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Metabolism of tryptophan (Trp), an essential amino acid, represent a major metabolic
pathway that both promotes tumor cell intrinsic malignant properties as well as restricts
antitumour immunity, thus emerging as a drug development target for cancer
immunotherapy. Three cytosolic enzymes, namely indoleamine 2,3-dioxygenase 1
(IDO1), IDO2 and tryptophan 2,3-dioxygenase (TDO2), catalyzes the first-rate limiting
step of the degradation of Trp to kynurenine (Kyn) and modulates immunity toward
immunosuppression mainly through the aryl hydrocarbon receptor (AhR) activation in
numerous types of cancer. By restoring antitumor immune responses and synergizing
with other immunotherapies, the encouraging preclinical data of IDO1 inhibitors has
dramatically failed to translate into clinical success when combined with immune
checkpoints inhibitors, reigniting the debate of combinatorial approach. In this review,
we i) provide comprehensive evidences on immunomodulatory role of the Trp catabolism
metabolites that highlight this pathway as relevant target in immuno-oncology, ii)ii) discuss
underwhelming results from clinical trials investigating efficacy of IDO1 inhibitors and
underlying mechanisms that might have contributed to this failure, and finally, i) discuss
the current state-of-art surrounding alternative approaches of innovative antitumor
immunotherapies that target molecules of Trp catabolism as well as challenges and
perspectives in the era of immunotherapy.

Keywords: indoleamine 2,3-dioxygenase, cancer, tryptophan metabolism, kynurenine, immunotherapy

INTRODUCTION

Over the last decade, tumor immune escape has been envisioned as a new paradigm that contributes
to tumor growth and evasion, thus appearing as an attractive therapeutic strategy (1). In this regard,
new advances in immunotherapies with immune checkpoint inhibitors (ICIs), including drugs
targeting the programmed death receptor 1 (PD-1) or its ligand 1 (PD-L1) and cytotoxic T
lymphocyte associated protein 4 (CTLA-4), has revolutionized the oncology field and afforded
patients with various types of cancer the potential for long-term survival (2). Historically, anticancer
therapies (such as chemotherapy, radiotherapy, and targeted therapy) therapeutically act by direct
elimination of proliferating cancer cells. Traditionally, their efficacy has been hindered by limiting
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toxicity and development of resistance. In contrast, the aim
of anticancer immunotherapies is to exploit the immune
system to eradicate tumor cells and control disease
progression. The broad clinical use of ICIs highlights the
success in struggling cancer by enhancing T cell-mediated
adaptative antitumor immune response.

Tumor cells acquire the ability to hinder effector T cell
expansion and function through several mechanisms including
the upregulation PD-L1, a major immune checkpoint molecule.
Similarly, PD-1 and CTLA-4 are frequently expressed by various
immune cells in the tumor microenvironment (TME) and
negatively regulate the functions of effector T cells. Thereby,
ICIs prevent engagement of PD-1 and CTLA-4 with their
corresponding ligands, enabling the immune system to mount
potent antitumor immune response by reinvigorating T cells
against cancer cells. Consequently, ICIs in clinical care has
delivered meaningful clinical benefit across multiple solid
tumors. Despite the widening approval of ICIs against an ever
growing list of malignancies, the majority of patients do not
derive benefit or develop early resistance (3). Patients identified
as likely to respond from ICIs include those with tumors
harboring a T-cell inflamed phenotype in the TME, suggesting
immunosuppressive mechanisms that contribute to ICI failure
(4-6). Therefore, novel strategies capable of converting
immunosuppressive TME to inflamed tumors may augur a
paradigm shift in cancer immunotherapy.

