the considerably higher AhR-
activating potency of indole-3-pyruvic acid compared to IDO1-
generated metabolites (37), it remains unclear whether IL4I1 is
capable of achieving significant AhR activation in most tumor types.
Nonetheless, metabolomics studies have demonstrated high levels
of the phenylalanine- and tyrosine-derived metabolites
phenylpyruvic acid and 4-hydroxyphenylpyruvic acid in ovarian
cancer patient samples (377, 401). While there is currently no
indication for a role of these metabolites in cancer development or
immunosuppression, these findings suggest considerable activity of
IL411 in these patients. Accordingly, when IL4I1 is relieved from
competition for tryptophan upon inhibition of IDOI, IL4I1-
mediated AhR activation could present a mechanism of resistance
against IDOI1 inhibition (37, 377). While this remains to be
validated in specimens of patients treated with an IDOI inhibitor,
it may argue for the treatment of patients with a combination of
IDO1 and IL4I1 inhibitors, or with an AhR inhibitor.

The in vivo effect of IL411 expression on tumor growth and the
anti-tumor immune response has currently been studied in only a
limited number of models. In melanoma-challenged, tumor
antigen-immunized mice, IL4I1 expression by tumor cells
facilitates tumor outgrowth, which is mediated by suppression of
the tumor antigen-specific CD8" T-cell response (402). Similarly,
tumoral IL4I1 overexpression reduces CD8" T cell infiltration into
tumors of non-immunized melanoma-transplanted mice (403),
although it does not affect tumor growth likely due to the poorly
immunogenic, highly aggressive nature of this model (402, 403). In
contrast, knock-out of IL4I1 in B cells reduces the growth of
melanoma cells in transplanted mice, which is accompanied by
increased proportions of effector memory T cells and reduced
proportions of regulatory T cells and G-MDSCs in the tumor
microenvironment (404). In a model of spontaneous melanoma,
IL4I1 expression and activity increases with disease progression
(404, 405), while IL4I1 deficiency enhances tumor control and
associates with reduced G-MDSC and macrophage infiltration as
well as enhanced CD4" T-cell, CD8" T-cell and B-cell infiltration
into the tumor (405). Similarly, IL4I1-deficient mice challenged
with chronic lymphocytic leukemia present with reduced tumor
burden, which is accompanied by enhanced CD8" T-cell
functionality and reduced frequency of total and activated

Frontiers in Immunology

19

10.3389/fimmu.2024.1440269

regulatory T cells (37). Finally, in a model of Lewis lung carcinoma,
IL4I1 knock-out inhibits tumor growth and increases the
proportions of CD8" T cells and pro-inflammatory macrophages,
while decreasing the proportion of regulatory T cells and
immunosuppressive macrophages (406). Overall, these results
corroborate the findings of enhanced MDSC and regulatory T-cell
infiltration and reduced CD8" T-cell infiltration in cancer patients
with high IL4I1 expression (37, 378, 406).

Similar as observed for IDO1, o-PD-1 treatment can also induce
ITAI1 upregulation in cancer patients, and IL4I1 is suggested to
potentially constitute a resistance mechanism to immune checkpoint
blockade (37). Moreover, IL4I1 induces expression of the inhibitory
checkpoint proteins PD-1 and TIM3 on CD8" T cells upon co-
culture with patient-derived tumor organoids (Figure 13) (407),
suggesting that IL4I1 inhibitors may need to be combined with
immune checkpoint blockade for effective cancer treatment.
Whereas only few inhibitors of IL4I1 have yet been disclosed (408-
411), the preclinical inhibitor CB-668 has demonstrated both
monotherapeutic efficacy and favorable combinatorial efficacy with
0-PD-L1 therapy in tumor-bearing mice (412).

Taken together, although the field studying the role of IL4I1 in
cancer immune escape is still in its relative infancy compared to that
of IDOI, the pharmacological targeting of IL4I1 offers new
prospects for the treatment of cancer patients. A more
comprehensive understanding of the consequences of IL4I1
expression and its inhibition in cancer is, however, required to
determine whether this enzyme indeed constitutes an effective
immunotherapeutic target. As the development of IL4I1
inhibitors is currently ongoing, disclosure of complementary
studies addressing these aspects may be expected in the near future.

8 Concluding remarks

Cancer immunotherapy has revolutionized the treatment of
malignant tumors, with immune checkpoint blockade as major
breakthrough therapy being approved for an ever-expanding list of
clinical indications. However, despite the impressive durable
responses observed in a subset of cancer patients, diverse resistance
mechanisms limit the effectiveness of immunotherapeutic
interventions. Amino acid-metabolizing enzymes can serve as
important mediators of tumor immune evasion, as activated T cells
and other immune cells have a high need for amino acids and can be
adversely affected by accumulation of amino acid-derived
metabolites. Inhibition of tumor- or immunosuppressive cell-
expressed GLS1, ARG, iNOS, IDO1, TDO and/or IL4I1 therefore
constitutes a promising approach to alleviate tumor-induced immune
suppression, either as monotherapy or in combination with other
treatment modalities.

Clinical successes of inhibitors of amino acid-metabolizing
enzymes are, however, still limited to date, indicating that our
understanding of the involved complex pathways remains
incomplete. This urges for both the extension of preclinical
research as well as the thorough investigation of samples collected
during clinical studies. As various clinical trials are currently also
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still ongoing, valuable insight into the efficacy of different inhibitors
is also still to be expected. However, identification of novel targets
such as IL411, exploration of alternative strategies such as targeting
of downstream pathways (e.g., the AhR pathway) and rational
selection of combination therapies should additionally receive
adequate focus, as these may well serve to overcome the current

limitations of cancer immunotherapies.

Author contributions

YG: Conceptualization, Investigation, Visualization, Writing -
original draft, Writing - review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

References

1. Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S, Diaz LA, Kinzler KW.
Cancer genome landscapes. Science. (2013) 339:1546-58. doi: 10.1126/science.1235122

2. Flavahan WA, Gaskell E, Bernstein BE. Epigenetic plasticity and the hallmarks of
cancer. Science. (2017) 357:eaal2380. doi: 10.1126/science.aal2380

3. Coulie PG, Van den Eynde BJ, van der Bruggen P, Boon T. Tumour antigens
recognized by T lymphocytes: at the core of cancer immunotherapy. Nat Rev Cancer.
(2014) 14:135-46. doi: 10.1038/nrc3670

4. Gajewski TF, Schreiber H, Fu Y-X. Innate and adaptive immune cells in the tumor
microenvironment. Nat Immunol. (2013) 14:1014-22. doi: 10.1038/ni.2703

5. Beatty GL, Gladney WL. Immune escape mechanisms as a guide for cancer
immunotherapy. Clin Cancer Res. (2015) 21:687-92. doi: 10.1158/1078-0432.CCR-14-1860

6. Vinay DS, Ryan EP, Pawelec G, Talib WH, Stagg J, Elkord E, et al. Immune
evasion in cancer: mechanistic basis and therapeutic strategies. Semin Cancer Biol.
(2015) 35:5185-98. doi: 10.1016/j.semcancer.2015.03.004

7. Waldman AD, Fritz JM, Lenardo MJ. A guide to cancer immunotherapy: from T
cell basic science to clinical practice. Nat Rev Immunol. (2020) 20:651-68. doi: 10.1038/
541577-020-0306-5

8. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. Nat
Rev Cancer. (2012) 12:252-64. doi: 10.1038/nrc3239

9. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob J-J, Rutkowski P, Lao CD, et al.
Five-year survival with combined nivolumab and ipilimumab in advanced melanoma.
N Engl ] Med. (2019) 381:1535-46. doi: 10.1056/NEJMo0al1910836

10. Spigel DR, Faivre-Finn C, Gray JE, Vicente D, Planchard D, Paz-Ares L, et al.
Five-year survival outcomes from the PACIFIC trial: durvalumab after
chemoradiotherapy in stage III non-small-cell lung cancer. J Clin Oncol. (2022)
40:1301-11. doi: 10.1200/JC0O.21.01308

11. Berraondo P, Sanmamed MF, Ochoa MC, Etxeberria I, Aznar MA, Pérez-Gracia
JL, et al. Cytokines in clinical cancer immunotherapy. Br J Cancer. (2019) 120:6-15.
doi: 10.1038/5s41416-018-0328-y

12. Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A. Primary, adaptive, and acquired
resistance to cancer immunotherapy. Cell. (2017) 168:707-23. doi: 10.1016/j.cell.2017.01.017

13. O’Donnell JS, Teng MWL, Smyth MJ. Cancer immunoediting and resistance to
T cell-based immunotherapy. Nat Rev Clin Oncol. (2019) 16:151-67. doi: 10.1038/
541571-018-0142-8

14. Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M, et al.
Understanding the tumor immune microenvironment (TIME) for effective therapy.
Nat Med. (2018) 24:541-50. doi: 10.1038/s41591-018-0014-x

15. Togashi Y, Shitara K, Nishikawa H. Regulatory T cells in cancer
immunosuppression - implications for anticancer therapy. Nat Rev Clin Oncol.
(2019) 16:356-71. doi: 10.1038/s41571-019-0175-7

16. Li K, Shi H, Zhang B, Ou X, Ma Q, Chen Y, et al. Myeloid-derived suppressor
cells as immunosuppressive regulators and therapeutic targets in cancer. Signal
Transduct Target Ther. (2021) 6:362. doi: 10.1038/s41392-021-00670-9

Frontiers in Immunology

10.3389/fimmu.2024.1440269

Acknowledgments

The author thanks Dr. Guido Zaman for his guidance and
support during preparation of the review, and for the critical
reading and discussion of the manuscript.

Conflict of interest

Author YG was employed by Oncolines B.V.

Publisher’s note

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

17. Briukhovetska D, Dérr J, Endres S, Libby P, Dinarello CA, Kobold S. Interleukins
in cancer: from biology to therapy. Nat Rev Cancer. (2021) 21:481-99. doi: 10.1038/
$41568-021-00363-z

18. Arner EN, Rathmell JC. Metabolic programming and immune suppression in
the tumor microenvironment. Cancer Cell. (2023) 41:421-33. doi: 10.1016/
j.ccell.2023.01.009

19. Petrova V, Annicchiarico-Petruzzelli M, Melino G, Amelio I. The hypoxic
tumour microenvironment. Oncogenesis. (2018) 7:10. doi: 10.1038/s41389-017-0011-9

20. Ren W, Liu G, Yin J, Tan B, Wu G, Bazer FW, et al. Amino-acid transporters in
T-cell activation and differentiation. Cell Death Dis. (2017) 8:2655. doi: 10.1038/
cddis.2016.222

21. Maclver NJ, Michalek RD, Rathmell JC. Metabolic regulation of T lymphocytes.
Annu Rev Immunol. (2013) 31:259-83. doi: 10.1146/annurev-immunol-032712-095956

22. Murray PJ. Amino acid auxotrophy as a system of immunological control nodes.
Nat Immunol. (2016) 17:132-9. doi: 10.1038/ni.3323

23. Wang W, Zou W. Amino acids and their transporters in T cell immunity and
cancer therapy. Mol Cell. (2020) 80:384-95. doi: 10.1016/j.molcel.2020.09.006

24. Warburg O, Wind F, Negelein E. The metabolism of tumors in the body. J Gen
Physiol. (1927) 8:519-30. doi: 10.1085/jgp.8.6.519

25. DeBerardinis R], Mancuso A, Daikhin E, Nissim I, Yudkoff M, Wehrli S, et al.
Beyond aerobic glycolysis: transformed cells can engage in glutamine metabolism that
exceeds the requirement for protein and nucleotide synthesis. Proc Natl Acad Sci U S A.
(2007) 104:19345-50. doi: 10.1073/pnas.0709747104

26. Gao P, Tchernyshyov I, Chang T-C, Lee Y-S, Kita K, Ochi T, et al. c-Myc
suppression of miR-23a/b enhances mitochondrial glutaminase expression and
glutamine metabolism. Nature. (2009) 458:762-5. doi: 10.1038/nature07823

27. Wise DR, DeBerardinis R], Mancuso A, Sayed N, Zhang X-Y, Pfeiffer HK, et al.
Myc regulates a transcriptional program that stimulates mitochondrial glutaminolysis
and leads to glutamine addiction. Proc Natl Acad Sci U S A. (2008) 105:18782-7.
doi: 10.1073/pnas.0810199105

28. Rodriguez PC, Quiceno DG, Zabaleta ], Ortiz B, Zea AH, Piazuelo MB, et al.
Arginase I production in the tumor microenvironment by mature myeloid cells inhibits
T-cell receptor expression and antigen-specific T-cell responses. Cancer Res. (2004)
64:5839-49. doi: 10.1158/0008-5472.CAN-04-0465

29. Zea AH, Rodriguez PC, Atkins MB, Hernandez C, Signoretti S, Zabaleta J, et al.
Arginase-producing myeloid suppressor cells in renal cell carcinoma patients: a
mechanism of tumor evasion. Cancer Res. (2005) 65:3044-8. doi: 10.1158/0008-
5472.CAN-04-4505

30. Thomsen LL, Scott JMJ, Topley P, Knowles RG, Keerie AJ, Frend AJ. Selective
inhibition of inducible nitric oxide synthase inhibits tumor growth in vivo: studies with
1400W, a novel inhibitor. Cancer Res. (1997) 57:3300-4.

31. Gallina G, Dolcetti L, Serafini P, De Santo C, Marigo I, Colombo MP, et al.
Tumors induce a subset of inflammatory monocytes with immunosuppressive activity
on CD8" T cells. ] Clin Invest. (2006) 116:2777-90. doi: 10.1172/JCI28828

frontiersin.org


https://doi.org/10.1126/science.1235122
https://doi.org/10.1126/science.aal2380
https://doi.org/10.1038/nrc3670
https://doi.org/10.1038/ni.2703
https://doi.org/10.1158/1078-0432.CCR-14-1860
https://doi.org/10.1016/j.semcancer.2015.03.004
https://doi.org/10.1038/s41577-020-0306-5
https://doi.org/10.1038/s41577-020-0306-5
https://doi.org/10.1038/nrc3239
https://doi.org/10.1056/NEJMoa1910836
https://doi.org/10.1200/JCO.21.01308
https://doi.org/10.1038/s41416-018-0328-y
https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.1038/s41571-018-0142-8
https://doi.org/10.1038/s41571-018-0142-8
https://doi.org/10.1038/s41591-018-0014-x
https://doi.org/10.1038/s41571-019-0175-7
https://doi.org/10.1038/s41392-021-00670-9
https://doi.org/10.1038/s41568-021-00363-z
https://doi.org/10.1038/s41568-021-00363-z
https://doi.org/10.1016/j.ccell.2023.01.009
https://doi.org/10.1016/j.ccell.2023.01.009
https://doi.org/10.1038/s41389-017-0011-9
https://doi.org/10.1038/cddis.2016.222
https://doi.org/10.1038/cddis.2016.222
https://doi.org/10.1146/annurev-immunol-032712-095956
https://doi.org/10.1038/ni.3323
https://doi.org/10.1016/j.molcel.2020.09.006
https://doi.org/10.1085/jgp.8.6.519
https://doi.org/10.1073/pnas.0709747104
https://doi.org/10.1038/nature07823
https://doi.org/10.1073/pnas.0810199105
https://doi.org/10.1158/0008-5472.CAN-04-0465
https://doi.org/10.1158/0008-5472.CAN-04-4505
https://doi.org/10.1158/0008-5472.CAN-04-4505
https://doi.org/10.1172/JCI28828
https://doi.org/10.3389/fimmu.2024.1440269
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Grobben

32. Friberg M, Jennings R, Alsarraj M, Dessureault S, Cantor A, Extermann M, et al.
Indoleamine 2,3-dioxygenase contributes to tumor cell evasion of T cell-mediated
rejection. Int J Cancer. (2002) 101:151-5. doi: 10.1002/ijc.10645

33. Uyttenhove C, Pilotte L, Théate I, Stroobant V, Colau D, Parmentier N, et al.
Evidence for a tumoral immune resistance mechanism based on tryptophan degradation
by indoleamine 2,3-dioxygenase. Nat Med. (2003) 9:1269-74. doi: 10.1038/nm934

34. Munn DH, Sharma MD, Hou D, Baban B, Lee JR, Antonia SJ, et al. Expression of
indoleamine 2,3-dioxygenase by plasmacytoid dendritic cells in tumor-draining lymph
nodes. J Clin Invest. (2004) 114:280-90. doi: 10.1172/JCI21583

35. Pilotte L, Larrieu P, Stroobant V, Colau D, Dolusic E, Frederick R, et al. Reversal
of tumoral immune resistance by inhibition of tryptophan 2,3-dioxygenase. Proc Natl
Acad Sci U S A. (2012) 109:2497-502. doi: 10.1073/pnas.1113873109

36. Opitz CA, Litzenburger UM, Sahm F, Ott M, Tritschler I, Trump S, et al. An
endogenous tumour-promoting ligand of the human aryl hydrocarbon receptor.
Nature. (2011) 478:197-203. doi: 10.1038/nature10491

37. Sadik A, Somarribas Patterson LF, Oztiirk S, Mohapatra SR, Panitz V, Secker PF,
et al. IL4I1 is a metabolic immune checkpoint that activates the AHR and promotes
tumor progression. Cell. (2020) 182:1252-70.e34. doi: 10.1016/j.cell.2020.07.038

38. Edwards DN, Ngwa VM, Raybuck AL, Wang S, Hwang Y, Kim LC, et al.
Selective glutamine metabolism inhibition in tumor cells improves antitumor T
lymphocyte activity in triple-negative breast cancer. J Clin Invest. (2021) 131:1-16.
doi: 10.1172/JCI140100

39. Bronte V, Kasic T, Gri G, Gallana K, Borsellino G, Marigo I, et al. Boosting
antitumor responses of T lymphocytes infiltrating human prostate cancers. J Exp Med.
(2005) 201:1257-68. doi: 10.1084/jem.20042028

40. Castilho BA, Shanmugam R, Silva RC, Ramesh R, Himme BM, Sattlegger E.
Keeping the eIF2 alpha kinase Gen2 in check. Biochim Biophys Acta. (2014) 1843:1948-
68. doi: 10.1016/j.bbamcr.2014.04.006

41. Chi H. Regulation and function of mTOR signalling in T cell fate decisions. Nat
Rev Immunol. (2012) 12:325-38. doi: 10.1038/nri3198

42. Wek SA, Zhu S, Wek RC. The histidyl-tRNA synthetase-related sequence in the
elF-2 alpha protein kinase GCN2 interacts with tRNA and is required for activation in
response to starvation for different amino acids. Mol Cell Biol. (1995) 15:4497-506.
doi: 10.1128/MCB.15.8.4497

43. Rabanal-Ruiz Y, Otten EG, Korolchuk VI. mTORCI1 as the main gateway to
autophagy. Essays Biochem. (2017) 61:565-84. doi: 10.1042/EBC20170027

44. Mezrich JD, Fechner JH, Zhang X, Johnson BP, Burlingham W], Bradfield CA.
An interaction between kynurenine and the aryl hydrocarbon receptor can generate
regulatory T cells. ] Immunol. (2010) 185:3190-8. doi: 10.4049/jimmunol.0903670

45. Murray IA, Patterson AD, Perdew GH. Aryl hydrocarbon receptor ligands in
cancer: friend and foe. Nat Rev Cancer. (2014) 14:801-14. doi: 10.1038/nrc3846

46. Gutiérrez-Vazquez C, Quintana FJ. Regulation of the immune response by the aryl
hydrocarbon receptor. Immunity. (2018) 48:19-33. doi: 10.1016/j.immuni.2017.12.012