Specific clinical focus has increasingly centered on the metabolic
mechanisms of tumor-associated immunosuppression exerted by
the tryptophan-kynurenine-aryl hydrocarbon receptor (Trp-Kyn-
AhR) pathway in the TME (7). The Trp catabolism is
physiologically regulated by indoleamine 2,3-dioxygenase 1
(IDO1), IDO2, and tryptophan 2,3-dioxygenase (TDO2)
producing Trp catabolites that can serve as AhR agonists. Pivotal
fundamental studies has demonstrated that Kyn is a mainstay
signaling molecule that can convey the immunosuppressive effects
of IDO1 and TDO2 (8). In preclinical models, enhanced activity of
the kynurenine pathway (KP) has been correlated to failing of
antitumor immunity and tumor progression which more likely
relies on AhR activation (9-13). Recently, the characterization of
AhR has revealed several mechanisms by which it engenders a
tolerogenic immune milieu (14). Therefore, Trp catabolism pathway
is considered as a critical step in tumor cell evasion of both innate
and adaptative immune systems (15, 16). Besides, IDO1 has
demonstrated a role in mechanisms of resistance to ICIs (17),
making the combination of an ICI and IDOL1 inhibitor as attractive
strategy. To date, the multiple IDO1 inhibitors tested alone or
combined with ICI in clinical trials have provided disillusioning
results. However, deeper biological and pharmacological insights in
Trp catabolism have brought renewed hopes in the anticancer
immunotherapy era.

In this review, we first summarize the immunomodulatory
role of the Trp-Kyn-AhR pathway. We then provide updated
informations on recent advances in the development of
innovative anticancer immunotherapies targeting the Trp
catabolism and finally discuss upon the current challenges and
future perspectives in the field of immuno-oncology.

IMMUNOMODULATORY ROLE OF THE
TRP CATABOLISM PATHWAY

Trp is an essential amino acid that must be taken from the diet to
support physiological processes, including cell growth and
maintenance (18). It is generally exploited in three main
metabolic routes: production of proteins, incorporation into
serotonin anabolism, and transformation into kynurenine (Kyn).
Three enzymes catalyze the rate-limiting step of the KP that
transforms Trp into a series of biologically active metabolites:
IDO1, IDO2 and TDO2 (Figure 1). Contrary to the uncertain role
and regulation of IDO2, IDO1 and TDO2 are well-characterized
intracellular heme-containing metalloproteins that are responsible
for the degradation of the majority of Trp intake (19).

IDOL1 is an inducible enzyme that is expressed widely in many
tissues, including endothelial cells, as well as immune cells that are
components of the TME, such as dendritic cells (DCs),
macrophages, and myeloid-derived suppressor cells (MDSCs). In
addition to its recognized catalytic function depriving Trp levels,
IDOL1 also acts as an intracellular transducer that initiates a series
of downstream molecular events, including upregulation of its
own expression, activation of the noncanonical nuclear factor kB
(NF-kB) pathway and production of the immunoregulatory
cytokine transforming growth factor-f8 (TGFf) (20, 21). IDO1
recognizes a wide range of indole-containing molecules and is
being upregulated by the interplay of inflammatory cytokines,
including the pivotal immune regulatory Thl cytokine interferon y
(IFN-y) and interleukin-6 (IL-6) (22-24).

By contrast, TDO2 is mainly expressed by hepatocytes and
presumably plays a key role in homeostasis of Trp levels as specific
enzyme for metabolizing Trp to Kyn. TDO2 is regulated by Trp,
cholesterol and prostaglandin E2 (PGE,) (25). As a part of
concerted mechanisms that occur in the TME, a multitude of
cancer cells constitutively express or upregulate IDO1, TDO2, or
both, and coerce stromal and tumor-infiltrating immune cells to
express IDO1, supporting evasion of immunosurveillance (11, 26-
30). To note, additional Trp-derived biogenic amine have been
suggested to be crucial component of immune tolerance (31).

The multifaceted role and function of Trp catabolic pathway in
tumor-associated immunosuppression has been suggested
through various mechanisms (Figure 2). First, Trp depletion
induced by IDO1 in the TME suppress the mammalian target of
rapamycin complex (mTORC) pathway and activates the stress
response kinase general control over nonderepressible 2 (GCN2)
in tumor-infiltrating T cells, leading to their anergy and apoptosis
(32-34). In response to low levels of Trp, the serine/threonine
kinase GCN2 binds uncharged tRNA and its activated kinase
domain phosphorylates eukaryotic initiation factor 2o kinase
(eIF20t), resulting in decreased protein production in tumor-
infiltrating T cells (35). Moreover, IDO1-mediated GCN2
activation inhibits fatty acid production in naive T cells, which
is necessary for T cell proliferation and activity (36). In addition,
activation of GCN2 and inactivation of mMTORC contributes to the
differentiation, activation and maintenance of the suppressive state
of regulatory CD4 T (Tregs) cells that further contribute to tumor-
associated immunosuppression (35, 37). However, recent studies
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FIGURE 1 | The tryptophan catabolic pathway in cancer. (A) Provided by dietary intake, the essential amino acid Trp is catabolized into Kyn through three rate-
limiting enzymes: TDO in the liver and IDO1/IDO2 in peripheral tissues. In tumor, IDO1 transforms Trp to Kyn by cleaving the 2,3-double bond of the indole ring,
producing N-formyl kynurenine (NFK) that becomes rapidly and spontaneously converted into Kyn. The latter catabolite is further converted into downstream active
intermediates, including hydroxykynurenine, anthranilic acid, 3-HAA, quinolinic acid and picolinic acid. The end-products of the pathway are NAD" and others
molecules that fuel cellular metabolism. (B) Depletion of Trp in T cells suppresses activity in the mTORC1 signaling pathway and activates GCN2, inducing T cell
dysfunction and leading to tumor-associated immunosuppression. Increase Kyn level in the TME leads to AhR in multiple tumor-associated immune cells, promoting
immunosuppression functions. 3-HAA, 3-hydroxyanthranililic acid; AhR, aryl hydrocarbon receptor; GCN2, general control over nonderepressible 2; IDO1,
indoleamine 2,3-dioxygenase (IDO1); Kyn, kynurenine; NAD™, nicotinamide adenine dinucleotide; mTORC1, mammalian target of rapamycin complex 1; NFK, N-
formyl kynurenine; TDO, tryptophan 2,3-dioxygenase; TME, tumor microenvironment; Trp, tryptophan.

have questioned the hypothesis by which inhibition of antitumor
immune responses by Trp catabolism is due to local Trp starvation
and consequently GCN2-mediated T cell anergy. In preclinical
mouse melanoma models, GCN2-deficient T cells demonstrated
similar antitumor effect to wild-type T cells against B16 melanoma
cell line, highlighting that immune regulation by GCN2 is
presumably context-dependent (38). Moreover, GCN2 is a
common sensor of amino acid starvation that is not restricted to
Trp (39). Thus, additional studies are warranted to elucidate the
specific role and function of GCN2 in Trp depletion-
associated immunosuppression.

A second postulation has emerged when the Trp catabolite
Kyn and its downstream metabolites have emerged as potent
endogenous ligand of the AhR (11, 14, 40-42). The ligand-

activated transcription factor AhR is an intracellular sensor that
integrates signals from various origin (environment, diet,
microbiome and metabolic) to control complex transcriptional
programs through a ligand-specific, cell-type-specific and
context-specific mechanisms. Upon agonist binding, AhR
translocates from cytosol to the nucleus and interacts with the
AhR nuclear translocator (ARNT). This AhR-ARNT complex is
recruited to target genes harboring AhR-responsive elements
[known as xenobiotic response elements (XREs)] in their
regulatory regions, leading to gene transcription (43). The
AhR-ARNT complex is negatively regulated by the AhR
repressor (AhRR), which competes with AhR for its interaction
with ARNT, thus limiting AhR-driven gene expression (44).
Additionally, AhR also controls the expression of genes through
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FIGURE 2 | Immunological effects of kynurenine and tryptophan metabolites in cancer. Effects of Trp depletion and Kyn augmentation on CD8 T cells, regulatory T
cells, myeloid cells (MDSC, M2, DC) and tumor cells. DC, dendritic cell; Kyn, kynurenine; IL-6, interleukin 6; MDSC, myeloid-derived suppressor cell; M2, type 2