47. Smith RJ. Glutamine metabolism and its physiologic importance. JPEN |
Parenter Enter Nutr. (1990) 14:40S-4S. doi: 10.1177/014860719001400402

48. Lacey JM, Wilmore DW. Is glutamine a conditionally essential amino acid? Nutr
Rev. (1990) 48:297-309. doi: 10.1111/§.1753-4887.1990.tb02967.x

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

50. Fan J, Kamphorst JJ, Mathew R, Chung MK, White E, Shlomi T, et al.
Glutamine-driven oxidative phosphorylation is a major ATP source in transformed
mammalian cells in both normoxia and hypoxia. Mol Syst Biol. (2013) 9:712.
doi: 10.1038/msb.2013.65

51. Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg
effect: the metabolic requirements of cell proliferation. Science. (2009) 324:1029-33.
doi: 10.1126/science.1160809

52. Warburg O. On the origin of cancer cells. Science. (1956) 123:309-14.
doi: 10.1126/science.123.3191.309

53. Bhutia YD, Ganapathy V. Glutamine transporters in mammalian cells and their
functions in physiology and cancer. Biochim Biophys Acta. (2016) 1863:2531-9.
doi: 10.1016/j.bbamcr.2015.12.017

54. Aledo JC, Gomez-Fabre PM, Olalla L, Marquez J. Identification of two human
glutaminase loci and tissue-specific expression of the two related genes. Mamm
Genome. (2000) 11:1107-10. doi: 10.1007/s003350010190

55. GTEx Consortium. The Genotype-Tissue Expression (GTEx) pilot analysis:
multitissue gene regulation in humans. Science. (2015) 348:648-60. doi: 10.1126/
science.1262110

56. Cassago A, Ferreira APS, Ferreira IM, Fornezari C, Gomes ERM, Greene KS§,
et al. Mitochondrial localization and structure-based phosphate activation mechanism
of Glutaminase C with implications for cancer metabolism. Proc Natl Acad Sci U S A.
(2012) 109:1092-7. doi: 10.1073/pnas.1112495109

57. Pan T, Gao L, Wu G, Shen G, Xie S, Wen H, et al. Elevated expression of
glutaminase confers glucose utilization via glutaminolysis in prostate cancer. Biochem
Biophys Res Commun. (2015) 456:452-8. doi: 10.1016/j.bbrc.2014.11.105

58. Cao J, Zhang C, Jiang G-Q, Jin S-J, Gao Z-H, Wang Q, et al. Expression of GLS1
in intrahepatic cholangiocarcinoma and its clinical significance. Mol Med Rep. (2019)
20:1915-24. doi: 10.3892/mmr.2019.10399

Frontiers in Immunology

21

10.3389/fimmu.2024.1440269

59. Saha SK, Islam SMR, Abdullah-Al-Wadud M, Islam S, Ali F, Park KS.
Multiomics analysis reveals that GLS and GLS2 differentially modulate the clinical
outcomes of cancer. J Clin Med. (2019) 8:1-28. doi: 10.3390/jcm8030355

60. Xiang L, Mou J, Shao B, Wei Y, Liang H, Takano N, et al. Glutaminase 1
expression in colorectal cancer cells is induced by hypoxia and required for tumor
growth, invasion, and metastatic colonization. Cell Death Dis. (2019) 10:40.
doi: 10.1038/s41419-018-1291-5

61. Hu W, Zhang C, Wu R, Sun Y, Levine A, Feng Z. Glutaminase 2, a novel p53
target gene regulating energy metabolism and antioxidant function. Proc Natl Acad Sci
USA. (2010) 107:7455-60. doi: 10.1073/pnas.1001006107

62. Suzuki S, Tanaka T, Poyurovsky MV, Nagano H, Mayama T, Ohkubo §, et al.
Phosphate-activated glutaminase (GLS2), a p53-inducible regulator of glutamine
metabolism and reactive oxygen species. Proc Natl Acad Sci USA. (2010) 107:7461-6.
doi: 10.1073/pnas.1002459107

63. LiuJ, Zhang C, Lin M, Zhu W, Liang Y, Hong X, et al. Glutaminase 2 negatively
regulates the PI3K/AKT signaling and shows tumor suppression activity in human
hepatocellular carcinoma. Oncotarget. (2014) 5:2635-47. doi: 10.18632/
oncotarget.1862

64. Suzuki S, Venkatesh D, Kanda H, Nakayama A, Hosokawa H, Lee E, et al. GLS2
is a tumor suppressor and a regulator of ferroptosis in hepatocellular carcinoma. Cancer
Res. (2022) 82:3209-22. doi: 10.1158/0008-5472.CAN-21-3914

65. Zhang C, Liu J, Zhao Y, Yue X, Zhu Y, Wang X, et al. Glutaminase 2 is a novel
negative regulator of small GTPase Racl and mediates p53 function in suppressing
metastasis. Elife. (2016) 5:e10727. doi: 10.7554/eLife.10727

66. Xiao D, Ren P, Su H, Yue M, Xiu R, Hu Y, et al. Myc promotes glutaminolysis in
human neuroblastoma through direct activation of glutaminase 2. Oncotarget. (2015)
6:40655-66. doi: 10.18632/oncotarget.5821

67. Lukey MJ, Cluntun AA, Katt WP, Lin M-C]J, Druso JE, Ramachandran S, et al.
Liver-type glutaminase GLS2 is a druggable metabolic node in luminal-subtype breast
cancer. Cell Rep. (2019) 29:76-88.¢7. doi: 10.1016/j.celrep.2019.08.076

68. Dias MM, Adamoski D, Dos Reis LM, Ascen¢do CFR, de Oliveira KRS, Mafra
ACP, et al. GLS2 is protumorigenic in breast cancers. Oncogene. (2020) 39:690-702.
doi: 10.1038/s41388-019-1007-z

69. Robinson MM, McBryant SJ, Tsukamoto T, Rojas C, Ferraris DV, Hamilton SK,
et al. Novel mechanism of inhibition of rat kidney-type glutaminase by bis-2-(5-
phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide (BPTES). Biochem J]. (2007)
406:407-14. doi: 10.1042/BJ20070039

70. Gross MI, Demo SD, Dennison JB, Chen L, Chernov-Rogan T, Goyal B, et al.
Antitumor activity of the glutaminase inhibitor CB-839 in triple-negative breast cancer.
Mol Cancer Ther. (2014) 13:890-901. doi: 10.1158/1535-7163.MCT-13-0870

71. Soth M]J, Le K, Di Francesco ME, Hamilton MM, Liu G, Burke JP, et al.
Discovery of IPN60090, a clinical stage selective glutaminase-1 (GLS-1) inhibitor with
excellent pharmacokinetic and physicochemical properties. ] Med Chem. (2020)
63:12957-77. doi: 10.1021/acs.jmedchem.0c01398

72. Dion HW, Fusari SA, Jakubowski ZL, Zora JG, Bartz QR. 6-Diazo-5-0x0-L-
norleucine, a new tumor-inhibitory substance. II. Isolation and characterization. ] Am
Chem Soc. (1956) 78:3075-7. doi: 10.1021/ja01594a036

73. Pinkus LM. Glutamine binding sites. Methods Enzymol. (1977) 46:414-27.
doi: 10.1016/s0076-6879(77)46049-x

74. Leone RD, Zhao L, Englert JM, Sun I-M, Oh M-H, Sun I-H, et al. Glutamine
blockade induces divergent metabolic programs to overcome tumor immune evasion.
Science. (2019) 366:1013-21. doi: 10.1126/science.aav2588

75. Yokoyama Y, Estok TM, Wild R. Sirpiglenastat (DRP-104) induces antitumor
efficacy through direct, broad antagonism of glutamine metabolism and stimulation of
the innate and adaptive immune systems. Mol Cancer Ther. (2022) 21:1561-72.
doi: 10.1158/1535-7163.MCT-22-0282

76. Schulte ML, Fu A, Zhao P, Li J, Geng L, Smith ST, et al. Pharmacological
blockade of ASCT2-dependent glutamine transport leads to antitumor efficacy in
preclinical models. Nat Med. (2018) 24:194-202. doi: 10.1038/nm.4464

77. Lemberg KM, Vornov JJ, Rais R, Slusher BS. We're not “DON” yet: optimal
dosing and prodrug delivery of 6-diazo-5-oxo-L-norleucine. Mol Cancer Ther. (2018)
17:1824-32. doi: 10.1158/1535-7163.MCT-17-1148

78. Tannir NM, Agarwal N, Porta C, Lawrence NJ, Motzer R, McGregor B, et al.
Efficacy and safety of telaglenastat plus cabozantinib vs placebo plus cabozantinib in
patients with advanced renal cell carcinoma: the CANTATA randomized clinical trial.
JAMA Oncol. (2022) 8:1411-8. doi: 10.1001/jamaoncol.2022.3511

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

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

81. Sinclair LV, Rolf ], Emslie E, Shi Y-B, Taylor PM, Cantrell DA. Control of
amino-acid transport by antigen receptors coordinates the metabolic reprogramming
essential for T cell differentiation. Nat Immunol. (2013) 14:500-8. doi: 10.1038/ni.2556

82. Nakaya M, Xiao Y, Zhou X, Chang J-H, Chang M, Cheng X, et al. Inflammatory
T cell responses rely on amino acid transporter ASCT2 facilitation of glutamine uptake

frontiersin.org


https://doi.org/10.1002/ijc.10645
https://doi.org/10.1038/nm934
https://doi.org/10.1172/JCI21583
https://doi.org/10.1073/pnas.1113873109
https://doi.org/10.1038/nature10491
https://doi.org/10.1016/j.cell.2020.07.038
https://doi.org/10.1172/JCI140100
https://doi.org/10.1084/jem.20042028
https://doi.org/10.1016/j.bbamcr.2014.04.006
https://doi.org/10.1038/nri3198
https://doi.org/10.1128/MCB.15.8.4497
https://doi.org/10.1042/EBC20170027
https://doi.org/10.4049/jimmunol.0903670
https://doi.org/10.1038/nrc3846
https://doi.org/10.1016/j.immuni.2017.12.012
https://doi.org/10.1177/014860719001400402
https://doi.org/10.1111/j.1753-4887.1990.tb02967.x
https://doi.org/10.1038/s12276-020-00504-8
https://doi.org/10.1038/msb.2013.65
https://doi.org/10.1126/science.1160809
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1016/j.bbamcr.2015.12.017
https://doi.org/10.1007/s003350010190
https://doi.org/10.1126/science.1262110
https://doi.org/10.1126/science.1262110
https://doi.org/10.1073/pnas.1112495109
https://doi.org/10.1016/j.bbrc.2014.11.105
https://doi.org/10.3892/mmr.2019.10399
https://doi.org/10.3390/jcm8030355
https://doi.org/10.1038/s41419-018-1291-5
https://doi.org/10.1073/pnas.1001006107
https://doi.org/10.1073/pnas.1002459107
https://doi.org/10.18632/oncotarget.1862
https://doi.org/10.18632/oncotarget.1862
https://doi.org/10.1158/0008-5472.CAN-21-3914
https://doi.org/10.7554/eLife.10727
https://doi.org/10.18632/oncotarget.5821
https://doi.org/10.1016/j.celrep.2019.08.076
https://doi.org/10.1038/s41388-019-1007-z
https://doi.org/10.1042/BJ20070039
https://doi.org/10.1158/1535-7163.MCT-13-0870
https://doi.org/10.1021/acs.jmedchem.0c01398
https://doi.org/10.1021/ja01594a036
https://doi.org/10.1016/s0076-6879(77)46049-x
https://doi.org/10.1126/science.aav2588
https://doi.org/10.1158/1535-7163.MCT-22-0282
https://doi.org/10.1038/nm.4464
https://doi.org/10.1158/1535-7163.MCT-17-1148
https://doi.org/10.1001/jamaoncol.2022.3511
https://doi.org/10.4049/jimmunol.0903586
https://doi.org/10.4049/jimmunol.0903586
https://doi.org/10.1016/j.immuni.2011.09.021
https://doi.org/10.1038/ni.2556
https://doi.org/10.3389/fimmu.2024.1440269
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Grobben

and mTORCI kinase activation. Immunity. (2014) 40:692-705. doi: 10.1016/
jimmuni.2014.04.007

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

84. Johnson MO, Wolf MM, Madden MZ, Andrejeva G, Sugiura A, Contreras DC,
et al. Distinct regulation of Th17 and Th1 cell differentiation by glutaminase-dependent
metabolism. Cell. (2018) 175:1780-95.e19. doi: 10.1016/j.cell.2018.10.001

85. Klysz D, Tai X, Robert PA, Craveiro M, Cretenet G, Oburoglu L, et al.
Glutamine-dependent o-ketoglutarate production regulates the balance between T
helper 1 cell and regulatory T cell generation. Sci Signal. (2015) 8:ra97. doi: 10.1126/
scisignal.aab2610

86. Metzler B, Gfeller P, Guinet E. Restricting glutamine or glutamine-dependent
purine and pyrimidine syntheses promotes human T cells with high FOXP3 expression
and regulatory properties. ] Immunol. (2016) 196:3618-30. doi: 10.4049/
jimmunol.1501756

87. Lian G, Gnanaprakasam JNR, Wang T, Wu R, Chen X, Liu L, et al. Glutathione
de novo synthesis but not recycling process coordinates with glutamine catabolism to
control redox homeostasis and directs murine T cell differentiation. Elife. (2018) 7:1-
28. doi: 10.7554/eLife.36158

88. Loftus RM, Assmann N, Kedia-Mehta N, O’Brien KL, Garcia A, Gillespie C, et al.
Amino acid-dependent cMyc expression is essential for NK cell metabolic and
functional responses in mice. Nat Commun. (2018) 9:2341. doi: 10.1038/s41467-018-
04719-2

89. Wang J-B, Erickson JW, Fuji R, Ramachandran S, Gao P, Dinavahi R, et al.
Targeting mitochondrial glutaminase activity inhibits oncogenic transformation.
Cancer Cell. (2010) 18:207-19. doi: 10.1016/j.ccr.2010.08.009

90. Xiang Y, Stine ZE, Xia J, Lu Y, O’Connor RS, Altman BJ, et al. Targeted
inhibition of tumor-specific glutaminase diminishes cell-autonomous tumorigenesis. J
Clin Invest. (2015) 125:2293-306. doi: 10.1172/JCI75836

91. Varghese S, Pramanik S, Williams L], Hodges HR, Hudgens CW, Fischer GM,
et al. The glutaminase inhibitor CB-839 (telaglenastat) enhances the antimelanoma
activity of T-cell-mediated immunotherapies. Mol Cancer Ther. (2021) 20:500-11.
doi: 10.1158/1535-7163.MCT-20-0430

92. Liu P-S, Wang H, Li X, Chao T, Teav T, Christen S, et al. o-ketoglutarate
orchestrates macrophage activation through metabolic and epigenetic reprogramming.
Nat Immunol. (2017) 18:985-94. doi: 10.1038/ni.3796

93. Wu W-C, Sun H-W, Chen J, OuYang H-Y, Yu X-J, Chen H-T, et al.
Immunosuppressive immature myeloid cell generation is controlled by glutamine
metabolism in human cancer. Cancer Immunol Res. (2019) 7:1605-18. doi: 10.1158/
2326-6066.CIR-18-0902

94. Udumula MP, Sakr S, Dar S, Alvero AB, Ali-Fehmi R, Abdulfatah E, et al.
Ovarian cancer modulates the immunosuppressive function of CD11b*Gr1" myeloid
cells via glutamine metabolism. Mol Metab. (2021) 53:101272. doi: 10.1016/
j.molmet.2021.101272

95. Biancur DE, Paulo JA, Matachowska B, Quiles Del Rey M, Sousa CM, Wang X,
et al. Compensatory metabolic networks in pancreatic cancers upon perturbation of
glutamine metabolism. Nat Commun. (2017) 8:15965. doi: 10.1038/ncomms15965

96. Harding JJ, Telli M, Munster P, Voss MH, Infante JR, DeMichele A, et al. A
phase I dose-escalation and expansion study of telaglenastat in patients with advanced
or metastatic solid tumors. Clin Cancer Res. (2021) 27:4994-5003. doi: 10.1158/1078-
0432.CCR-21-1204

97. Vogl DT, Younes A, Stewart K, Orford KW, Bennett M, Siegel D, et al. Phase 1
study of CB-839, a first-in-class, glutaminase inhibitor in patients with multiple
myeloma and lymphoma. Blood. (2015) 126:3059. doi: 10.1182/
blood.V126.23.3059.3059

98. Halama A, Kulinski M, Dib SS, Zaghlool SB, Siveen KS, Iskandarani A, et al.
Accelerated lipid catabolism and autophagy are cancer survival mechanisms under
inhibited glutaminolysis. Cancer Lett. (2018) 430:133-47. doi: 10.1016/
j.canlet.2018.05.017

99. Méndez-Lucas A, Lin W, Driscoll PC, Legrave N, Novellasdemunt L, Xie C, et al.
Identifying strategies to target the metabolic flexibility of tumours. Nat Metab. (2020)
2:335-50. doi: 10.1038/s42255-020-0195-8

100. Pillai R, LeBoeuf SE, Hao Y, New C, Blum JLE, Rashidfarrokhi A, et al.
Glutamine antagonist DRP-104 suppresses tumor growth and enhances response to
checkpoint blockade in KEAP1 mutant lung cancer. Sci Adv. (2024) 10:eadm9859.
doi: 10.1126/sciadv.adm9859

101. Oh M-H, Sun I-H, Zhao L, Leone RD, Sun I-M, Xu W, et al. Targeting
glutamine metabolism enhances tumor-specific immunity by modulating suppressive
myeloid cells. J Clin Invest. (2020) 130:3865-84. doi: 10.1172/JCI131859

102. Byun J-K, Park M, Lee S, Yun JW, Lee ], Kim JS, et al. Inhibition of glutamine
utilization synergizes with immune checkpoint inhibitor to promote antitumor
immunity. Mol Cell. (2020) 80:592-606.€8. doi: 10.1016/j.molcel.2020.10.015

103. Ma G, Liang Y, Chen Y, Wang L, Li D, Liang Z, et al. Glutamine deprivation
induces PD-L1 expression via activation of EGFR/ERK/c-Jun signaling in renal cancer.
Mol Cancer Res. (2020) 18:324-39. doi: 10.1158/1541-7786.MCR-19-0517

104. Li Q, Zhong X, Yao W, Yu J, Wang C, Li Z, et al. Inhibitor of glutamine
metabolism V9302 promotes ROS-induced autophagic degradation of B7H3 to

Frontiers in Immunology

10.3389/fimmu.2024.1440269

enhance antitumor immunity. J Biol Chem. (2022) 298:101753. doi: 10.1016/
jjbc.2022.101753

105. Meric-Bernstam F, Gordon M, Tykodi S, Lam E, Vaishampayan U, Chaves J,
etal. A phase 1/2 study of CB-839, a first-in-class glutaminase inhibitor, combined with
nivolumab in patients with advanced melanoma (MEL), renal cell carcinoma (RCC), or
non-small cell lung cancer (NSCLC). J Immunother Cancer. (2017) 5:016. doi: 10.1186/
s40425-017-0289-3

106. Wu G, Meininger CJ, Knabe DA, Bazer FW, Rhoads JM. Arginine nutrition in
development, health and disease. Curr Opin Clin Nutr Metab Care. (2000) 3:59-66.
doi: 10.1097/00075197-200001000-00010

107. Morris SM. Arginine metabolism: boundaries of our knowledge. J Nutr. (2007)
137:1602S-9S. doi: 10.1093/jn/137.6.1602S