non-XRE DNA-responsive elements by interacting with other
transcription factors, such as estrogen receptor (ESR) or
Kriippel-like factor 6 (KLF6) (43). Moreover, AhR has been
described to possess an E3 ubiquitin ligase function that targets
various transcription factor, promoting the proteasomal
degradation of target proteins. Of note, this dual functions of
AhR is modulated by ARNT levels, implying a context-specific
activity (45). In addition, AhR has been reported to regulate the
activation of other transcription factor, such as NF-kB and signal
transducer and activator of transcription (STAT), through direct
and indirect pathways (46, 47). Furthermore, AhR has been
shown to modulate epigenetic mechanisms, suggesting wider
effects on genome (43). Finally, ligand-activated AhR triggers
protein phosphorylation driven by SRC upon its release from
AhR chaperone complex, including IDO1 (13). Collectively,
these observations extend the set of signaling pathways
controlled by AhR that modulates biological processes,
including the development of neoplastic conditions. Dozens of
endogenous AhR agonists have been identified and mainly
originate from the diet, enzymatic activities in the commensal
flora and host metabolism (Table 1). These different AhR ligands
confer specificity for pathways and promoters, and hence
complicate relevant translational research. While over 90% of
dietary Trp is metabolized along the Kyn pathway, a recent study
reveals that Kyn derivatives, identified as trace-extended
aromatic condensation products (TEACOPS), activated AhR
with higher affinity than their precursors (48). However,
multiple interactions exist between the gut microbiome and
host metabolism that provide multiple AhR agonists, thus
requiring deeper understandings to decipher specific
programmes controlled by AhR.

Numerous researches have revealed a central and complex
function of AhR in inducing tolerogenic immunity (14, 43).
Indeed, AhR regulates the functions of multiple cells of innate as
well as adaptative immune system within a specific context,
including natural killer (NK) cells, DCs, macrophages, innate
lymphoid cells (ILCs), Tregs, type 17 helper (Th17) cells and
Th22 cells. Moreover, AhR activation by Kyn has revealed to
promote upregulation of PD-1 expression in CD8 effector T cells
and to favor the differentiation of Tregs cells, thereby contributing to
the generation of an immunosuppressive milieu (42, 49-51). Kyn-
mediated AhR activation also upregulates the expression of genes
encoding IL-6 in cancer cells and macrophages, a proinflammatory
cytokine (24, 47). The immunosuppressive PGE2 and the IL-6
promote the activity of both TDO2 and IDO1, respectively, which
enhance signaling by downstream Kyn and AhR. In the TME, AhR
suppresses the immunogenicity of DCs and promote the production
of IL-10 by NKs, a potent anti-inflammatory cytokine (41, 52, 53).
In tumor-associated macrophages (TAMs), activation of AhR by
Kyn contributes to a immunosuppressive phenotype by modulating
the expression of tolerogenic molecules such as the ectonucleotidase
CD39 (54). The action of AhR in NK cells also promotes the
production of IFN-y, which in turn can upregulate IDO1 expression
(52). The interaction of AhR with c-Maf, a transcription factor,
furthers the proliferation of Tregs, another major source of IL-10
(55). IL-10 contributes to the development and maintenance of
Tregs, which impedes the antitumor function of cytotoxic CD8 T
cells (CTLs) (56). IL-10 also promotes the differentiation of
tolerogenic DCs (tDCs), tumor-associated macrophages (TAMs),
and MDSCs, which invade the TME to promote neovascularization
and tumor immune escape (57, 58). Furthermore, the DCs-
mediated production of type I IFN potently induces IDO1, which
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TABLE 1 | Endogenous AhR ligands, pathways and immune response.

Ligand Origin Activity Consequence
Tryptophan-derived metabolites
Kyn IDO1, IDO2 and TDO TAM Upregulation of IL-6
Teff Upregulation of PD-1
Treg Differenciation
Production of IL-10
Tumor cells Upregulation of IL-6
NK Production of IL-10 and IFN-g
DC Expression of CD39 and IDO1
ILC -
Th17 Production of IL-17 and IL-22
Th22 -
ITE Tryptophan and cysteine  Naive T cell Differenciation into Treg
Indole-3-aldehyde, indole-3-acetid acid, indole-3-acetaldehyde, tryptamine, 3-  Microbiota metabolic - -
methylindole product
FICZ Ultraviolet B Naive T cell Generation and differenciation into
Thi7
NK Production of IFN-g

Dietary-derived metabolites

Indole-3-acetonitrile, indole-3-carbinole, 3,3'-diindolyimethane, indolo (3,4)
bicarbazole

Other metabolites

Bilirubin, biliverdin

PGE2, PGG2, leukotriene B4

Antitumor effect

Cruciferous vegetables - -

Haem metabolism - -
Arachidonic acid - -

derivatives

DC, dentritic cell; FICZ, 6-formylindolo[3,2-bjcarbazole; IDO, indoleamine 2,3-dioxygenase; IL, interleukine; ILC, innate lymphoid cell; INF-g, interferon gamma; IRF, interferon regulatory
factor; ITE, 2-(1’H-indole-3’-carbonyl)-thiazole-4-carboxylic acid methyl ester; Kyn , kynurenine; NK, natural killer cell; PD-1, programmed cell death protein 1; PGE2, prostaglandin E2;
PGG2, prostaglandin G2; TAM, tumor-associated macrophage; TDO, tryptophan 2,3-dioxygenase; Teff, effector T cell; Th, helper T cell; TiPARP, 2,3,7,8-tetrachlorodibenzodioxin

(TCCD)-inducible poly(ADP-ribose) polymerase; Treg, regulatory T cell.

serves as an autonomous feedback control of type I IFN, thus
antagonizing its antitumor activities (59). Similarly, type I IFN
responses are also negatively regulated by AhR activation, which
upregulates the expression of the 2,3,7,8-tetrachlorodibenzodioxin
(TCCD)-inducible poly(ADP-ribose) polymerase (TiPARP),
leading to inactivation of interferon regulatory factors (IRFs). As a
result, the interferon-B (IFN- ) response that is necessary for
antitumor immune response, is impaired (60). In addition to the
formation of Kyn-related ligands, AhR is also modulated by various
endogenous AhR agonists, including 6-formylindolo[3,2-b]
carbazole (FICZ) and 2-(1’'H-indole-3’-carbonyl)-thiazole-4-
carboxylic acid methyl ester (ITE). In vitro, treatment of naive T
lymphocyte with FICZ, a high-affinity AhR ligand, favored its
differentiation into inflammatory Th17 cells, thus increasing the
severity of experimental autoimmune encephalomyelitis in mice
(61). In contrast, using the same experimental design, treatment
with TCDD favored the induction of Tregs (60). Similarly, in vivo
ITE-mediated activation of AhR promotes elevation of circulating
and intrasplenic Treg of mice, thus highlighting a ligand-dependent
properties of AhR on CD4+ T cell fate (60, 62). Altogether, the
activation of AhR by Trp-derivative ligands mitigates the innate and
adaptative immune responses to lend further support to
tumor growth.