108. Jenkinson CP, Grody WW, Cederbaum SD. Comparative properties of
arginases. Comp Biochem Physiol B Biochem Mol Biol. (1996) 114:107-32.
doi: 10.1016/0305-0491(95)02138-8

109. Munder M. Arginase: an emerging key player in the mammalian immune
system. Br ] Pharmacol. (2009) 158:638-51. doi: 10.1111/j.1476-5381.2009.00291.x

110. Rotondo R, Bertolotto M, Barisione G, Astigiano S, Mandruzzato S, Ottonello
L, et al. Exocytosis of azurophil and arginase 1-containing granules by activated
polymorphonuclear neutrophils is required to inhibit T lymphocyte proliferation. J
Leukoc Biol. (2011) 89:721-7. doi: 10.1189/j1b.1109737

111. Cané S, Barouni RM, Fabbi M, Cuozzo J, Fracasso G, Adamo A, et al.
Neutralization of NET-associated human ARGI enhances cancer immunotherapy.
Sci Transl Med. (2023) 15:eabq6221. doi: 10.1126/scitranslmed.abq6221

112. Morris SM. Recent advances in arginine metabolism: roles and regulation of the
arginases. Br ] Pharmacol. (2009) 157:922-30. doi: 10.1111/j.1476-5381.2009.00278.x

113. Ming X-FX, Rajapakse AG, Yepuri G, Xiong Y, Carvas JM, Ruffieux J, et al.
Arginase II promotes macrophage inflammatory responses through mitochondrial
reactive oxygen species, contributing to insulin resistance and atherogenesis. ] Am
Heart Assoc. (2012) 1:¢000992. doi: 10.1161/JAHA.112.000992

114. McGovern N, Shin A, Low G, Low D, Duan K, Yao L], et al. Human fetal
dendritic cells promote prenatal T-cell immune suppression through arginase-2.
Nature. (2017) 546:662-6. doi: 10.1038/nature22795

115. Lowe MM, Boothby I, Clancy S, Ahn RS, Liao W, Nguyen DN, et al. Regulatory
T cells use arginase 2 to enhance their metabolic fitness in tissues. JCI Insight. (2019) 4:
€129756. doi: 10.1172/jci.insight.129756

116. Debats IBJG, Wolfs TGAM, Gotoh T, Cleutjens JPM, Peutz-Kootstra CJ, van
der Hulst RRWJ. Role of arginine in superficial wound healing in man. Nitric Oxide Biol
Chem. (2009) 21:175-83. doi: 10.1016/j.ni0x.2009.07.006

117. Steggerda SM, Bennett MK, Chen ], Emberley E, Huang T, Janes JR, et al.
Inhibition of arginase by CB-1158 blocks myeloid cell-mediated immune suppression
in the tumor microenvironment. J Immunother Cancer. (2017) 5:101. doi: 10.1186/
s40425-017-0308-4

118. Lennartz M, Gehrig E, Weidemann S, Gorbokon N, Menz A, Biischeck F, et al.
Large-scale tissue microarray evaluation corroborates high specificity of high-level
arginase-1 immunostaining for hepatocellular carcinoma. Diagnostics (Basel). (2021)
11:2351. doi: 10.3390/diagnostics11122351

119. Rotondo R, Mastracci L, Piazza T, Barisione G, Fabbi M, Cassanello M, et al.
Arginase 2 is expressed by human lung cancer, but it neither induces immune
suppression, nor affects disease progression. Int J Cancer. (2008) 123:1108-16.
doi: 10.1002/ijc.23437

120. Bron L, Jandus C, Andrejevic-Blant S, Speiser DE, Monnier P, Romero P, et al.
Prognostic value of arginase-II expression and regulatory T-cell infiltration in head and
neck squamous cell carcinoma. Int ] Cancer. (2013) 132:E85-93. doi: 10.1002/ijc.27728

121. Mussai F, De Santo C, Abu-Dayyeh I, Booth S, Quek L, McEwen-Smith RM,
et al. Acute myeloid leukemia creates an arginase-dependent immunosuppressive
microenvironment. Blood. (2013) 122:749-58. doi: 10.1182/blood-2013-01-480129

122. Corraliza IM, Soler G, Eichmann K, Modolell M. Arginase induction by
suppressors of nitric oxide synthesis (IL-4, IL-10 and PGE2) in murine bone-
marrow-derived macrophages. Biochem Biophys Res Commun. (1995) 206:667-73.
doi: 10.1006/bbrc.1995.1094

123. Munder M, Eichmann K, Moran JM, Centeno F, Soler G, Modolell M. Th1/
Th2-regulated expression of arginase isoforms in murine macrophages and dendritic
cells. J Immunol. (1999) 163:3771-7. doi: 10.4049/jimmunol.163.7.3771

124. Grzywa TM, Sosnowska A, Matryba P, Rydzynska Z, Jasinski M, Nowis D, et al.
Myeloid cell-derived arginase in cancer immune response. Front Immunol. (2020)
11:938. doi: 10.3389/fimmu.2020.00938

125. Munder M, Mollinedo F, Calafat J, Canchado J, Gil-Lamaignere C, Fuentes JM,
et al. Arginase I is constitutively expressed in human granulocytes and participates in
fungicidal activity. Blood. (2005) 105:2549-56. doi: 10.1182/blood-2004-07-2521

126. Rodriguez PC, Ernstoff MS, Hernandez C, Atkins M, Zabaleta J, Sierra R, et al.
Arginase I-producing myeloid-derived suppressor cells in renal cell carcinoma are a

subpopulation of activated granulocytes. Cancer Res. (2009) 69:1553-60. doi: 10.1158/
0008-5472.CAN-08-1921

127. Jacobsen LC, Theilgaard-Ménch K, Christensen EI, Borregaard N. Arginase 1 is
expressed in myelocytes/metamyelocytes and localized in gelatinase granules of human
neutrophils. Blood. (2007) 109:3084-7. doi: 10.1182/blood-2006-06-032599

frontiersin.org


https://doi.org/10.1016/j.immuni.2014.04.007
https://doi.org/10.1016/j.immuni.2014.04.007
https://doi.org/10.1016/j.cell.2008.11.044
https://doi.org/10.1016/j.cell.2018.10.001
https://doi.org/10.1126/scisignal.aab2610
https://doi.org/10.1126/scisignal.aab2610
https://doi.org/10.4049/jimmunol.1501756
https://doi.org/10.4049/jimmunol.1501756
https://doi.org/10.7554/eLife.36158
https://doi.org/10.1038/s41467-018-04719-2
https://doi.org/10.1038/s41467-018-04719-2
https://doi.org/10.1016/j.ccr.2010.08.009
https://doi.org/10.1172/JCI75836
https://doi.org/10.1158/1535-7163.MCT-20-0430
https://doi.org/10.1038/ni.3796
https://doi.org/10.1158/2326-6066.CIR-18-0902
https://doi.org/10.1158/2326-6066.CIR-18-0902
https://doi.org/10.1016/j.molmet.2021.101272
https://doi.org/10.1016/j.molmet.2021.101272
https://doi.org/10.1038/ncomms15965
https://doi.org/10.1158/1078-0432.CCR-21-1204
https://doi.org/10.1158/1078-0432.CCR-21-1204
https://doi.org/10.1182/blood.V126.23.3059.3059
https://doi.org/10.1182/blood.V126.23.3059.3059
https://doi.org/10.1016/j.canlet.2018.05.017
https://doi.org/10.1016/j.canlet.2018.05.017
https://doi.org/10.1038/s42255-020-0195-8
https://doi.org/10.1126/sciadv.adm9859
https://doi.org/10.1172/JCI131859
https://doi.org/10.1016/j.molcel.2020.10.015
https://doi.org/10.1158/1541-7786.MCR-19-0517
https://doi.org/10.1016/j.jbc.2022.101753
https://doi.org/10.1016/j.jbc.2022.101753
https://doi.org/10.1186/s40425-017-0289-3
https://doi.org/10.1186/s40425-017-0289-3
https://doi.org/10.1097/00075197-200001000-00010
https://doi.org/10.1093/jn/137.6.1602S
https://doi.org/10.1016/0305-0491(95)02138-8
https://doi.org/10.1111/j.1476-5381.2009.00291.x
https://doi.org/10.1189/jlb.1109737
https://doi.org/10.1126/scitranslmed.abq6221
https://doi.org/10.1111/j.1476-5381.2009.00278.x
https://doi.org/10.1161/JAHA.112.000992
https://doi.org/10.1038/nature22795
https://doi.org/10.1172/jci.insight.129756
https://doi.org/10.1016/j.niox.2009.07.006
https://doi.org/10.1186/s40425-017-0308-4
https://doi.org/10.1186/s40425-017-0308-4
https://doi.org/10.3390/diagnostics11122351
https://doi.org/10.1002/ijc.23437
https://doi.org/10.1002/ijc.27728
https://doi.org/10.1182/blood-2013-01-480129
https://doi.org/10.1006/bbrc.1995.1094
https://doi.org/10.4049/jimmunol.163.7.3771
https://doi.org/10.3389/fimmu.2020.00938
https://doi.org/10.1182/blood-2004-07-2521
https://doi.org/10.1158/0008-5472.CAN-08-1921
https://doi.org/10.1158/0008-5472.CAN-08-1921
https://doi.org/10.1182/blood-2006-06-032599
https://doi.org/10.3389/fimmu.2024.1440269
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Grobben

128. Wang Y, Tian J, Tang X, Rui K, Tian X, Ma J, et al. Exosomes released by
granulocytic myeloid-derived suppressor cells attenuate DSS-induced colitis in mice.
Oncotarget. (2016) 7:15356-68. doi: 10.18632/oncotarget.7324

129. Czystowska-Kuzmicz M, Sosnowska A, Nowis D, Ramji K, Szajnik M,
Chlebowska-Tuz J, et al. Small extracellular vesicles containing arginase-1 suppress
T-cell responses and promote tumor growth in ovarian carcinoma. Nat Commun.
(2019) 10:3000. doi: 10.1038/s41467-019-10979-3

130. Liu C-Y, Wang Y-M, Wang C-L, Feng P-H, Ko H-W, Liu Y-H, et al. Population
alterations of L-arginase- and inducible nitric oxide synthase-expressed CD11b"/
CD147/CD15"/CD33" myeloid-derived suppressor cells and CD8" T lymphocytes in
patients with advanced-stage non-small cell lung cancer. J Cancer Res Clin Oncol.
(2010) 136:35-45. doi: 10.1007/500432-009-0634-0

131. Vasquez-Dunddel D, Pan F, Zeng Q, Gorbounov M, Albesiano E, Fu J, et al.
STATS3 regulates arginase-I in myeloid-derived suppressor cells from cancer patients. J
Clin Invest. (2013) 123:1580-9. doi: 10.1172/JCI60083

132. Zhang J, Xu X, Shi M, Chen Y, Yu D, Zhao C, et al. cp13™ neutrophil-like
myeloid-derived suppressor cells exert immune suppression through Arginase 1
expression in pancreatic ductal adenocarcinoma. Oncoimmunology. (2017) 6:
€1258504. doi: 10.1080/2162402X.2016.1258504

133. Sippel TR, White ], Nag K, Tsvankin V, Klaassen M, Kleinschmidt-DeMasters
BK, et al. Neutrophil degranulation and immunosuppression in patients with GBM:
restoration of cellular immune function by targeting arginase I. Clin Cancer Res. (2011)
17:6992-7002. doi: 10.1158/1078-0432.CCR-11-1107

134. Rotondo R, Barisione G, Mastracci L, Grossi F, Orengo AM, Costa R, et al. IL-8
induces exocytosis of arginase 1 by neutrophil polymorphonuclears in nonsmall cell
lung cancer. Int ] Cancer. (2009) 125:887-93. doi: 10.1002/ijc.24448

135. Sullivan MR, Danai LV, Lewis CA, Chan SH, Gui DY, Kunchok T, et al.
Quantification of microenvironmental metabolites in murine cancers reveals
determinants of tumor nutrient availability. Elife. (2019) 8:1-27. doi: 10.7554/
eLife.44235

136. Singh R, Pervin S, Karimi A, Cederbaum S, Chaudhuri G. Arginase activity in
human breast cancer cell lines: N®-hydroxy-L-arginine selectively inhibits cell
proliferation and induces apoptosis in MDA-MB-468 cells. Cancer Res. (2000)
60:3305-12.

137. Chang CI, Liao JC, Kuo L. Macrophage arginase promotes tumor cell growth and
suppresses nitric oxide-mediated tumor cytotoxicity. Cancer Res. (2001) 61:1100-6.

138. Geiger R, Rieckmann JC, Wolf T, Basso C, Feng Y, Fuhrer T, et al. L-Arginine
modulates t cell metabolism and enhances survival and anti-tumor activity. Cell. (2016)
167:829-42.13. doi: 10.1016/j.cell.2016.09.031

139. Werner A, Amann E, Schnitzius V, Habermeier A, Luckner-Minden C,
Leuchtner N, et al. Induced arginine transport via cationic amino acid transporter-1
is necessary for human T-cell proliferation. Eur J Immunol. (2016) 46:92-103.
doi: 10.1002/eji.201546047

140. Bansal V, Rodriguez P, Wu G, Eichler DC, Zabaleta ], Taheri F, et al. Citrulline
can preserve proliferation and prevent the loss of CD3 { chain under conditions of low
arginine. JPEN ] Parenter Enteral Nutr. (2004) 28:423-30. doi: 10.1177/
0148607104028006423

141. Werner A, Koschke M, Leuchtner N, Luckner-Minden C, Habermeier A, Rupp
J, et al. Reconstitution of T cell proliferation under arginine limitation: activated human
T cells take up citrulline via L-type amino acid transporter 1 and use it to regenerate
arginine after induction of argininosuccinate synthase expression. Front Immunol.
(2017) 8:864. doi: 10.3389/fimmu.2017.00864

142. Zea AH, Rodriguez PC, Culotta KS, Hernandez CP, DeSalvo J, Ochoa JB, et al.
L-Arginine modulates CD3( expression and T cell function in activated human T
lymphocytes. Cell Immunol. (2004) 232:21-31. doi: 10.1016/j.cellimm.2005.01.004

143. Munder M, Schneider H, Luckner C, Giese T, Langhans C-D, Fuentes JM, et al.
Suppression of T-cell functions by human granulocyte arginase. Blood. (2006)
108:1627-34. doi: 10.1182/blood-2006-11-010389

144. Taheri F, Ochoa JB, Faghiri Z, Culotta K, Park HJ, Lan MS, et al. L-Arginine
regulates the expression of the T-cell receptor { chain (CD3() in Jurkat cells. Clin
Cancer Res. (2001) 7:958s—-65s.

145. Rodriguez PC, Quiceno DG, Ochoa AC. 1-Arginine availability regulates T-
lymphocyte cell-cycle progression. Blood. (2007) 109:1568-73. doi: 10.1182/blood-
2006-06-031856

146. Rodriguez PC, Hernandez CP, Morrow K, Sierra R, Zabaleta J, Wyczechowska
DD, et al. L-arginine deprivation regulates cyclin D3 mRNA stability in human T cells
by controlling HuR expression. ] Immunol. (2010) 185:5198-204. doi: 10.4049/
jimmunol.1001224

147. Cobbold SP, Adams E, Farquhar CA, Nolan KF, Howie D, Lui KO, et al.
Infectious tolerance via the consumption of essential amino acids and mTOR signaling.
Proc Natl Acad Sci U S A. (2009) 106:12055-60. doi: 10.1073/pnas.0903919106

148. Wang S, Tsun Z-Y, Wolfson RL, Shen K, Wyant GA, Plovanich ME, et al.
Lysosomal amino acid transporter SLC38A9 signals arginine sufficiency to mTORCI.
Science. (2015) 347:188-94. doi: 10.1126/science.1257132

149. Feldmeyer N, Wabnitz G, Leicht S, Luckner-Minden C, Schiller M, Franz T,
et al. Arginine deficiency leads to impaired cofilin dephosphorylation in activated
human T lymphocytes. Int Immunol. (2012) 24:303-13. doi: 10.1093/intimm/dxs004

Frontiers in Immunology

10.3389/fimmu.2024.1440269

150. Munder M, Engelhardt M, Knies D, Medenhoff S, Wabnitz G, Luckner-Minden
C, et al. Cytotoxicity of tumor antigen specific human T cells is unimpaired by arginine
depletion. PloS One. (2013) 8:63521. doi: 10.1371/journal.pone.0063521

151. Sosnowska A, Chlebowska-Tuz J, Matryba P, Pilch Z, Greig A, Wolny A, et al.
Inhibition of arginase modulates T-cell response in the tumor microenvironment of
lung carcinoma. Oncoimmunology. (2021) 10:1956143. doi: 10.1080/
2162402X.2021.1956143

152. Serafini P, Mgebroft S, Noonan K, Borrello I. Myeloid-derived suppressor cells
promote cross-tolerance in B-cell lymphoma by expanding regulatory T cells. Cancer
Res. (2008) 68:5439-49. doi: 10.1158/0008-5472.CAN-07-6621

153. Chang J, Thangamani S, Kim MH, Ulrich B, Morris SM, Kim CH. Retinoic acid
promotes the development of Argl-expressing dendritic cells for the regulation of T-
cell differentiation. Eur J Immunol. (2013) 43:967-78. doi: 10.1002/€ji.201242772

154. Van de Velde L-A, Allen EK, Crawford JC, Wilson TL, Guy CS, Russier M, et al.
Neuroblastoma formation requires unconventional CD4 T cells and arginase-1-
dependent myeloid cells. Cancer Res. (2021) 81:5047-59. doi: 10.1158/0008-
5472.CAN-21-0691

155. Wu H, Zhen Y, Ma Z, Li H, Yu J, Xu Z-G, et al. Arginase-1-dependent
promotion of TH17 differentiation and disease progression by MDSCs in systemic
lupus erythematosus. Sci Transl Med. (2016) 8:331ra40. doi: 10.1126/
scitranslmed.aae0482

156. Xiao L, Eneroth PH, Qureshi GA. Nitric oxide synthase pathway may mediate
human natural killer cell cytotoxicity. Scand ] Immunol. (1995) 42:505-11.
doi: 10.1111/j.1365-3083.1995.tb03687.x

157. Oberlies J, Watzl C, Giese T, Luckner C, Kropf P, Miiller 1, et al. Regulation of
NK cell function by human granulocyte arginase. J Immunol. (2009) 182:5259-67.
doi: 10.4049/jimmunol.0803523

158. Lamas B, Vergnaud-Gauduchon J, Goncalves-Mendes N, Perche O, Rossary A,
Vasson M-P, et al. Altered functions of natural killer cells in response to L-Arginine
availability. Cell Immunol. (2012) 280:182-90. doi: 10.1016/j.cellimm.2012.11.018

159. Fletcher M, Ramirez ME, Sierra RA, Raber P, Thevenot P, Al-Khami AA,
et al. L-Arginine depletion blunts antitumor T-cell responses by inducing myeloid-
derived suppressor cells. Cancer Res. (2015) 75:275-83. doi: 10.1158/0008-
5472.CAN-14-1491

160. Choi B-S, Martinez-Falero IC, Corset C, Munder M, Modolell M, Miiller 1, et al.
Differential impact of L-arginine deprivation on the activation and effector functions of
T cells and macrophages. J Leukoc Biol. (2009) 85:268-77. doi: 10.1189/j1b.0508310

161. Vockley JG, Jenkinson CP, Shukla H, Kern RM, Grody WW, Cederbaum SD.
Cloning and characterization of the human type II arginase gene. Genomics. (1996)
38:118-23. doi: 10.1006/geno.1996.0606

162. Baggio R, Elbaum D, Kanyo ZF, Carroll PJ, Cavalli RC, Ash DE, et al. Inhibition
of Mn®*,-arginase by borate leads to the design of a transition state analogue inhibitor,
2(S)-amino-6-boronohexanoic acid. ] Am Chem Soc. (1997) 119:8107-8. doi: 10.1021/
ja971312d

163. Custot J, Moali C, Brollo M, Boucher JL, Delaforge M, Mansuy D, et al. The new
o-amino acid N®-hydroxy-nor-L-arginine: a high-affinity inhibitor of arginase well
adapted to bind to its manganese cluster. | Am Chem Soc. (1997) 119:4086-7.
doi: 10.1021/ja9702850

164. Golebiowski A, Whitehouse D, Beckett RP, Van Zandt M, Ji MK, Ryder TR,
et al. Synthesis of quaternary o-amino acid-based arginase inhibitors via the Ugi
reaction. Bioorg Med Chem Lett. (2013) 23:4837-41. doi: 10.1016/j.bmcl.2013.06.092

165. Havlinova Z, Babicova A, Hroch M, Chladek J. Comparative pharmacokinetics
of N®-hydroxy-nor-L-arginine, an arginase inhibitor, after single-dose intravenous,
intraperitoneal and intratracheal administration to brown Norway rats. Xenobiotica.
(2013) 43:886-94. doi: 10.3109/00498254.2013.780672

166. Grobben Y, Uitdehaag JCM, Willemsen-Seegers N, Tabak WWA, de Man J,
Buijsman RC, et al. Structural insights into human Arginase-1 pH dependence and its
inhibition by the small molecule inhibitor CB-1158. J Struct Biol X. (2020) 4:100014.
doi: 10.1016/j.yjsbx.2019.100014

167. Borek B, Nowicka J, Gzik A, Dziegielewski M, Jedrzejczak K, Brzezinska J, et al.
Arginase 1/2 inhibitor OATD-02: from discovery to first-in-man setup in cancer
immunotherapy. Mol Cancer Ther. (2023) 22:807-17. doi: 10.1158/1535-7163.MCT-
22-0721

168. Shi O, Morris SM, Zoghbi H, Porter CW, O’Brien WE. Generation of a mouse
model for arginase II deficiency by targeted disruption of the arginase II gene. Mol Cell
Biol. (2001) 21:811-3. doi: 10.1128/MCB.21.3.811-813.2001

169. Marti i Lindez A-A, Dunand-Sauthier I, Conti M, Gobet F, Ntfiez N, Hannich
JT, et al. Mitochondrial arginase-2 is a cell-autonomous regulator of CD8" T cell
function and antitumor efficacy. JCI Insight. (2019) 4:e132975. doi: 10.1172/
jci.insight.132975

170. Grzybowski MM, Stanczak PS, Pomper P, Blaszczyk R, Borek B, Gzik A, et al.
OATD-02 validates the benefits of pharmacological inhibition of arginase 1 and 2 in
cancer. Cancers (Basel). (2022) 14:1-17. doi: 10.3390/cancers14163967

171. Austin M, Burschowsky D, Chan DTY, Jenkinson L, Haynes S, Diamandakis A,
et al. Structural and functional characterization of C0021158, a high-affinity
monoclonal antibody that inhibits Arginase 2 function via a novel non-competitive
mechanism of action. MAbs. (2020) 12:1801230. doi: 10.1080/19420862.2020.1801230

frontiersin.org


https://doi.org/10.18632/oncotarget.7324
https://doi.org/10.1038/s41467-019-10979-3
https://doi.org/10.1007/s00432-009-0634-0
https://doi.org/10.1172/JCI60083
https://doi.org/10.1080/2162402X.2016.1258504
https://doi.org/10.1158/1078-0432.CCR-11-1107
https://doi.org/10.1002/ijc.24448
https://doi.org/10.7554/eLife.44235
https://doi.org/10.7554/eLife.44235
https://doi.org/10.1016/j.cell.2016.09.031
https://doi.org/10.1002/eji.201546047
https://doi.org/10.1177/0148607104028006423
https://doi.org/10.1177/0148607104028006423
https://doi.org/10.3389/fimmu.2017.00864
https://doi.org/10.1016/j.cellimm.2005.01.004
https://doi.org/10.1182/blood-2006-11-010389
https://doi.org/10.1182/blood-2006-06-031856
https://doi.org/10.1182/blood-2006-06-031856
https://doi.org/10.4049/jimmunol.1001224
https://doi.org/10.4049/jimmunol.1001224
https://doi.org/10.1073/pnas.0903919106
https://doi.org/10.1126/science.1257132
https://doi.org/10.1093/intimm/dxs004
https://doi.org/10.1371/journal.pone.0063521
https://doi.org/10.1080/2162402X.2021.1956143
https://doi.org/10.1080/2162402X.2021.1956143
https://doi.org/10.1158/0008-5472.CAN-07-6621
https://doi.org/10.1002/eji.201242772
https://doi.org/10.1158/0008-5472.CAN-21-0691
https://doi.org/10.1158/0008-5472.CAN-21-0691
https://doi.org/10.1126/scitranslmed.aae0482
https://doi.org/10.1126/scitranslmed.aae0482
https://doi.org/10.1111/j.1365-3083.1995.tb03687.x
https://doi.org/10.4049/jimmunol.0803523
https://doi.org/10.1016/j.cellimm.2012.11.018
https://doi.org/10.1158/0008-5472.CAN-14-1491
https://doi.org/10.1158/0008-5472.CAN-14-1491
https://doi.org/10.1189/jlb.0508310
https://doi.org/10.1006/geno.1996.0606
https://doi.org/10.1021/ja971312d
https://doi.org/10.1021/ja971312d
https://doi.org/10.1021/ja970285o
https://doi.org/10.1016/j.bmcl.2013.06.092
https://doi.org/10.3109/00498254.2013.780672
https://doi.org/10.1016/j.yjsbx.2019.100014
https://doi.org/10.1158/1535-7163.MCT-22-0721
https://doi.org/10.1158/1535-7163.MCT-22-0721
https://doi.org/10.1128/MCB.21.3.811-813.2001
https://doi.org/10.1172/jci.insight.132975
https://doi.org/10.1172/jci.insight.132975
https://doi.org/10.3390/cancers14163967
https://doi.org/10.1080/19420862.2020.1801230
https://doi.org/10.3389/fimmu.2024.1440269
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Grobben

172. Palte RL, Juan V, Gomez-Llorente Y, Bailly MA, Chakravarthy K, Chen X, et al.
Cryo-EM structures of inhibitory antibodies complexed with arginase 1 provide insight
into mechanism of action. Commun Biol. (2021) 4:927. doi: 10.1038/s42003-021-02444-7

173. Weis-Banke SE, Hiibbe ML, Holmstrém MO, Jorgensen MA, Bendtsen SK,
Martinenaite E, et al. The metabolic enzyme arginase-2 is a potential target for novel
immune modulatory vaccines. Oncoimmunology. (2020) 9:1771142. doi: 10.1080/
2162402X.2020.1771142

174. Jorgensen MA, Ugel S, Hiibbe ML, Carretta M, Perez-Penco M, Weis-Banke SE,
et al. Arginase 1-based immune modulatory vaccines induce anticancer immunity and
synergize with anti-PD-1 checkpoint blockade. Cancer Immunol Res. (2021) 9:1316-26.
doi: 10.1158/2326-6066.CIR-21-0280

175. Colegio OR, Chu N-Q, Szabo AL, Chu T, Rhebergen AM, Jairam V, et al.
Functional polarization of tumour-associated macrophages by tumour-derived lactic
acid. Nature. (2014) 513:559-63. doi: 10.1038/nature13490

176. Miret J], Kirschmeier P, Koyama S, Zhu M, Li YY, Naito Y, et al. Suppression of
myeloid cell arginase activity leads to therapeutic response in a NSCLC mouse model
by activating anti-tumor immunity. J Immunother Cancer. (2019) 7:32. doi: 10.1186/
540425-019-0504-5

177. Pilanc P, Wojnicki K, Roura A-J, Cyranowski S, Ellert-Miklaszewska A,
Ochocka N, et al. A novel oral arginase 1/2 inhibitor enhances the antitumor effect
of PD-1 inhibition in murine experimental gliomas by altering the immunosuppressive
environment. Front Oncol. (2021) 11:703465. doi: 10.3389/fonc.2021.703465

178. Naing A, Bauer T, Papadopoulos KP, Rahma O, Tsai F, Garralda E, et al. Phase
I study of the arginase inhibitor INCB001158 (1158) alone and in combination with
pembrolizumab (PEM) in patients (Pts) with advanced/metastatic (adv/met) solid
tumours. Ann Oncol. (2019) 30:v160. doi: 10.1093/annonc/mdz244.002

179. Forstermann U, Sessa WC. Nitric oxide synthases: regulation and function. Eur
Heart ]. (2012) 33:829-37. doi: 10.1093/eurheartj/ehr304

180. Fulton D, Gratton JP, McCabe TJ, Fontana J, Fujio Y, Walsh K, et al. Regulation
of endothelium-derived nitric oxide production by the protein kinase Akt. Nature.
(1999) 399:597-601. doi: 10.1038/21218

181. Pautz A, Art J, Hahn S, Nowag S, Voss C, Kleinert H. Regulation of the
expression of inducible nitric oxide synthase. Nitric Oxide. (2010) 23:75-93.
doi: 10.1016/j.ni0x.2010.04.007

182. Jung F, Palmer LA, Zhou N, Johns RA. Hypoxic regulation of inducible nitric
oxide synthase via hypoxia inducible factor-1 in cardiac myocytes. Circ Res. (2000)
86:319-25. doi: 10.1161/01.res.86.3.319

183. Forrester K, Ambs S, Lupold SE, Kapust RB, Spillare EA, Weinberg WG, et al.
Nitric oxide-induced p53 accumulation and regulation of inducible nitric oxide
synthase expression by wild-type p53. Proc Natl Acad Sci U S A. (1996) 93:2442-7.
doi: 10.1073/pnas.93.6.2442

184. Matthews JR, Botting CH, Panico M, Morris HR, Hay RT. Inhibition of NF-xB
DNA binding by nitric oxide. Nucleic Acids Res. (1996) 24:2236-42. doi: 10.1093/nar/
24.12.2236

185. Lee J, Ryu H, Ferrante RJ, Morris SM, Ratan RR. Translational control of
inducible nitric oxide synthase expression by arginine can explain the arginine paradox.
Proc Natl Acad Sci U S A. (2003) 100:4843-8. doi: 10.1073/pnas.0735876100

186. Radi R. Nitric oxide, oxidants, and protein tyrosine nitration. Proc Natl Acad
Sci U S A. (2004) 101:4003-8. doi: 10.1073/pnas.0307446101

187. Vasquez-Vivar J, Kalyanaraman B, Martasek P, Hogg N, Masters BS, Karoui H,
et al. Superoxide generation by endothelial nitric oxide synthase: the influence of
cofactors. Proc Natl Acad Sci USA. (1998) 95:9220-5. doi: 10.1073/pnas.95.16.9220

188. Vignais PV. The superoxide-generating NADPH oxidase: structural aspects
and activation mechanism. Cell Mol Life Sci. (2002) 59:1428-59. doi: 10.1007/s00018-
002-8520-9

189. Smith BC, Marletta MA. Mechanisms of S-nitrosothiol formation and
selectivity in nitric oxide signaling. Curr Opin Chem Biol. (2012) 16:498-506.
doi: 10.1016/j.cbpa.2012.10.016

190. Sawa T, Ohshima H. Nitrative DNA damage in inflammation and its possible
role in carcinogenesis. Nitric Oxide. (2006) 14:91-100. doi: 10.1016/j.ni0x.2005.06.005

191. Baker PRS, Schopfer FJ, O’Donnell VB, Freeman BA. Convergence of nitric
oxide and lipid signaling: anti-inflammatory nitro-fatty acids. Free Radic Biol Med.
(2009) 46:989-1003. doi: 10.1016/j.freeradbiomed.2008.11.021

192. Radi R. Reactions of nitric oxide with metalloproteins. Chem Res Toxicol.
(1996) 9:828-35. doi: 10.1021/tx950176s

193. Denninger JW, Marletta MA. Guanylate cyclase and the "NO/cGMP signaling
pathway. Biochim Biophys Acta. (1999) 1411:334-50. doi: 10.1016/s0005-2728(99)00024-9

194. Arnold WP, Mittal CK, Katsuki S, Murad F. Nitric oxide activates guanylate
cyclase and increases guanosine 3’:5-cyclic monophosphate levels in various tissue
preparations. Proc Natl Acad Sci USA. (1977) 74:3203-7. doi: 10.1073/pnas.74.8.3203

195. Fukumura D, Kashiwagi S, Jain RK. The role of nitric oxide in tumour
progression. Nat Rev Cancer. (2006) 6:521-34. doi: 10.1038/nrc1910

196. Choudhari SK, Chaudhary M, Bagde S, Gadbail AR, Joshi V. Nitric oxide and
cancer: a review. World J Surg Oncol. (2013) 11:118. doi: 10.1186/1477-7819-11-118

197. Chang C, Diers AR, Hogg N. Cancer cell metabolism and the modulating effects

of nitric oxide. Free Radic Biol Med. (2015) 79:324-36. doi: 10.1016/j.freeradbiomed.
2014.11.012

Frontiers in Immunology

10.3389/fimmu.2024.1440269

198. Niedbala W, Wei X-Q, Campbell C, Thomson D, Komai-Koma M, Liew FY.
Nitric oxide preferentially induces type 1 T cell differentiation by selectively up-
regulating IL-12 receptor B2 expression via cGMP. Proc Natl Acad Sci U S A. (2002)
99:16186-91. doi: 10.1073/pnas.252464599

199. Obermajer N, Wong JL, Edwards RP, Chen K, Scott M, Khader S, et al.
Induction and stability of human Th17 cells require endogenous NOS2 and cGMP-
dependent NO signaling. ] Exp Med. (2013) 210:1433-45. doi: 10.1084/jem.20121277

200. Lee S-W, Choi H, Eun S-Y, Fukuyama S, Croft M. Nitric oxide modulates TGF-
B-directive signals to suppress Foxp3* regulatory T cell differentiation and potentiate
Th1 development. J Immunol. (2011) 186:6972-80. doi: 10.4049/jimmunol.1100485

201. Mannick JB, Miao XQ, Stamler JS. Nitric oxide inhibits Fas-induced apoptosis. ]
Biol Chem. (1997) 272:24125-8. doi: 10.1074/jbc.272.39.24125

202. Bingisser RM, Tilbrook PA, Holt PG, Kees UR. Macrophage-derived nitric
oxide regulates T cell activation via reversible disruption of the Jak3/STATS5 signaling
pathway. J Immunol. (1998) 160:5729-34. doi: 10.4049/jimmunol.160.12.5729

203. Duhé RJ, Evans GA, Erwin RA, Kirken RA, Cox GW, Farrar WL. Nitric oxide
and thiol redox regulation of Janus kinase activity. Proc Natl Acad Sci U S A. (1998)
95:126-31. doi: 10.1073/pnas.95.1.126

204. Brito C, Naviliat M, Tiscornia AC, Vuillier F, Gualco G, Dighiero G, et al.
Peroxynitrite inhibits T lymphocyte activation and proliferation by promoting
impairment of tyrosine phosphorylation and peroxynitrite-driven apoptotic death. J
Immunol. (1999) 162:3356-66. doi: 10.4049/jimmunol.162.6.3356

205. Mazzoni A, Bronte V, Visintin A, Spitzer JH, Apolloni E, Serafini P, et al.
Myeloid suppressor lines inhibit T cell responses by an NO-dependent mechanism. J
Immunol. (2002) 168:689-95. doi: 10.4049/jimmunol.168.2.689

206. Mundy-Bosse BL, Lesinski GB, Jaime-Ramirez AC, Benninger K, Khan M,
Kuppusamy P, et al. Myeloid-derived suppressor cell inhibition of the IFN response in
tumor-bearing mice. Cancer Res. (2011) 71:5101-10. doi: 10.1158/0008-5472.CAN-10-
2670

207. Feng S, Cheng X, Zhang L, Lu X, Chaudhary S, Teng R, et al. Myeloid-derived
suppressor cells inhibit T cell activation through nitrating LCK in mouse cancers. Proc
Natl Acad Sci U S A. (2018) 115:10094-9. doi: 10.1073/pnas.1800695115

208. Saio M, Radoja S, Marino M, Frey AB. Tumor-infiltrating macrophages induce
apoptosis in activated CD8" T cells by a mechanism requiring cell contact and
mediated by both the cell-associated form of TNF and nitric oxide. J Immunol.
(2001) 167:5583-93. doi: 10.4049/jimmunol.167.10.5583

209. Cartwright ANR, Suo S, Badrinath S, Kumar S, Melms J, Luoma A, et al.
Immunosuppressive myeloid cells induce nitric oxide-dependent DNA damage and
p53 pathway activation in CD8" T cells. Cancer Immunol Res. (2021) 9:470-85.
doi: 10.1158/2326-6066.CIR-20-0085

210. Huang FP, Niedbala W, Wei XQ, Xu D, Feng GJ, Robinson JH, et al. Nitric
oxide regulates Thl cell development through the inhibition of IL-12 synthesis by
macrophages. Eur ] Immunol. (1998) 28:4062-70. doi: 10.1002/(SICI)1521-4141
(199812)28:12<4062::AID-IMMU4062>3.0.CO;2-K

211. Niedbala W, Wei XQ, Piedrafita D, Xu D, Liew FY. Effects of nitric oxide on the
induction and differentiation of Thl cells. Eur ] Immunol. (1999) 29:2498-505.
doi: 10.1002/(SICI)1521-4141(199908)29:08<2498::AID-IMMU2498>3.0.CO;2-M

212. Niedbala W, Alves-Filho JC, Fukada SY, Vieira SM, Mitani A, Sonego F, et al.
Regulation of type 17 helper T-cell function by nitric oxide during inflammation. Proc
Natl Acad Sci U S A. (2011) 108:9220-5. doi: 10.1073/pnas.1100667108

213. Yang J, Zhang R, Lu G, Shen Y, Peng L, Zhu C, et al. T cell-derived inducible
nitric oxide synthase switches off Th17 cell differentiation. ] Exp Med. (2013) 210:1447-
62. doi: 10.1084/jem.20122494

214. Niedbala W, Cai B, Liu H, Pitman N, Chang L, Liew FY. Nitric oxide induces
CD4'CD25" Foxp3~ regulatory T cells from CD4*CD25™ T cells via p53, IL-2, and
0X40. Proc Natl Acad Sci U S A. (2007) 104:15478-83. doi: 10.1073/pnas.0703725104

215. Stiff A, Trikha P, Mundy-Bosse B, McMichael E, Mace TA, Benner B, et al.
Nitric oxide production by myeloid-derived suppressor cells plays a role in impairing
Fc receptor-mediated natural killer cell function. Clin Cancer Res. (2018) 24:1891-904.
doi: 10.1158/1078-0432.CCR-17-0691

216. Everts B, Amiel E, van der Windt GJW, Freitas TC, Chott R, Yarasheski KE,
et al. Commitment to glycolysis sustains survival of NO-producing inflammatory
dendritic cells. Blood. (2012) 120:1422-31. doi: 10.1182/blood-2012-03-419747