Besides the immunomodulatory effects of ligand-activated
AhR that jeopardize the tumoricidal immunity, a contrarian
view suggests that AhR activation may also drive an antitumor
immune response (63). In vitro and mouse model of AhR-
expressing NK cells demonstrated enhanced IFN-y production

and cytolytic activity when treated with FICZ. In addition, the
activation of AhR by FICZ in NK cells impeded the growth of
tumor cells in a wild-type immunocompetent mice model of
lymphoma and T-cell deficient mice model of melanoma (64).
Similarly, treatment of human NK cells with FICZ combined
with IL-2 increased degranulation and cytotoxicity (65). In
myeloid cells, ligand-activated AhR turned the polarization of
monocyte differentiation toward monocyte-derived DCs over
monocyte-derived macrophages, thus promoting the
production of IL-23 and the development of Th17 cells (66).
These opposite networks suggest that immune responses induced
by AhR depends on the context and the ligand, thus requiring
further investigations. Taken together, these preclinical results
unveil complex signaling pathways between the Trp catabolic
enzymes IDOland TDO2, the Kyn and the ligand-operated
transcription factor AhR, which is dysregulated by cancer cells
to highjack antitumor immunity and develop resistance to
anticancer therapies, particularly in the immunotherapy era.

It is of note that Trp-Kyn-AhR pathway correlates with
additional immune checkpoints, such as PD-L1 and CTLA-4,
supporting the concept of their combined targeting for synergistic
antitumor effect (67). In addition, both pathways are induced by
IFN-y in the TME, suggesting a strong association. In response to
nonself antigens, such as tumor-associated antigen, the type II
interferon — IFN-y - is secreted by CTLs, which directly promote
their antitumor effect. Conversely, IFN-y also induces the expression
of IDO1 and PD-L1, thus attenuating the cytotoxicity of CTLs (68).
Previous findings further demonstrated an interplay between IDO1
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with both CTLA-4 and PD1/PD-L1 through complex pathways. In
mouse model, Tregs induced the expression of IDO1 and Trp
catabolism in DCs through a CTLA-4-dependent mechanism (69).
Moreover, tolerogenic IDO1-positive DCs are induced by PD-1-
expressing mast cells that further stimulates Tregs (70). In addition,
PD-1 signaling acted to stabilize IDO1-activated Treg in tumors and
prevented them from transforming into inflammatory cells (71). In
addition, the expression of IDO1 in the tumor microenvironnement
of ovarian cancer promoted PD-1 expression in T cells via AhR
activation (72). Moreover, the interaction of Kyn with AhR has been
shown to stimulate PD-1 expression by CD8 T cells in the TME,
which could potentially be reinvigorated by anti-PD-1/PD-L1 drugs
(49). Similarly, cancer cells simultaneously activate several
immunosuppressive pathways. Indeed, the combination of IDO1
inhibitor with CTLA-4 and PD-1/L1 antibodies demonstrated
synergistic antitumor activity in glioma and melanoma mice
models (17, 73, 74). In mouse model of melanoma, cancer cells
develops resistance to anti-CTLA4 therapy by the upregulation of
IDO1, and CTLA-4 antibody strongly synergized with IDO1
inhibitors to mediate elimination of IDO1-positive and negative
immunogenic tumors in a T cell dependent manner, underlining
the importance of the inhibitory role of both tumor- and host-
associated IDO1 (73). Moreover, tumor-associated IDOI gene
expression strongly correlated with the expression of PD-1, and
with increasing level of IFN-y-responsive gene expression from
non-T cell-inflamed to highly T cell-inflamed tumors across
multiple human solid tumors from The Cancer Genome Atlas
(TCGA) (75). To note, expression of IDO2, TDO, KYNU, AHR, and
GCN2 did not correlate with PD-1I expression or demonstrate [FN-y
responsiveness on a transcriptional level (75). Mounting evidence
illuminates IDO1 as a pivotal player that bridges inflammation,
vascularization and immune escape, and drives the failure of ICI
(73, 76). In clinical care, several IDOI1 inhibitors have
predominantly been evaluated in combination with other
therapies, such as ICI, but providing disappointing results.
Multiple approaches are ongoing to target the IDOI1/
TDO2-Kyn-AhR signaling circuitry, notably in combination
with immunotherapy.