217. Van den Bossche J, Baardman ], Otto NA, van der Velden S, Neele AE, van den
Berg SM, et al. Mitochondrial dysfunction prevents repolarization of inflammatory
macrophages. Cell Rep. (2016) 17:684-96. doi: 10.1016/j.celrep.2016.09.008

218. Kashfi K, Kannikal J, Nath N. Macrophage reprogramming and cancer
therapeutics: role of iNOS-derived NO. Cells. (2021) 10:1-22. doi: 10.3390/
cells10113194

219. Sektioglu IM, Carretero R, Bender N, Bogdan C, Garbi N, Umansky V, et al.
Macrophage-derived nitric oxide initiates T-cell diapedesis and tumor rejection.
Oncoimmunology. (2016) 5:¢1204506. doi: 10.1080/2162402X.2016.1204506

220. Buckanovich R]J, Facciabene A, Kim S, Benencia F, Sasaroli D, Balint K, et al.
Endothelin B receptor mediates the endothelial barrier to T cell homing to tumors and
disables immune therapy. Nat Med. (2008) 14:28-36. doi: 10.1038/nm1699

221. Gehad AE, Lichtman MK, Schmults CD, Teague JE, Calarese AW, Jiang Y, et al.
Nitric oxide-producing myeloid-derived suppressor cells inhibit vascular E-selectin

frontiersin.org


https://doi.org/10.1038/s42003-021-02444-z
https://doi.org/10.1080/2162402X.2020.1771142
https://doi.org/10.1080/2162402X.2020.1771142
https://doi.org/10.1158/2326-6066.CIR-21-0280
https://doi.org/10.1038/nature13490
https://doi.org/10.1186/s40425-019-0504-5
https://doi.org/10.1186/s40425-019-0504-5
https://doi.org/10.3389/fonc.2021.703465
https://doi.org/10.1093/annonc/mdz244.002
https://doi.org/10.1093/eurheartj/ehr304
https://doi.org/10.1038/21218
https://doi.org/10.1016/j.niox.2010.04.007
https://doi.org/10.1161/01.res.86.3.319
https://doi.org/10.1073/pnas.93.6.2442
https://doi.org/10.1093/nar/24.12.2236
https://doi.org/10.1093/nar/24.12.2236
https://doi.org/10.1073/pnas.0735876100
https://doi.org/10.1073/pnas.0307446101
https://doi.org/10.1073/pnas.95.16.9220
https://doi.org/10.1007/s00018-002-8520-9
https://doi.org/10.1007/s00018-002-8520-9
https://doi.org/10.1016/j.cbpa.2012.10.016
https://doi.org/10.1016/j.niox.2005.06.005
https://doi.org/10.1016/j.freeradbiomed.2008.11.021
https://doi.org/10.1021/tx950176s
https://doi.org/10.1016/s0005-2728(99)00024-9
https://doi.org/10.1073/pnas.74.8.3203
https://doi.org/10.1038/nrc1910
https://doi.org/10.1186/1477-7819-11-118
https://doi.org/10.1016/j.freeradbiomed.2014.11.012
https://doi.org/10.1016/j.freeradbiomed.2014.11.012
https://doi.org/10.1073/pnas.252464599
https://doi.org/10.1084/jem.20121277
https://doi.org/10.4049/jimmunol.1100485
https://doi.org/10.1074/jbc.272.39.24125
https://doi.org/10.4049/jimmunol.160.12.5729
https://doi.org/10.1073/pnas.95.1.126
https://doi.org/10.4049/jimmunol.162.6.3356
https://doi.org/10.4049/jimmunol.168.2.689
https://doi.org/10.1158/0008-5472.CAN-10-2670
https://doi.org/10.1158/0008-5472.CAN-10-2670
https://doi.org/10.1073/pnas.1800695115
https://doi.org/10.4049/jimmunol.167.10.5583
https://doi.org/10.1158/2326-6066.CIR-20-0085
https://doi.org/10.1002/(SICI)1521-4141(199812)28:12%3C4062::AID-IMMU4062%3E3.0.CO;2-K
https://doi.org/10.1002/(SICI)1521-4141(199812)28:12%3C4062::AID-IMMU4062%3E3.0.CO;2-K
https://doi.org/10.1002/(SICI)1521-4141(199908)29:08%3C2498::AID-IMMU2498%3E3.0.CO;2-M
https://doi.org/10.1073/pnas.1100667108
https://doi.org/10.1084/jem.20122494
https://doi.org/10.1073/pnas.0703725104
https://doi.org/10.1158/1078-0432.CCR-17-0691
https://doi.org/10.1182/blood-2012-03-419747
https://doi.org/10.1016/j.celrep.2016.09.008
https://doi.org/10.3390/cells10113194
https://doi.org/10.3390/cells10113194
https://doi.org/10.1080/2162402X.2016.1204506
https://doi.org/10.1038/nm1699
https://doi.org/10.3389/fimmu.2024.1440269
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Grobben

expression in human squamous cell carcinomas. J Invest Dermatol. (2012) 132:2642-
51. doi: 10.1038/jid.2012.190

222. Molon B, Ugel S, Del Pozzo F, Soldani C, Zilio S, Avella D, et al. Chemokine
nitration prevents intratumoral infiltration of antigen-specific T cells. ] Exp Med.
(2011) 208:1949-62. doi: 10.1084/jem.20101956

223. Jayaraman P, Parikh F, Lopez-Rivera E, Hailemichael Y, Clark A, Ma G, et al.
Tumor-expressed inducible nitric oxide synthase controls induction of functional
myeloid-derived suppressor cells through modulation of vascular endothelial growth
factor release. J Immunol. (2012) 188:5365-76. doi: 10.4049/jimmunol.1103553

224. Birnboim HC, Lemay A-M, Lam DKY, Goldstein R, Webb JR. Cutting edge:
MHC class II-restricted peptides containing the inflammation-associated marker 3-
nitrotyrosine evade central tolerance and elicit a robust cell-mediated immune
response. ] Immunol. (2003) 171:528-32. doi: 10.4049/jimmunol.171.2.528

225. Hardy LL, Wick DA, Webb JR. Conversion of tyrosine to the inflammation-
associated analog 3’-nitrotyrosine at either TCR- or MHC-contact positions can
profoundly affect recognition of the MHC class I-restricted epitope of lymphocytic
choriomeningitis virus glycoprotein 33 by CD8 T cells. ] Immunol. (2008) 180:5956-62.
doi: 10.4049/jimmunol.180.9.5956

226. Nagaraj S, Gupta K, Pisarev V, Kinarsky L, Sherman S, Kang L, et al. Altered
recognition of antigen is a mechanism of CD8" T cell tolerance in cancer. Nat Med.
(2007) 13:828-35. doi: 10.1038/nm1609

227. Nagaraj S, Schrum AG, Cho H-I, Celis E, Gabrilovich DI. Mechanism of T cell
tolerance induced by myeloid-derived suppressor cells. J Immunol. (2010) 184:3106-16.
doi: 10.4049/jimmunol.0902661

228. Corzo CA, Condamine T, Lu L, Cotter MJ, Youn J-I, Cheng P, et al. HIF-1o
regulates function and differentiation of myeloid-derived suppressor cells in the tumor
microenvironment. J Exp Med. (2010) 207:2439-53. doi: 10.1084/jem.20100587

229. Lu T, Ramakrishnan R, Altiok S, Youn J-I, Cheng P, Celis E, et al. Tumor-
infiltrating myeloid cells induce tumor cell resistance to cytotoxic T cells in mice. J Clin
Invest. (2011) 121:4015-29. doi: 10.1172/]JCI45862

230. Tcyganov EN, Sanseviero E, Marvel D, Beer T, Tang H-Y, Hembach P, et al.
Peroxynitrite in the tumor microenvironment changes the profile of antigens allowing
escape from cancer immunotherapy. Cancer Cell. (2022) 40:1173-89.e6. doi: 10.1016/
j.ccell.2022.09.001

231. Harari O, Liao JK. Inhibition of MHC II gene transcription by nitric oxide and
antioxidants. Curr Pharm Des. (2004) 10:893-8. doi: 10.2174/1381612043452893

232. Huang Z, Fu J, Zhang Y. Nitric oxide donor-based cancer therapy: advances
and prospects. ] Med Chem. (2017) 60:7617-35. doi: 10.1021/acs.jmedchem.6b01672

233. Granados-Principal S, Liu Y, Guevara ML, Blanco E, Choi DS, Qian W, et al.
Inhibition of iNOS as a novel effective targeted therapy against triple-negative breast
cancer. Breast Cancer Res. (2015) 17:25. doi: 10.1186/s13058-015-0527-x

234. Dao VT-V, Elbatreek MH, Fuchfl T, Gridler U, Schmidt HHHW, Shah AM,
et al. Nitric oxide synthase inhibitors into the clinic at last. Handb Exp Pharmacol.
(2021) 264:169-204. doi: 10.1007/164_2020_382

235. Dufait I, Schwarze JK, Liechtenstein T, Leonard W, Jiang H, Escors D, et al. Ex
vivo generation of myeloid-derived suppressor cells that model the tumor
immunosuppressive environment in colorectal cancer. Oncotarget. (2015) 6:12369—-
82. doi: 10.18632/oncotarget.3682

236. Pershing NLK, Yang C-FJ, Xu M, Counter CM. Treatment with the nitric oxide
synthase inhibitor L-NAME provides a survival advantage in a mouse model of Kras
mutation-positive, non-small cell lung cancer. Oncotarget. (2016) 7:42385-92.
doi: 10.18632/oncotarget.9874

237. Jayaraman P, Alfarano MG, Svider PF, Parikh F, Lu G, Kidwai S, et al. iNOS
expression in CD4" T cells limits Treg induction by repressing TGFB1: combined iNOS
inhibition and Treg depletion unmask endogenous antitumor immunity. Clin Cancer
Res. (2014) 20:6439-51. doi: 10.1158/1078-0432.CCR-13-3409

238. Chung AW, Anand K, Anselme AC, Chan AA, Gupta N, Venta LA, et al. A
phase 1/2 clinical trial of the nitric oxide synthase inhibitor L-NMMA and taxane for
treating chemoresistant triple-negative breast cancer. Sci Transl Med. (2021) 13:
€abj5070. doi: 10.1126/scitranslmed.abj5070

239. Agus A, Planchais ], Sokol H. Gut microbiota regulation of tryptophan
metabolism in health and disease. Cell Host Microbe. (2018) 23:716-24. doi: 10.1016/
j.chom.2018.05.003

240. Platten M, Nollen EAA, Rohrig UF, Fallarino F, Opitz CA. Tryptophan
metabolism as a common therapeutic target in cancer, neurodegeneration and
beyond. Nat Rev Drug Discov. (2019) 18:379-401. doi: 10.1038/s41573-019-0016-5

241. Yoshida R, Imanishi J, Oku T, Kishida T, Hayaishi O. Induction of pulmonary
indoleamine 2,3-dioxygenase by interferon. Proc Natl Acad Sci U S A. (1981) 78:129-
32. doi: 10.1073/pnas.78.1.129

242. Theate I, van Baren N, Pilotte L, Moulin P, Larrieu P, Renauld J-C, et al.
Extensive profiling of the expression of the indoleamine 2,3-dioxygenase 1 protein in
normal and tumoral human tissues. Cancer Immunol Res. (2015) 3:161-72.
doi: 10.1158/2326-6066.CIR-14-0137

243. Pfefferkorn ER. Interferon 7y blocks the growth of Toxoplasma gondii in human
fibroblasts by inducing the host cells to degrade tryptophan. Proc Natl Acad Sci U S A.
(1984) 81:908-12. doi: 10.1073/pnas.81.3.908

Frontiers in Immunology

10.3389/fimmu.2024.1440269

244. Ball HJ, Sanchez-Perez A, Weiser S, Austin CJD, Astelbauer F, Miu J, et al.
Characterization of an indoleamine 2,3-dioxygenase-like protein found in humans and
mice. Gene. (2007) 396:203-13. doi: 10.1016/j.gene.2007.04.010

245. Metz R, Duhadaway JB, Kamasani U, Laury-Kleintop L, Muller AJ, Prendergast
GC. Novel tryptophan catabolic enzyme IDO2 is the preferred biochemical target of the
antitumor indoleamine 2,3-dioxygenase inhibitory compound p-1-methyl-tryptophan.
Cancer Res. (2007) 67:7082-7. doi: 10.1158/0008-5472.CAN-07-1872

246. Prendergast GC, Metz R, Muller AJ, Merlo LMF, Mandik-Nayak L. IDO2 in
immunomodulation and autoimmune disease. Front Immunol. (2014) 5:585.
doi: 10.3389/fimmu.2014.00585

247. Mondanelli G, Mandarano M, Belladonna ML, Suvieri C, Pelliccia C, Bellezza
G, et al. Current challenges for IDO2 as target in cancer immunotherapy. Front
Immunol. (2021) 12:679953. doi: 10.3389/fimmu.2021.679953

248. Pantouris G, Serys M, Yuasa HJ, Ball HJ, Mowat CG. Human indoleamine 2,3-
dioxygenase-2 has substrate specificity and inhibition characteristics distinct from
those of indoleamine 2,3-dioxygenase-1. Amino Acids. (2014) 46:2155-63.
doi: 10.1007/s00726-014-1766-3

249. Metz R, Smith C, DuHadaway JB, Chandler P, Baban B, Merlo LMF, et al. IDO2
is critical for IDO1-mediated T-cell regulation and exerts a non-redundant function in
inflammation. Int Immunol. (2014) 26:357-67. doi: 10.1093/intimm/dxt073

250. Guo L, Appelman B, Mooij-Kalverda K, Houtkooper RH, van Weeghel M, Vaz
FM, et al. Prolonged indoleamine 2,3-dioxygenase-2 activity and associated cellular
stress in post-acute sequelae of SARS-CoV-2 infection. EBioMedicine. (2023)
94:104729. doi: 10.1016/j.ebiom.2023.104729

251. Schutz G, Feigelson P. Purification and properties of rat liver tryptophan
oxygenase. ] Biol Chem. (1972) 247:5327-32. doi: 10.1016/s0021-9258(20)81108-9

252. Kanai M, Funakoshi H, Takahashi H, Hayakawa T, Mizuno S, Matsumoto K,
et al. Tryptophan 2,3-dioxygenase is a key modulator of physiological neurogenesis and
anxiety-related behavior in mice. Mol Brain. (2009) 2:8. doi: 10.1186/1756-6606-2-8

253. Muller AJ, DuHadaway JB, Donover PS, Sutanto-Ward E, Prendergast GC.
Inhibition of indoleamine 2,3-dioxygenase, an immunoregulatory target of the cancer
suppression gene Binl, potentiates cancer chemotherapy. Nat Med. (2005) 11:312-9.
doi: 10.1038/nm1196

254. Balachandran VP, Cavnar MJ, Zeng S, Bamboat ZM, Ocuin LM, Obaid H, et al.
Imatinib potentiates antitumor T cell responses in gastrointestinal stromal tumor
through the inhibition of Ido. Nat Med. (2011) 17:1094-100. doi: 10.1038/nm.2438

255. Hennequart M, Pilotte L, Cane S, Hoffmann D, Stroobant V, De Plaen E, et al.
Constitutive IDO1 expression in human tumors is driven by cyclooxygenase-2 and
mediates intrinsic immune resistance. Cancer Immunol Res. (2017) 5:695-709.
doi: 10.1158/2326-6066.CIR-16-0400

256. Litzenburger UM, Opitz CA, Sahm F, Rauschenbach KJ, Trump S, Winter M,
et al. Constitutive IDO expression in human cancer is sustained by an autocrine
signaling loop involving IL-6, STAT3 and the AHR. Oncotarget. (2014) 5:1038-51.
doi: 10.18632/oncotarget.1637

257. Munn DH, Sharma MD, Lee JR, Jhaver KG, Johnson TS, Keskin DB, et al.
Potential regulatory function of human dendritic cells expressing indoleamine 2,3-
dioxygenase. Science. (2002) 297:1867-70. doi: 10.1126/science.1073514

258. Meisel R, Zibert A, Laryea M, Gobel U, Daubener W, Dilloo D. Human bone
marrow stromal cells inhibit allogeneic T-cell responses by indoleamine 2,3-
dioxygenase-mediated tryptophan degradation. Blood. (2004) 103:4619-21.
doi: 10.1182/blood-2003-11-3909

259. Riesenberg R, Weiler C, Spring O, Eder M, Buchner A, Popp T, et al. Expression
of indoleamine 2,3-dioxygenase in tumor endothelial cells correlates with long-term
survival of patients with renal cell carcinoma. Clin Cancer Res. (2007) 13:6993-7002.
doi: 10.1158/1078-0432.CCR-07-0942

260. Li T, Yang Y, Hua X, Wang G, Liu W, Jia C, et al. Hepatocellular carcinoma-
associated fibroblasts trigger NK cell dysfunction via PGE2 and IDO. Cancer Lett.
(2012) 318:154-61. doi: 10.1016/j.canlet.2011.12.020

261. Zhao Q, Kuang D-M, Wu Y, Xiao X, Li X-F, Li T-J, et al. Activated CD69" T
cells foster immune privilege by regulating IDO expression in tumor-associated
macrophages. ] Immunol. (2012) 188:1117-24. doi: 10.4049/jimmunol.1100164

262. YuJ,DuW, Yan F, Wang Y, Li H, Cao S, et al. Myeloid-derived suppressor cells
suppress antitumor immune responses through IDO expression and correlate with
lymph node metastasis in patients with breast cancer. ] Immunol. (2013) 190:3783-97.
doi: 10.4049/jimmunol.1201449

263. Brandacher G, Perathoner A, Ladurner R, Schneeberger S, Obrist P, Winkler C,
et al. Prognostic value of indoleamine 2,3-dioxygenase expression in colorectal cancer:
effect on tumor-infiltrating T cells. Clin Cancer Res. (2006) 12:1144-51. doi: 10.1158/
1078-0432.CCR-05-1966

264. Curti A, Pandolfi S, Valzasina B, Aluigi M, Isidori A, Ferri E, et al. Modulation of
tryptophan catabolism by human leukemic cells results in the conversion of CD25™ into
CD25" T regulatory cells. Blood. (2007) 109:2871-7. doi: 10.1182/blood-2006-07-036863

265. Ino K, Yamamoto E, Shibata K, Kajiyama H, Yoshida N, Terauchi M, et al.
Inverse correlation between tumoral indoleamine 2,3-dioxygenase expression and
tumor-infiltrating lymphocytes in endometrial cancer: its association with disease
progression and survival. Clin Cancer Res. (2008) 14:2310-7. doi: 10.1158/1078-
0432.CCR-07-4144

frontiersin.org


https://doi.org/10.1038/jid.2012.190
https://doi.org/10.1084/jem.20101956
https://doi.org/10.4049/jimmunol.1103553
https://doi.org/10.4049/jimmunol.171.2.528
https://doi.org/10.4049/jimmunol.180.9.5956
https://doi.org/10.1038/nm1609
https://doi.org/10.4049/jimmunol.0902661
https://doi.org/10.1084/jem.20100587
https://doi.org/10.1172/JCI45862
https://doi.org/10.1016/j.ccell.2022.09.001
https://doi.org/10.1016/j.ccell.2022.09.001
https://doi.org/10.2174/1381612043452893
https://doi.org/10.1021/acs.jmedchem.6b01672
https://doi.org/10.1186/s13058-015-0527-x
https://doi.org/10.1007/164_2020_382
https://doi.org/10.18632/oncotarget.3682
https://doi.org/10.18632/oncotarget.9874
https://doi.org/10.1158/1078-0432.CCR-13-3409
https://doi.org/10.1126/scitranslmed.abj5070
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1038/s41573-019-0016-5
https://doi.org/10.1073/pnas.78.1.129
https://doi.org/10.1158/2326-6066.CIR-14-0137
https://doi.org/10.1073/pnas.81.3.908
https://doi.org/10.1016/j.gene.2007.04.010
https://doi.org/10.1158/0008-5472.CAN-07-1872
https://doi.org/10.3389/fimmu.2014.00585
https://doi.org/10.3389/fimmu.2021.679953
https://doi.org/10.1007/s00726-014-1766-3
https://doi.org/10.1093/intimm/dxt073
https://doi.org/10.1016/j.ebiom.2023.104729
https://doi.org/10.1016/s0021-9258(20)81108-9
https://doi.org/10.1186/1756-6606-2-8
https://doi.org/10.1038/nm1196
https://doi.org/10.1038/nm.2438
https://doi.org/10.1158/2326-6066.CIR-16-0400
https://doi.org/10.18632/oncotarget.1637
https://doi.org/10.1126/science.1073514
https://doi.org/10.1182/blood-2003-11-3909
https://doi.org/10.1158/1078-0432.CCR-07-0942
https://doi.org/10.1016/j.canlet.2011.12.020
https://doi.org/10.4049/jimmunol.1100164
https://doi.org/10.4049/jimmunol.1201449
https://doi.org/10.1158/1078-0432.CCR-05-1966
https://doi.org/10.1158/1078-0432.CCR-05-1966
https://doi.org/10.1182/blood-2006-07-036863
https://doi.org/10.1158/1078-0432.CCR-07-4144
https://doi.org/10.1158/1078-0432.CCR-07-4144
https://doi.org/10.3389/fimmu.2024.1440269
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Grobben

266. Brody JR, Costantino CL, Berger AC, Sato T, Lisanti MP, Yeo CJ, et al
Expression of indoleamine 2,3-dioxygenase in metastatic malignant melanoma
recruits regulatory T cells to avoid immune detection and affects survival. Cell Cycle.
(2009) 8:1930-4. doi: 10.4161/cc.8.12.8745

267. Inaba T, Ino K, Kajiyama H, Yamamoto E, Shibata K, Nawa A, et al. Role of the
immunosuppressive enzyme indoleamine 2,3-dioxygenase in the progression of ovarian
carcinoma. Gynecol Oncol. (2009) 115:185-92. doi: 10.1016/j.ygyno.2009.07.015

268. Holmgaard RB, Zamarin D, Li Y, Gasmi B, Munn DH, Allison JP, et al. Tumor-
expressed IDO recruits and activates MDSCs in a Treg-dependent manner. Cell Rep.
(2015) 13:412-24. doi: 10.1016/j.celrep.2015.08.077

269. Brochez L, Chevolet I, Kruse V. The rationale of indoleamine 2,3-dioxygenase
inhibition for cancer therapy. Eur J Cancer. (2017) 76:167-82. doi: 10.1016/j.¢jca.2017.01.011

270. Novikov O, Wang Z, Stanford EA, Parks AJ, Ramirez-Cardenas A, Landesman
E, et al. An aryl hydrocarbon receptor-mediated amplification loop that enforces cell
migration in ER"/PR"/Her2” human breast cancer cells. Mol Pharmacol. (2016)
90:674-88. doi: 10.1124/mol.116.105361

271. Ochs K, Ott M, Rauschenbach KJ, Deumelandt K, Sahm F, Opitz CA, et al.
Tryptophan-2,3-dioxygenase is regulated by prostaglandin E2 in malignant glioma via
a positive signaling loop involving prostaglandin E receptor-4. ] Neurochem. (2016)
136:1142-54. doi: 10.1111/jnc.13503

272. Ott M, Litzenburger UM, Rauschenbach KJ, Bunse L, Ochs K, Sahm F, et al.
Suppression of TDO-mediated tryptophan catabolism in glioblastoma cells by a
steroid-responsive FKBP52-dependent pathway. Glia. (2015) 63:78-90. doi: 10.1002/
glia.22734

273. Kudo T, Prentzell MT, Mohapatra SR, Sahm F, Zhao Z, Grummt I, et al.
Constitutive expression of the immunosuppressive tryptophan dioxygenase TDO2 in
glioblastoma is driven by the transcription factor C/EBPP. Front Immunol. (2020)
11:657. doi: 10.3389/fimmu.2020.00657

274. Hoffmann D, Dvorakova T, Stroobant V, Bouzin C, Daumerie A, Solvay M,
et al. Tryptophan 2,3-dioxygenase expression identified in human hepatocellular
carcinoma cells and in intratumoral pericytes of most cancers. Cancer Immunol Res.
(2020) 8:19-31. doi: 10.1158/2326-6066.CIR-19-0040

275. Rohatgi N, Ghoshdastider U, Baruah P, Kulshrestha T, Skanderup AJ. A pan-
cancer metabolic atlas of the tumor microenvironment. Cell Rep. (2022) 39:110800.
doi: 10.1016/j.celrep.2022.110800

276. Hsu Y-L, Hung J-Y, Chiang S-Y, Jian S-F, Wu C-Y, Lin Y-S, et al. Lung cancer-
derived galectin-1 contributes to cancer associated fibroblast-mediated cancer
progression and immune suppression through TDO2/kynurenine axis. Oncotarget.
(2016) 7:27584-98. doi: 10.18632/oncotarget.8488

277. Pham QT, Oue N, Sekino Y, Yamamoto Y, Shigematsu Y, Sakamoto N, et al.
TDO2 overexpression is associated with cancer stem cells and poor prognosis in
esophageal squamous cell carcinoma. Oncology. (2018) 95:297-308. doi: 10.1159/
000490725

278. Greene LI, Bruno TC, Christenson JL, D’Alessandro A, Culp-Hill R, Torkko K,
et al. A role for tryptophan-2,3-dioxygenase in CD8 T-cell suppression and evidence of
tryptophan catabolism in breast cancer patient plasma. Mol Cancer Res. (2019) 17:131-
9. doi: 10.1158/1541-7786.MCR-18-0362

279. Wardhani LO, Matsushita M, Iwasaki T, Kuwamoto S, Nonaka D, Nagata K,
et al. Expression of the IDO1/TDO2-AhR pathway in tumor cells or the tumor
microenvironment is associated with Merkel cell polyomavirus status and prognosis
in Merkel cell carcinoma. Hum Pathol. (2019) 84:52-61. doi: 10.1016/
j-humpath.2018.09.003

280. Liu Q, Zhai ], Kong X, Wang X, Wang Z, Fang Y, et al. Comprehensive analysis
of the expression and prognosis for TDO?2 in breast cancer. Mol Ther Oncolytics. (2020)
17:153-68. doi: 10.1016/j.o0mt0.2020.03.013

281. Lob S, Konigsrainer A, Zieker D, Briicher BLDM, Rammensee H-G, Opelz G,
et al. IDO1 and IDO2 are expressed in human tumors: levo- but not dextro-1-methyl
tryptophan inhibits tryptophan catabolism. Cancer Immunol Immunother. (2009)
58:153-7. doi: 10.1007/s00262-008-0513-6

282. Lob S, Konigsrainer A, Schafer R, Rammensee H-G, Opelz G, Terness P. Levo-
but not dextro-1-methyl tryptophan abrogates the IDO activity of human dendritic
cells. Blood. (2008) 111:2152-4. doi: 10.1182/blood-2007-10-116111

283. Trabanelli S, Ocadlikova D, Ciciarello M, Salvestrini V, Lecciso M, Jandus C,
et al. The SOCS3-independent expression of IDO2 supports the homeostatic generation
of T regulatory cells by human dendritic cells. J Immunol. (2014) 192:1231-40.
doi: 10.4049/jimmunol.1300720

284. Munn DH, Sharma MD, Baban B, Harding HP, Zhang Y, Ron D, et al. GCN2 kinase
in T cells mediates proliferative arrest and anergy induction in response to indoleamine 2,3-
dioxygenase. Immunity. (2005) 22:633-42. doi: 10.1016/j.immuni.2005.03.013

285. Metz R, Rust S, Duhadaway JB, Mautino MR, Munn DH, Vahanian NN, et al.
IDO inhibits a tryptophan sufficiency signal that stimulates mTOR: a novel IDO
effector pathway targeted by D-1-methyl-tryptophan. Oncoimmunology. (2012)
1:1460-8. doi: 10.4161/0nci.21716

286. DiNatale BC, Murray IA, Schroeder JC, Flaveny CA, Lahoti TS, Laurenzana
EM, et al. Kynurenic acid is a potent endogenous aryl hydrocarbon receptor ligand that
synergistically induces interleukin-6 in the presence of inflammatory signaling. Toxicol
Sci. (2010) 115:89-97. doi: 10.1093/toxsci/kfq024

Frontiers in Immunology

10.3389/fimmu.2024.1440269

287. Seok S-H, Ma Z-X, Feltenberger JB, Chen H, Chen H, Scarlett C, et al. Trace
derivatives of kynurenine potently activate the aryl hydrocarbon receptor (AHR). ] Biol
Chem. (2018) 293:1994-2005. doi: 10.1074/jbc. RA117.000631

288. Sinclair LV, Neyens D, Ramsay G, Taylor PM, Cantrell DA. Single cell analysis
of kynurenine and System L amino acid transport in T cells. Nat Commun. (2018)
9:1981. doi: 10.1038/s41467-018-04366-7

289. Munn DH, Shafizadeh E, Attwood JT, Bondarev I, Pashine A, Mellor AL.
Inhibition of T cell proliferation by macrophage tryptophan catabolism. J Exp Med.
(1999) 189:1363-72. doi: 10.1084/jem.189.9.1363

290. Hwu P, Du MX, Lapointe R, Do M, Taylor MW, Young HA. Indoleamine 2,3-
dioxygenase production by human dendritic cells results in the inhibition of T cell
proliferation. J Immunol. (2000) 164:3596-9. doi: 10.4049/jimmunol.164.7.3596

291. Fallarino F, Grohmann U, You S, McGrath BC, Cavener DR, Vacca C, et al. The
combined effects of tryptophan starvation and tryptophan catabolites down-regulate T
cell receptor {-chain and induce a regulatory phenotype in naive T cells. ] Immunol.
(2006) 176:6752-61. doi: 10.4049/jimmunol.176.11.6752

292. Fallarino F, Grohmann U, Vacca C, Bianchi R, Orabona C, Spreca A, et al. T cell
apoptosis by tryptophan catabolism. Cell Death Differ. (2002) 9:1069-77. doi: 10.1038/
sj.cdd.4401073

293. Frumento G, Rotondo R, Tonetti M, Damonte G, Benatti U, Ferrara GB.
Tryptophan-derived catabolites are responsible for inhibition of T and natural killer
cell proliferation induced by indoleamine 2,3-dioxygenase. ] Exp Med. (2002) 196:459—
68. doi: 10.1084/jem.20020121

294. Terness P, Bauer TM, Rose L, Dufter C, Watzlik A, Simon H, et al. Inhibition of
allogeneic T cell proliferation by indoleamine 2,3-dioxygenase-expressing dendritic
cells: mediation of suppression by tryptophan metabolites. ] Exp Med. (2002) 196:447—
57. doi: 10.1084/jem.20020052

295. Siska PJ, Jiao J, Matos C, Singer K, Berger RS, Dettmer K, et al. Kynurenine
induces T cell fat catabolism and has limited suppressive effects in vivo. EBioMedicine.
(2021) 74:103734. doi: 10.1016/j.ebiom.2021.103734

296. LiuY, Liang X, Dong W, Fang Y, Lv ], Zhang T,etal. Tumor—repopulating cells
induce PD-1 expression in CD8" T cells by transferring kynurenine and AhR
activation. Cancer Cell. (2018) 33:480-94.e7. doi: 10.1016/j.ccell.2018.02.005

297. Campesato LF, Budhu S, Tchaicha J, Weng C-H, Gigoux M, Cohen IJ, et al.
Blockade of the AHR restricts a Treg-macrophage suppressive axis induced by L-
Kynurenine. Nat Commun. (2020) 11:4011. doi: 10.1038/5s41467-020-17750-z

298. Amobi-McCloud A, Muthuswamy R, Battaglia S, Yu H, Liu T, Wang J, et al. IDO1
expression in ovarian cancer induces PD-1 in T cells via aryl hydrocarbon receptor
activation. Front Immunol. (2021) 12:678999. doi: 10.3389/fimmu.2021.678999

299. Liu X, Shin N, Koblish HK, Yang G, Wang Q, Wang K, et al. Selective inhibition
of IDO1 effectively regulates mediators of antitumor immunity. Blood. (2010)
115:3520-30. doi: 10.1182/blood-2009-09-246124

300. Sharma MD, Baban B, Chandler P, Hou D-Y, Singh N, Yagita H, et al.
Plasmacytoid dendritic cells from mouse tumor-draining lymph nodes directly
activate mature Tregs via indoleamine 2,3-dioxygenase. J Clin Invest. (2007)
117:2570-82. doi: 10.1172/JCI31911

301. Baban B, Chandler PR, Sharma MD, Pihkala J, Koni PA, Munn DH, et al. IDO
activates regulatory T cells and blocks their conversion into Th17-like T cells. J
Immunol. (2009) 183:2475-83. doi: 10.4049/jimmunol.0900986

302. Sharma MD, Hou D-Y, Liu Y, Koni PA, Metz R, Chandler P, et al. Indoleamine
2,3-dioxygenase controls conversion of Foxp3" Tregs to TH17-like cells in tumor-
draining lymph nodes. Blood. (2009) 113:6102-11. doi: 10.1182/blood-2008-12-195354

303. Della Chiesa M, Carlomagno S, Frumento G, Balsamo M, Cantoni C, Conte R,
et al. The tryptophan catabolite L-kynurenine inhibits the surface expression of NKp46-
and NKG2D-activating receptors and regulates NK-cell function. Blood. (2006)
108:4118-25. doi: 10.1182/blood-2006-03-006700

304. Fang X, Guo L, Xing Z, Shi L, Liang H, Li A, et al. IDO1 can impair NK cells
function against non-small cell lung cancer by downregulation of NKG2D ligand via
ADAMI0. Pharmacol Res. (2022) 177:106132. doi: 10.1016/j.phrs.2022.106132

305. Spaggiari GM, Capobianco A, Abdelrazik H, Becchetti F, Mingari MC, Moretta
L. Mesenchymal stem cells inhibit natural killer-cell proliferation, cytotoxicity, and
cytokine production: role of indoleamine 2,3-dioxygenase and prostaglandin E2. Blood.
(2008) 111:1327-33. doi: 10.1182/blood-2007-02-074997

306. Brenk M, Scheler M, Koch S, Neumann J, Takikawa O, Hicker G, et al.
Tryptophan deprivation induces inhibitory receptors ILT3 and ILT4 on dendritic cells
favoring the induction of human CD4"CD25" Foxp3" T regulatory cells. ] Immunol.
(2009) 183:145-54. doi: 10.4049/jimmunol.0803277

307. Ravishankar B, Liu H, Shinde R, Chaudhary K, Xiao W, Bradley J, et al. The
amino acid sensor GCN2 inhibits inflammatory responses to apoptotic cells promoting
tolerance and suppressing systemic autoimmunity. Proc Natl Acad Sci U S A. (2015)
112:10774-9. doi: 10.1073/pnas.1504276112

308. Takenaka MC, Gabriely G, Rothhammer V, Mascanfroni ID, Wheeler MA,
Chao C-C, et al. Control of tumor-associated macrophages and T cells in glioblastoma
via AHR and CD39. Nat Neurosci. (2019) 22:729-40. doi: 10.1038/s41593-019-0370-y

309. Smith C, Chang MY, Parker KH, Beury DW, DuHadaway JB, Flick HE, et al.
IDO is a nodal pathogenic driver of lung cancer and metastasis development. Cancer
Discovery. (2012) 2:722-35. doi: 10.1158/2159-8290.CD-12-0014

frontiersin.org


https://doi.org/10.4161/cc.8.12.8745
https://doi.org/10.1016/j.ygyno.2009.07.015
https://doi.org/10.1016/j.celrep.2015.08.077
https://doi.org/10.1016/j.ejca.2017.01.011
https://doi.org/10.1124/mol.116.105361
https://doi.org/10.1111/jnc.13503
https://doi.org/10.1002/glia.22734
https://doi.org/10.1002/glia.22734
https://doi.org/10.3389/fimmu.2020.00657
https://doi.org/10.1158/2326-6066.CIR-19-0040
https://doi.org/10.1016/j.celrep.2022.110800
https://doi.org/10.18632/oncotarget.8488
https://doi.org/10.1159/000490725
https://doi.org/10.1159/000490725
https://doi.org/10.1158/1541-7786.MCR-18-0362
https://doi.org/10.1016/j.humpath.2018.09.003
https://doi.org/10.1016/j.humpath.2018.09.003
https://doi.org/10.1016/j.omto.2020.03.013
https://doi.org/10.1007/s00262-008-0513-6
https://doi.org/10.1182/blood-2007-10-116111
https://doi.org/10.4049/jimmunol.1300720
https://doi.org/10.1016/j.immuni.2005.03.013
https://doi.org/10.4161/onci.21716
https://doi.org/10.1093/toxsci/kfq024
https://doi.org/10.1074/jbc.RA117.000631
https://doi.org/10.1038/s41467-018-04366-7
https://doi.org/10.1084/jem.189.9.1363
https://doi.org/10.4049/jimmunol.164.7.3596
https://doi.org/10.4049/jimmunol.176.11.6752
https://doi.org/10.1038/sj.cdd.4401073
https://doi.org/10.1038/sj.cdd.4401073
https://doi.org/10.1084/jem.20020121
https://doi.org/10.1084/jem.20020052
https://doi.org/10.1016/j.ebiom.2021.103734
https://doi.org/10.1016/j.ccell.2018.02.005
https://doi.org/10.1038/s41467-020-17750-z
https://doi.org/10.3389/fimmu.2021.678999
https://doi.org/10.1182/blood-2009-09-246124
https://doi.org/10.1172/JCI31911
https://doi.org/10.4049/jimmunol.0900986
https://doi.org/10.1182/blood-2008-12-195354
https://doi.org/10.1182/blood-2006-03-006700
https://doi.org/10.1016/j.phrs.2022.106132
https://doi.org/10.1182/blood-2007-02-074997
https://doi.org/10.4049/jimmunol.0803277
https://doi.org/10.1073/pnas.1504276112
https://doi.org/10.1038/s41593-019-0370-y
https://doi.org/10.1158/2159-8290.CD-12-0014
https://doi.org/10.3389/fimmu.2024.1440269
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Grobben

310. Timosenko E, Ghadbane H, Silk JD, Shepherd D, Gileadi U, Howson LJ, et al.
Nutritional stress induced by tryptophan-degrading enzymes results in ATF4-
dependent reprogramming of the amino acid transporter profile in tumor cells.
Cancer Res. (2016) 76:6193-204. doi: 10.1158/0008-5472.CAN-15-3502

311. Adam I, Dewi DL, Mooiweer ], Sadik A, Mohapatra SR, Berdel B, et al.
Upregulation of tryptophanyl-tRNA synthethase adapts human cancer cells to
nutritional stress caused by tryptophan degradation. Oncoimmunology. (2018) 7:
€1486353. doi: 10.1080/2162402X.2018.1486353

312. Bartok O, Pataskar A, Nagel R, Laos M, Goldfarb E, Hayoun D, et al. Anti-
tumour immunity induces aberrant peptide presentation in melanoma. Nature. (2021)
590:332-7. doi: 10.1038/541586-020-03054-1

313. Pataskar A, Champagne J, Nagel R, Kenski J, Laos M, Michaux J, et al
Tryptophan depletion results in tryptophan-to-phenylalanine substitutants. Nature.
(2022) 603:721-7. doi: 10.1038/541586-022-04499-2

314. Bishnupuri KS, Alvarado DM, Khouri AN, Shabsovich M, Chen B, Dieckgraefe
BK, et al. IDO1 and kynurenine pathway metabolites activate PI3K-Akt signaling in the
neoplastic colon epithelium to promote cancer cell proliferation and inhibit apoptosis.
Cancer Res. (2019) 79:1138-50. doi: 10.1158/0008-5472.CAN-18-0668

315. Venkateswaran N, Lafita-Navarro MC, Hao Y-H, Kilgore JA, Perez-Castro L,
Braverman J, et al. MYC promotes tryptophan uptake and metabolism by the
kynurenine pathway in colon cancer. Genes Dev. (2019) 33:1236-51. doi: 10.1101/
gad.327056.119

316. Chen J-Y, Li C-F, Kuo C-C, Tsai KK, Hou M-F, Hung W-C. Cancer/stroma
interplay via cyclooxygenase-2 and indoleamine 2,3-dioxygenase promotes breast
cancer progression. Breast Cancer Res. (2014) 16:410. doi: 10.1186/s13058-014-0410-1

317. Mondal A, Smith C, DuHadaway JB, Sutanto-Ward E, Prendergast GC, Bravo-
Nuevo A, et al. IDOI is an integral mediator of inflammatory neovascularization.
EBioMedicine. (2016) 14:74-82. doi: 10.1016/j.ebiom.2016.11.013

318. Vigneron N, van Baren N, Van den Eynde BJ. Expression profile of the human
IDO1 protein, a cancer drug target involved in tumoral immune resistance.
Oncoimmunology. (2015) 4:¢1003012. doi: 10.1080/2162402X.2014.1003012

319. Schramme F, Crosignani S, Frederix K, Hoffmann D, Pilotte L, Stroobant V,
et al. Inhibition of tryptophan-dioxygenase activity increases the antitumor efficacy of
immune checkpoint inhibitors. Cancer Immunol Res. (2020) 8:32-45. doi: 10.1158/
2326-6066.CIR-19-0041

320. Schafer CC, Wang Y, Hough KP, Sawant A, Grant SC, Thannickal VJ, et al.
Indoleamine 2,3-dioxygenase regulates anti-tumor immunity in lung cancer by
metabolic reprogramming of immune cells in the tumor microenvironment.
Oncotarget. (2016) 7:75407-24. doi: 10.18632/oncotarget.12249

321. Wainwright DA, Balyasnikova IV, Chang AL, Ahmed AU, Moon K-S,
Auffinger B, et al. IDO expression in brain tumors increases the recruitment of
regulatory T cells and negatively impacts survival. Clin Cancer Res. (2012) 18:6110-
21. doi: 10.1158/1078-0432.CCR-12-2130

322. Holmgaard RB, Zamarin D, Munn DH, Wolchok JD, Allison JP. Indoleamine
2,3-dioxygenase is a critical resistance mechanism in antitumor T cell immunotherapy
targeting CTLA-4. ] Exp Med. (2013) 210:1389-402. doi: 10.1084/jem.20130066

323. Takamatsu M, Hirata A, Ohtaki H, Hoshi M, Ando T, Ito H, et al. Inhibition of
indoleamine 2,3-dioxygenase 1 expression alters immune response in colon tumor
microenvironment in mice. Cancer Sci. (2015) 106:1008-15. doi: 10.1111/cas.12705

324. Banerjee T, Duhadaway JB, Gaspari P, Sutanto-Ward E, Munn DH, Mellor AL,
et al. A key in vivo antitumor mechanism of action of natural product-based brassinins
is inhibition of indoleamine 2,3-dioxygenase. Oncogene. (2008) 27:2851-7.
doi: 10.1038/sj.onc.1210939

325. Fu R, Zhang Y-W, Li H-M, Lv W-C, Zhao L, Guo Q-L, et al. LW106, a novel
indoleamine 2,3-dioxygenase 1 inhibitor, suppresses tumour progression by limiting
stroma-immune crosstalk and cancer stem cell enrichment in tumour micro-
environment. Br ] Pharmacol. (2018) 175:3034-49. doi: 10.1111/bph.14351

326. Zheng X, Koropatnick J, Li M, Zhang X, Ling F, Ren X, et al. Reinstalling
antitumor immunity by inhibiting tumor-derived immunosuppressive molecule IDO
through RNA interference. J Immunol. (2006) 177:5639-46. doi: 10.4049/
jimmunol.177.8.5639

327. Koblish HK, Hansbury MJ, Bowman KJ, Yang G, Neilan CL, Haley PJ, et al.
Hydroxyamidine inhibitors of indoleamine-2,3-dioxygenase potently suppress
systemic tryptophan catabolism and the growth of IDO-expressing tumors. Mol
Cancer Ther. (2010) 9:489-98. doi: 10.1158/1535-7163.MCT-09-0628

328. Cheong JE, Ekkati A, Sun L. A patent review of IDO1 inhibitors for cancer.
Expert Opin Ther Pat. (2018) 28:317-30. doi: 10.1080/13543776.2018.1441290

329. Tang K, Wu Y-H, Song Y, Yu B. Indoleamine 2,3-dioxygenase 1 (IDO1)
inhibitors in clinical trials for cancer immunotherapy. ] Hematol Oncol. (2021) 14:68.
doi: 10.1186/s13045-021-01080-8

330. Gomes B, Driessens G, Bartlett D, Cai D, Cauwenberghs S, Crosignani S, et al.
Characterization of the selective indoleamine 2,3-dioxygenase-1 (IDO1) catalytic
inhibitor EOS200271/PF-06840003 supports IDO1 as a critical resistance mechanism
to PD-(L)1 blockade therapy. Mol Cancer Ther. (2018) 17:2530-42. doi: 10.1158/1535-
7163.MCT-17-1104

331. Spranger S, Koblish HK, Horton B, Scherle PA, Newton R, Gajewski TF.
Mechanism of tumor rejection with doublets of CTLA-4, PD-1/PD-L1, or IDO
blockade involves restored IL-2 production and proliferation of CD8" T cells directly

Frontiers in Immunology

27

10.3389/fimmu.2024.1440269

within the tumor microenvironment. J Immunother Cancer. (2014) 2:3. doi: 10.1186/
2051-1426-2-3

332. Wainwright DA, Chang AL, Dey M, Balyasnikova IV, Kim CK, Tobias A, et al.
Durable therapeutic efficacy utilizing combinatorial blockade against IDO, CTLA-4,
and PD-L1 in mice with brain tumors. Clin Cancer Res. (2014) 20:5290-301.
doi: 10.1158/1078-0432.CCR-14-0514

333. Brown ZJ, Yu §J, Heinrich B, Ma C, Fu Q, Sandhu M, et al. Indoleamine 2,3-
dioxygenase provides adaptive resistance to immune checkpoint inhibitors in
hepatocellular carcinoma. Cancer Immunol Immunother. (2018) 67:1305-15.
doi: 10.1007/s00262-018-2190-4

334. Toulmonde M, Penel N, Adam J, Chevreau C, Blay J-Y, Le Cesne A, et al. Use of
PD-1 targeting, macrophage infiltration, and IDO pathway activation in sarcomas: a
phase 2 clinical trial. JAMA Oncol. (2018) 4:93-7. doi: 10.1001/jamaoncol.2017.1617

335. Li H, Bullock K, Gurjao C, Braun D, Shukla SA, Bossé D, et al. Metabolomic
adaptations and correlates of survival to immune checkpoint blockade. Nat Commun.
(2019) 10:4346. doi: 10.1038/s41467-019-12361-9

336. Salter M, Hazelwood R, Pogson CI, Iyer R, Madge DJ. The effects of a novel and
selective inhibitor of tryptophan 2,3-dioxygenase on tryptophan and serotonin
metabolism in the rat. Biochem Pharmacol. (1995) 49:1435-42. doi: 10.1016/0006-
2952(95)00006-1

337. Dolusi¢ E, Larrieu P, Moineaux L, Stroobant V, Pilotte L, Colau D, et al.
Tryptophan 2,3-dioxygenase (TDO) inhibitors. 3-(2-(pyridyl)ethenyl)indoles as
potential anticancer immunomodulators. ] Med Chem. (2011) 54:5320-34.
doi: 10.1021/jm2006782

338. Perez-Pardo P, Grobben Y, Willemsen-Seegers N, Hartog M, Tutone M, Muller
M, et al. Pharmacological validation of TDO as a target for Parkinson’s disease. FEBS J.
(2021) 288:4311-31. doi: 10.1111/febs.15721

339. Kozlova A, Fréderick R. Current state on tryptophan 2,3-dioxygenase
inhibitors: a patent review. Expert Opin Ther Pat. (2019) 29:11-23. doi: 10.1080/
13543776.2019.1556638

340. Du L, Xing Z, Tao B, Li T, Yang D, Li W, et al. Both IDO1 and TDO contribute
to the malignancy of gliomas via the Kyn-AhR-AQP4 signaling pathway. Signal
Transduct Target Ther. (2020) 5:10. doi: 10.1038/s41392-019-0103-4

341. Naing A, Eder JP, Piha-Paul SA, Gimmi C, Hussey E, Zhang S, et al. Preclinical
investigations and a first-in-human phase I trial of M4112, the first dual inhibitor of
indoleamine 2,3-dioxygenase 1 and tryptophan 2,3-dioxygenase 2, in patients with
advanced solid tumors. ] Immunother Cancer. (2020) 8:e000870. doi: 10.1136/jitc-2020-
000870

342. Peng X, Zhao Z, Liu L, Bai L, Tong R, Yang H, et al. Targeting indoleamine
dioxygenase and tryptophan dioxygenase in cancer immunotherapy: clinical progress
and challenges. Drug Des Devel Ther. (2022) 16:2639-57. doi: 10.2147/DDDT.S373780

343. Hamid O, Gajewski TF, Frankel AE, Bauer TM, Olszanski AJ, Luke JJ, et al.
Epacadostat plus pembrolizumab in patients with advanced melanoma: phase 1 and 2
efficacy and safety results from ECHO-202/KEYNOTE-037. Ann Oncol. (2017) 28:428—
9. doi: 10.1093/annonc/mdx377.001

344. Daud A, Saleh MN, Hu J, Bleeker JS, Riese MJ, Meier R, et al. Epacadostat plus
nivolumab for advanced melanoma: updated phase 2 results of the ECHO-204 study. J
Clin Oncol. (2018) 36:9511. doi: 10.1200/JC0O.2018.36.15_suppl.95

345. Long GV, Dummer R, Hamid O, Gajewski TF, Caglevic C, Dalle S, et al.
Epacadostat plus pembrolizumab versus placebo plus pembrolizumab in patients with
unresectable or metastatic melanoma (ECHO-301/KEYNOTE-252): a phase 3,
randomised, double-blind study. Lancet Oncol. (2019) 20:1083-97. doi: 10.1016/
$1470-2045(19)30274-8

346. Yao Y, Liang H, Fang X, Zhang S, Xing Z, Shi L, et al. What is the prospect of
indoleamine 2,3-dioxygenase 1 inhibition in cancer? Extrapolation from the past. J Exp
Clin Cancer Res. (2021) 40:60. doi: 10.1186/s13046-021-01847-4

347. Opitz CA, Somarribas Patterson LF, Mohapatra SR, Dewi DL, Sadik A, Platten
M, et al. The therapeutic potential of targeting tryptophan catabolism in cancer. Br ]
Cancer. (2020) 122:30-44. doi: 10.1038/s41416-019-0664-6

348. Muller AJ, Manfredi MG, Zakharia Y, Prendergast GC. Inhibiting IDO
pathways to treat cancer: lessons from the ECHO-301 trial and beyond. Semin
Immunopathol. (2019) 41:41-8. doi: 10.1007/s00281-018-0702-0

349. Van den Eynde BJ, van Baren N, Baurain JF. Is there a clinical future for IDO1
inhibitors after the failure of epacadostat in melanoma? Annu Rev Cancer Biol. (2020)
4:241-56. doi: 10.1146/annurev-cancerbio-030419-033635

350. Beatty GL, O’Dwyer PJ, Clark J, Shi JG, Bowman K]J, Scherle PA, et al. First-in-
human phase I study of the oral inhibitor of indoleamine 2,3-dioxygenase-1
epacadostat (INCB024360) in patients with advanced solid malignancies. Clin
Cancer Res. (2017) 23:3269-76. doi: 10.1158/1078-0432.CCR-16-2272

351. Grobben Y, de Man J, van Doornmalen AM, Muller M, Willemsen-Seegers N,
Vu-Pham D, et al. Targeting indoleamine 2,3-dioxygenase in cancer models using the
novel small molecule inhibitor NTRC 3883-0. Front Immunol. (2020) 11:609490.
doi: 10.3389/fimmu.2020.609490

352. Pallotta MT, Orabona C, Volpi C, Vacca C, Belladonna ML, Bianchi R, et al.
Indoleamine 2,3-dioxygenase is a signaling protein in long-term tolerance by dendritic
cells. Nat Immunol. (2011) 12:870-8. doi: 10.1038/ni.2077

353. Mondanelli G, Bianchi R, Pallotta MT, Orabona C, Albini E, Tacono A, et al. A
relay pathway between arginine and tryptophan metabolism confers

frontiersin.org


https://doi.org/10.1158/0008-5472.CAN-15-3502
https://doi.org/10.1080/2162402X.2018.1486353
https://doi.org/10.1038/s41586-020-03054-1
https://doi.org/10.1038/s41586-022-04499-2
https://doi.org/10.1158/0008-5472.CAN-18-0668
https://doi.org/10.1101/gad.327056.119
https://doi.org/10.1101/gad.327056.119
https://doi.org/10.1186/s13058-014-0410-1
https://doi.org/10.1016/j.ebiom.2016.11.013
https://doi.org/10.1080/2162402X.2014.1003012
https://doi.org/10.1158/2326-6066.CIR-19-0041
https://doi.org/10.1158/2326-6066.CIR-19-0041
https://doi.org/10.18632/oncotarget.12249
https://doi.org/10.1158/1078-0432.CCR-12-2130
https://doi.org/10.1084/jem.20130066
https://doi.org/10.1111/cas.12705
https://doi.org/10.1038/sj.onc.1210939
https://doi.org/10.1111/bph.14351
https://doi.org/10.4049/jimmunol.177.8.5639
https://doi.org/10.4049/jimmunol.177.8.5639
https://doi.org/10.1158/1535-7163.MCT-09-0628
https://doi.org/10.1080/13543776.2018.1441290
https://doi.org/10.1186/s13045-021-01080-8
https://doi.org/10.1158/1535-7163.MCT-17-1104
https://doi.org/10.1158/1535-7163.MCT-17-1104
https://doi.org/10.1186/2051-1426-2-3
https://doi.org/10.1186/2051-1426-2-3
https://doi.org/10.1158/1078-0432.CCR-14-0514
https://doi.org/10.1007/s00262-018-2190-4
https://doi.org/10.1001/jamaoncol.2017.1617
https://doi.org/10.1038/s41467-019-12361-9
https://doi.org/10.1016/0006-2952(95)00006-l
https://doi.org/10.1016/0006-2952(95)00006-l
https://doi.org/10.1021/jm2006782
https://doi.org/10.1111/febs.15721
https://doi.org/10.1080/13543776.2019.1556638
https://doi.org/10.1080/13543776.2019.1556638
https://doi.org/10.1038/s41392-019-0103-4
https://doi.org/10.1136/jitc-2020-000870
https://doi.org/10.1136/jitc-2020-000870
https://doi.org/10.2147/DDDT.S373780
https://doi.org/10.1093/annonc/mdx377.001
https://doi.org/10.1200/JCO.2018.36.15_suppl.95
https://doi.org/10.1016/S1470-2045(19)30274-8
https://doi.org/10.1016/S1470-2045(19)30274-8
https://doi.org/10.1186/s13046-021-01847-4
https://doi.org/10.1038/s41416-019-0664-6
https://doi.org/10.1007/s00281-018-0702-0
https://doi.org/10.1146/annurev-cancerbio-030419-033635
https://doi.org/10.1158/1078-0432.CCR-16-2272
https://doi.org/10.3389/fimmu.2020.609490
https://doi.org/10.1038/ni.2077
https://doi.org/10.3389/fimmu.2024.1440269
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Grobben

immunosuppressive properties on dendritic cells. Immunity. (2017) 46:233-44.
doi: 10.1016/j.immuni.2017.01.005

354. Zhai L, Bell A, Ladomersky E, Lauing KL, Bollu L, Nguyen B, et al. Tumor cell
IDO enhances immune suppression and decreases survival independent of tryptophan
metabolism in glioblastoma. Clin Cancer Res. (2021) 27:6514-28. doi: 10.1158/1078-
0432.CCR-21-1392

355. Panfili E, Mondanelli G, Orabona C, Gargaro M, Volpi C, Belladonna ML, et al.
The catalytic inhibitor epacadostat can affect the non-enzymatic function of IDOI.
Front Immunol. (2023) 14:1134551. doi: 10.3389/fimmu.2023.1134551

356. Orecchini E, Belladonna ML, Pallotta MT, Volpi C, Zizi L, Panfili E, et al. The
signaling function of IDO1 incites the malignant progression of mouse B16 melanoma.
Oncoimmunology. (2023) 12:2170095. doi: 10.1080/2162402X.2023.2170095

357. Moyer BJ, Rojas IY, Murray IA, Lee S, Hazlett HF, Perdew GH, et al.
Indoleamine 2,3-dioxygenase 1 (IDO1) inhibitors activate the aryl hydrocarbon
receptor. Toxicol Appl Pharmacol. (2017) 323:74-80. doi: 10.1016/j.taap.2017.03.012

358. Odunsi K, Qian F, Lugade AA, Yu H, Geller MA, Fling SP, et al. Metabolic
adaptation of ovarian tumors in patients treated with an IDOI1 inhibitor constrains
antitumor immune responses. Sci Transl Med. (2022) 14:eabg8402. doi: 10.1126/
scitranslmed.abg8402

359. Jackson JJ, Shibuya GM, Ravishankar B, Adusumilli L, Bradford D, Brockstedt DG,
et al. Potent GCN2 inhibitor capable of reversing MDSC-driven t cell suppression
demonstrates in vivo efficacy as a single agent and in combination with anti-angiogenesis
therapy. ] Med Chem. (2022) 65:12895-924. doi: 10.1021/acs.jmedchem.2c00736

360. Triplett TA, Garrison KC, Marshall N, Donkor M, Blazeck ], Lamb C, et al.
Reversal of indoleamine 2,3-dioxygenase-mediated cancer immune suppression by
systemic kynurenine depletion with a therapeutic enzyme. Nat Biotechnol. (2018)
36:758-64. doi: 10.1038/nbt.4180

361. Lorentzen CL, Kjeldsen JW, Ehrnrooth E, Andersen MH, Marie Svane I. Long-
term follow-up of anti-PD-1 naive patients with metastatic melanoma treated with
IDO/PD-L1 targeting peptide vaccine and nivolumab. ] Immunother cancer. (2023) 11:
€006755. doi: 10.1136/jitc-2023-006755

362. Bollu LR, Bommi PV, Monsen PJ, Zhai L, Lauing KL, Bell A, et al. Identification
and characterization of a novel indoleamine 2,3-dioxygenase 1 protein degrader for
glioblastoma. ] Med Chem. (2022) 65:15642-62. doi: 10.1021/acs.jmedchem.2c00771

363. Chu CC, Paul WE. Figl, an interleukin 4-induced mouse B cell gene isolated by
cDNA representational difference analysis. Proc Natl Acad Sci U S A. (1997) 94:2507-
12. doi: 10.1073/pnas.94.6.2507

364. Chavan SS, Tian W, Hsueh K, Jawaheer D, Gregersen PK, Chu CC.
Characterization of the human homolog of the IL-4 induced gene-1 (Figl). Biochim
Biophys Acta. (2002) 1576:70-80. doi: 10.1016/s0167-4781(02)00295-6

365. Mason JM, Naidu MD, Barcia M, Porti D, Chavan SS, Chu CC. IL-4-induced gene-1
is a leukocyte 1-amino acid oxidase with an unusual acidic pH preference and lysosomal
localization. J Immunol. (2004) 173:4561-7. doi: 10.4049/jimmunol.173.7.4561

366. Boulland M-L, Marquet J, Molinier-Frenkel V, Méller P, Guiter C, Lasoudris F,
et al. Human IL4I1 is a secreted L-phenylalanine oxidase expressed by mature dendritic
cells that inhibits T-lymphocyte proliferation. Blood. (2007) 110:220-7. doi: 10.1182/
blood-2006-07-036210

367. Zeitler L, Fiore A, Meyer C, Russier M, Zanella G, Suppmann §, et al. Anti-
ferroptotic mechanism of IL4il-mediated amino acid metabolism. Elife. (2021) 10:1-
22. doi: 10.7554/eLife.64806

368. Wiemann S, Kolb-Kokocinski A, Poustka A. Alternative pre-mRNA processing
regulates cell-type specific expression of the IL411 and NUP62 genes. BMC Biol. (2005)
3:16. doi: 10.1186/1741-7007-3-16

369. Copie-Bergman C, Boulland M-L, Dehoulle C, Méller P, Farcet J-P, Dyer MJS,
et al. Interleukin 4-induced gene 1 is activated in primary mediastinal large B-cell
lymphoma. Blood. (2003) 101:2756-61. doi: 10.1182/blood-2002-07-2215

370. Carbonnelle-Puscian A, Copie-Bergman C, Baia M, Martin-Garcia N, Allory Y,
Haioun C, et al. The novel immunosuppressive enzyme IL4I1 is expressed by neoplastic
cells of several B-cell lymphomas and by tumor-associated macrophages. Leukemia.
(2009) 23:952-60. doi: 10.1038/leu.2008.380

371. Marquet J, Lasoudris F, Cousin C, Puiffe M-L, Martin-Garcia N, Baud V, et al.
Dichotomy between factors inducing the immunosuppressive enzyme IL-4-induced
gene 1 (IL4I1) in B lymphocytes and mononuclear phagocytes. Eur J Immunol. (2010)
40:2557-68. doi: 10.1002/¢ji.201040428

372. Scarlata C-M, Celse C, Pignon P, Ayyoub M, Valmori D. Differential expression of
the immunosuppressive enzyme IL411 in human induced Aiolos”, but not natural Helios",
FOXP3" Treg cells. Eur ] Immunol. (2015) 45:474-9. doi: 10.1002/eji.201444897

373. Santarlasci V, Maggi L, Capone M, Querci V, Beltrame L, Cavalieri D, et al.
Rarity of human T helper 17 cells is due to retinoic acid orphan receptor-dependent
mechanisms that limit their expansion. Immunity. (2012) 36:201-14. doi: 10.1016/
jimmuni.2011.12.013

374. Maggi L, Santarlasci V, Capone M, Rossi MC, Querci V, Mazzoni A, et al.
Distinctive features of classic and nonclassic (Th17 derived) human Thl cells. Eur |
Immunol. (2012) 42:3180-8. doi: 10.1002/ji.201242648

375. Schlecker E, Stojanovic A, Eisen C, Quack C, Falk CS, Umansky V, et al.
Tumor-infiltrating monocytic myeloid-derived suppressor cells mediate CCR5-
dependent recruitment of regulatory T cells favoring tumor growth. J Immunol.
(2012) 189:5602-11. doi: 10.4049/jimmunol.1201018

Frontiers in Immunology

10.3389/fimmu.2024.1440269

376. Bod L, Douguet L, Auffray C, Lengagne R, Bekkat F, Rondeau E, et al. IL-4-
induced gene 1: a negative immune checkpoint controlling B cell differentiation and
activation. J Immunol. (2018) 200:1027-38. doi: 10.4049/jimmunol.1601609

377. Grobben Y, den Ouden JE, Aguado C, van Altena AM, Kraneveld AD, Zaman
GJR. Amino acid-metabolizing enzymes in advanced high-grade serous ovarian cancer
patients: value of ascites as biomarker source and role for IL4I1 and IDO1. Cancers
(Basel). (2023) 15:893. doi: 10.3390/cancers15030893

378. Ramspott JP, Bekkat F, Bod L, Favier M, Terris B, Salomon A, et al. Emerging
role of IL-4-induced gene 1 as a prognostic biomarker affecting the local T-cell response
in human cutaneous melanoma. J Invest Dermatol. (2018) 138:2625-34. doi: 10.1016/
j,jid.2018.06.178

379. Mulder K, Patel AA, Kong WT, Piot C, Halitzki E, Dunsmore G, et al. Cross-
tissue single-cell landscape of human monocytes and macrophages in health and
disease. Immunity. (2021) 54:1883-900.e5. doi: 10.1016/j.immuni.2021.07.007

380. Finak G, Bertos N, Pepin F, Sadekova S, Souleimanova M, Zhao H, et al.
Stromal gene expression predicts clinical outcome in breast cancer. Nat Med. (2008)
14:518-27. doi: 10.1038/nm1764

381. Liu M, Pan Q, Xiao R, Yu Y, Lu W, Wang L. A cluster of metabolism-related
genes predict prognosis and progression of clear cell renal cell carcinoma. Sci Rep.
(2020) 10:12949. doi: 10.1038/s41598-020-67760-6

382. Xu T, Liu J, Xia Y, Wang Z, Li X, Gao Q. Integrated analysis reveals the
participation of IL4I1, ITGB7, and FUT7 in reshaping the TNBC immune
microenvironment by targeting glycolysis. Ann Med. (2021) 53:916-28. doi: 10.1080/
07853890.2021.1937694

383. Zhao H, Teng Y, Hao W, Li ], Li Z, Chen Q, et al. Single-cell analysis revealed
that IL4I1 promoted ovarian cancer progression. J Transl Med. (2021) 19:454.
doi: 10.1186/s12967-021-03123-7

384. Choueiry F, Singh S, Sircar A, Laliotis G, Sun X, Chavdoula E, et al. Integration
of metabolomics and gene expression profiling elucidates IL4I1 as modulator of
ibrutinib resistance in ABC-diffuse large B cell lymphoma. Cancers (Basel). (2021)
13:1-22. doi: 10.3390/cancers13092146

385. Kono K, Salazar-Onfray F, Petersson M, Hansson J, Masucci G, Wasserman K,
et al. Hydrogen peroxide secreted by tumor-derived macrophages down-modulates
signal-transducing zeta molecules and inhibits tumor-specific T cell-and natural killer
cell-mediated cytotoxicity. Eur ] Immunol. (1996) 26:1308-13. doi: 10.1002/
€ji.1830260620

386. Schmielau J, Finn OJ. Activated granulocytes and granulocyte-derived
hydrogen peroxide are the underlying mechanism of suppression of T-cell function
in advanced cancer patients. Cancer Res. (2001) 61:4756-60.

387. Malmberg KJ, Arulampalam V, Ichihara F, Petersson M, Seki K, Andersson T,
et al. Inhibition of activated/memory (CD45RO") T cells by oxidative stress associated
with block of NF-kB activation. J Immunol. (2001) 167:2595-601. doi: 10.4049/
jimmunol.167.5.2595

388. Takahashi A, Hanson MGV, Norell HR, Havelka AM, Kono K, Malmberg K-J,
et al. Preferential cell death of CD8" effector memory (CCR7 CD45RA™) T cells by
hydrogen peroxide-induced oxidative stress. J Immunol. (2005) 174:6080-7.
doi: 10.4049/jimmunol.174.10.6080

389. Mougiakakos D, Johansson CC, Kiessling R. Naturally occurring regulatory T
cells show reduced sensitivity toward oxidative stress-induced cell death. Blood. (2009)
113:3542-5. doi: 10.1182/blood-2008-09-181040

390. Cousin C, Aubatin A, Le Gouvello S, Apetoh L, Castellano F, Molinier-Frenkel
V. The immunosuppressive enzyme IL411 promotes FoxP3" regulatory T lymphocyte
differentiation. Eur J Immunol. (2015) 45:1772-82. doi: 10.1002/eji.201445000

391. Castellano F, Prevost-Blondel A, Cohen JL, Molinier-Frenkel V. What role for
AHR activation in IL4I1-mediated immunosuppression ? Oncoimmunology. (2021)
10:1924500. doi: 10.1080/2162402X.2021.1924500

392. Puiffe M-L, Dupont A, Sako N, Gatineau J, Cohen JL, Mestivier D, et al. IL411
accelerates the expansion of effector CD8" T cells at the expense of memory precursors
by increasing the threshold of T-cell activation. Front Immunol. (2020) 11:600012.
doi: 10.3389/fimmu.2020.600012

393. Yue Y, Huang W, Liang J, Guo J, Ji ], Yao Y, et al. IL4I1 is a novel regulator of
M2 macrophage polarization that can inhibit T cell activation via L-tryptophan and
arginine depletion and IL-10 production. PloS One. (2015) 10:e0142979. doi: 10.1371/
journal.pone.0142979

394. Ye F, Wang L, Li Y, Dong C, Zhou L, Xu J. IL4I1 in M2-like macrophage
promotes glioma progression and is a promising target for immunotherapy. Front
Immunol. (2023) 14:1338244. doi: 10.3389/fimmu.2023.1338244

395. Zhang X, Gan M, Li J, Li H, Su M, Tan D, et al. Endogenous indole pyruvate
pathway for tryptophan metabolism mediated by IL411. J Agric Food Chem. (2020)
68:10678-84. doi: 10.1021/acs.jafc.0c03735

396. Heath-Pagliuso S, Rogers W], Tullis K, Seidel SD, Cenijn PH, Brouwer A, et al.
Activation of the Ah receptor by tryptophan and tryptophan metabolites. Biochemistry.
(1998) 37:11508-15. doi: 10.1021/bi980087p

397. Zelante T, Iannitti RG, Cunha C, De Luca A, Giovannini G, Pieraccini G, et al.
Tryptophan catabolites from microbiota engage aryl hydrocarbon receptor and balance
mucosal reactivity via interleukin-22. Immunity. (2013) 39:372-85. doi: 10.1016/
j.immuni.2013.08.003

frontiersin.org


https://doi.org/10.1016/j.immuni.2017.01.005
https://doi.org/10.1158/1078-0432.CCR-21-1392
https://doi.org/10.1158/1078-0432.CCR-21-1392
https://doi.org/10.3389/fimmu.2023.1134551
https://doi.org/10.1080/2162402X.2023.2170095
https://doi.org/10.1016/j.taap.2017.03.012
https://doi.org/10.1126/scitranslmed.abg8402
https://doi.org/10.1126/scitranslmed.abg8402
https://doi.org/10.1021/acs.jmedchem.2c00736
https://doi.org/10.1038/nbt.4180
https://doi.org/10.1136/jitc-2023-006755
https://doi.org/10.1021/acs.jmedchem.2c00771
https://doi.org/10.1073/pnas.94.6.2507
https://doi.org/10.1016/s0167-4781(02)00295-6
https://doi.org/10.4049/jimmunol.173.7.4561
https://doi.org/10.1182/blood-2006-07-036210
https://doi.org/10.1182/blood-2006-07-036210
https://doi.org/10.7554/eLife.64806
https://doi.org/10.1186/1741-7007-3-16
https://doi.org/10.1182/blood-2002-07-2215
https://doi.org/10.1038/leu.2008.380
https://doi.org/10.1002/eji.201040428
https://doi.org/10.1002/eji.201444897
https://doi.org/10.1016/j.immuni.2011.12.013
https://doi.org/10.1016/j.immuni.2011.12.013
https://doi.org/10.1002/eji.201242648
https://doi.org/10.4049/jimmunol.1201018
https://doi.org/10.4049/jimmunol.1601609
https://doi.org/10.3390/cancers15030893
https://doi.org/10.1016/j.jid.2018.06.178
https://doi.org/10.1016/j.jid.2018.06.178
https://doi.org/10.1016/j.immuni.2021.07.007
https://doi.org/10.1038/nm1764
https://doi.org/10.1038/s41598-020-67760-6
https://doi.org/10.1080/07853890.2021.1937694
https://doi.org/10.1080/07853890.2021.1937694
https://doi.org/10.1186/s12967-021-03123-7
https://doi.org/10.3390/cancers13092146
https://doi.org/10.1002/eji.1830260620
https://doi.org/10.1002/eji.1830260620
https://doi.org/10.4049/jimmunol.167.5.2595
https://doi.org/10.4049/jimmunol.167.5.2595
https://doi.org/10.4049/jimmunol.174.10.6080
https://doi.org/10.1182/blood-2008-09-181040
https://doi.org/10.1002/eji.201445000
https://doi.org/10.1080/2162402X.2021.1924500
https://doi.org/10.3389/fimmu.2020.600012
https://doi.org/10.1371/journal.pone.0142979
https://doi.org/10.1371/journal.pone.0142979
https://doi.org/10.3389/fimmu.2023.1338244
https://doi.org/10.1021/acs.jafc.0c03735
https://doi.org/10.1021/bi980087p
https://doi.org/10.1016/j.immuni.2013.08.003
https://doi.org/10.1016/j.immuni.2013.08.003
https://doi.org/10.3389/fimmu.2024.1440269
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Grobben

398. Vyhlidalova B, Krasulova K, Pecinkova P, Marcalikova A, Vrzal R, Zemankova
L, et al. Gut microbial catabolites of tryptophan are ligands and agonists of the aryl
hydrocarbon receptor: a detailed characterization. Int J Mol Sci. (2020) 21:1-17.
doi: 10.3390/ijms21072614

399. Aubatin A, Sako N, Decrouy X, Donnadieu E, Molinier-Frenkel V, Castellano
F. IL4-induced gene 1 is secreted at the immune synapse and modulates TCR activation
independently of its enzymatic activity. Eur ] Immunol. (2018) 48:106-19. doi: 10.1002/
€ji.201646769

400. Rao D, Yu C, Wang T, Sheng J, Lv E, Liang H, et al. Pan-cancer analysis
combined with experimental validation revealed IL4I1 as an immunological and
prognostic biomarker. Int Immunopharmacol. (2022) 111:109091. doi: 10.1016/
j.intimp.2022.109091

401. Fong MY, McDunn J, Kakar SS. Identification of metabolites in the normal

ovary and their transformation in primary and metastatic ovarian cancer. PloS One.
(2011) 6:¢19963. doi: 10.1371/journal.pone.0019963

402. Lasoudris F, Cousin C, Prevost-Blondel A, Martin-Garcia N, Abd-Alsamad I,
Ortonne N, et al. IL411: an inhibitor of the CD8" antitumor T-cell response in vivo. Eur
J Immunol. (2011) 41:1629-38. doi: 10.1002/¢ji.201041119

403. Hirose S, Mashima T, Yuan X, Yamashita M, Kitano S, Torii S, et al.
Interleukin-4 induced 1-mediated resistance to an immune checkpoint inhibitor
through suppression of CD8+ T cell infiltration in melanoma. Cancer Sci. (2024)
115:791-803. doi: 10.1111/cas.16073

404. Bekkat F, Seradj M, Lengagne R, Fiore F, Kato M, Lucas B, et al. Upregulation of
IL4-induced gene 1 enzyme by B2 cells during melanoma progression impairs their
antitumor properties. Eur J Immunol. (2024) 54:¢2350615. doi: 10.1002/¢ji.202350615

Frontiers in Immunology

29

10.3389/fimmu.2024.1440269

405. Bod L, Lengagne R, Wrobel L, Ramspott JP, Kato M, Avril M-F, et al.
IL4-induced gene 1 promotes tumor growth by shaping the immune
microenvironment in melanoma. Oncoimmunology. (2017) 6:¢1278331. doi: 10.1080/
2162402X.2016.1278331

406. Li'T, ShiJ, Wang L, Qin X, Zhou R, Dong M, et al. Thymol targeting interleukin
4 induced 1 expression reshapes the immune microenvironment to sensitize the
immunotherapy in lung adenocarcinoma. MedComm. (2023) 4:e355. doi: 10.1002/
mco2.355

407. Sun H, Han W, Wen J, Ma X. IL4I1 and tryptophan metabolites enhance AHR
signals to facilitate colorectal cancer progression and immunosuppression. Am J Transl
Res. (2022) 14:7758-70.

408. Presset M, Djordjevic D, Dupont A, Le Gall E, Molinier-Frenkel V, Castellano
F. Identification of inhibitors of the immunosuppressive enzyme IL411. Bioorg Chem.
(2020) 94:103463. doi: 10.1016/j.bioorg.2019.103463

409. Cash BD, Fu W, Giambasu GM, Haidle AM, Hopkins BA, Larsen MA, et al.
IL4I1 inhibitors and methods of use. WIPO patent WO 2021226003. (2021).

410. Giambasu GM, Haidle AM, Hopkins BA, Jewell JP, Larsen MA, Lesburg CA,
et al. IL411 inhibitors and methods of use. WIPO patent WO 2022227015. (2022).

411. MacKinnon AL, Li J, Billedeau RJ, Sjogren EB, Yuan L, DeBerardinis A, et al.
Interleukin 4 (IL4)-induced gene 1 inhibitors and methods of use thereof. WIPO patent
WO 2022086892. (2022).

412. MacKinnon A, Bhupathi D, Chen J, Huang T, Li W, Ma Y, et al. Anti-tumor
activity of CB-668, a potent, selective and orally bioavailable small-molecule inhibitor

of the immuno-suppressive enzyme interleukin 4 (IL-4)-induced gene 1 (IL4I1). J
Immunother Cancer. (2020) 8:A705. doi: 10.1136/jitc-2020-SITC2020.0705

frontiersin.org


https://doi.org/10.3390/ijms21072614
https://doi.org/10.1002/eji.201646769
https://doi.org/10.1002/eji.201646769
https://doi.org/10.1016/j.intimp.2022.109091
https://doi.org/10.1016/j.intimp.2022.109091
https://doi.org/10.1371/journal.pone.0019963
https://doi.org/10.1002/eji.201041119
https://doi.org/10.1111/cas.16073
https://doi.org/10.1002/eji.202350615
https://doi.org/10.1080/2162402X.2016.1278331
https://doi.org/10.1080/2162402X.2016.1278331
https://doi.org/10.1002/mco2.355
https://doi.org/10.1002/mco2.355
https://doi.org/10.1016/j.bioorg.2019.103463
https://doi.org/10.1136/jitc-2020-SITC2020.0705
https://doi.org/10.3389/fimmu.2024.1440269
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Targeting amino acid-metabolizing enzymes for cancer immunotherapy
	1 Introduction
	2 Amino acid-metabolizing enzymes involved in tumor immune escape
	3 The glutamine-metabolizing enzyme GLS1
	4 The arginine-metabolizing enzyme ARG1
	5 The arginine-metabolizing enzyme iNOS
	6 The tryptophan-metabolizing enzymes IDO1 and TDO
	7 The aromatic amino acid-metabolizing enzyme IL4I1
	8 Concluding remarks
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



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

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