CLINICAL DEVELOPMENT OF IDO1
INHIBITORS AND TRP-KYN-AhR
PATHWAY MODULATORS

Within the TME, IDOL1 is broadly expressed in multiple human
cancers in tumor, vascular, stromal and immune cells. Moreover,
IDOL1 expression tends to be associated with poorer prognosis
(29, 77, 78). Given the critical biological importance of IDO1 in
antitumor immunity, IDO1 and its surrounding pathways have
been considered as an attractive target. Besides amount number
of selective IDO1 inhibitors reported, multiple biochemical
modalities have been developed to inhibit the Trp-Kyn-AhR
pathway, aiming at regulate mediators of antitumor immunity.
Thus, combination with ICI has held great promises, aiming to
improve efficacy or to overcome resistance to ICI. To date, IDO1
inhibitors have predominantly been tested in clinical trials alone

as well as combined with other treatment modalities, such as ICIs
(Table 2). Additional pharmacological candidates have entered
in clinical development and focus on targeting downstream of
IDO1/TDO2. We will outline three different strategies that tackle
the IDO1/TDO2-Kyn-AhR signaling circuitry in cancer
treatment: (i) pharmacological inhibition of IDO1/TDO2 by
IDOL1 inhibitors, (ii), systemic depletion of Kyn by engineered
kynureninase, and (iii) blockade of AhR activation by synthetic
AhR modulators (Table 3).

Clinical Development of IDO1 Inhibitors
Since the first report of indoximod as an IDO1 pathway
antagonist, multiple other IDO1 inhibitors have been
generated to inhibit the ligation of Kyn with AhR. Except
indoximod, selective IDO1 inhibitors enzyme aim to have
higher affinity for IDO1 than Trp or to compete the catalytic
site of IDO1. Most of these molecules were evaluated in a
combinatorial approach with ICI (Table 2).

Epacadostat (INCB24360) is an orally available IDO1-selective
inhibitor that is still under active investigation in clinic. Competing
with Trp for binding to the catalytic domain of IDOI, epacadostat
demonstrated weak inhibitory activities against Kyn synthesis in a
human enzymatic and blood assays of IDO1, with essentially no
activity against TDO2 (79). Inhibition of IDO1 catalytic activity by
epacadostat prevented Treg proliferation induced by DCs
stimulated with IFN-y that induced IDO1 expression. In in vitro
tumor cell lysis assays, T cells stimulation with epacadostat-treated
DCs produced significantly more IFN-y and demonstrated greater
potency (80). Moreover, epacadostat promoted the growth of NK
cells and effector T cells, reduced conversion of naive T cells to
Tregs, and increased the quantity of DCs in co-cultures of human
allogeneic lymphocytes with DCs or tumor cells (26). In
immunocompetent mice syngeneic models of pancreatic and
colorectal cancers, epacadostat was found to inhibit tumor
growth. This antitumor efficacy was abolished in immunodeficient
mice, supporting an immune-mediated antitumor response (81).
The combination of epacadostat with anti-PD-1 antibody
significantly improved survival of C57BL/6 mice implanted
intracranially with murine GL261 glioblastoma, suggesting a
potential synergistic effect of the combinatorial treatment (82). In
the first-in-human phase I clinical trial conducted in patient with
cancer receiving epacadostat, Kyn concentration in plasma
indicated 80-90% inhibition of IDO activity at dose levels at or
above 100mg twice daily. Although plasma Kyn was decreased at all
dose levels, no changes in plasma proteins related to immunity or
inflammation could be detected. To note, no objective response was
observed in advanced cancer patients when dosed as monotherapy,
potentially suggesting insufficient dosing (83). This lack of activity
was evidenced in two phase II studies in patients with
myelodysplastic syndrome or advanced ovarian cancer, leading to
the development of IDOLI inhibitors combined with conventional
anticancer medications (84, 85). Owing to the strong rational to
combine an IDOL1 inhibitor with ICI, ipilimumab (anti-CTLA4
antibody), nivolumab (anti-PD-1 antibody), or pembrolizumab
(anti-PD-1 antibody) have been evaluated in combination with
epacadostat for the treatment of melanoma, non-small cell lung
cancer (NSCLC), colorectal cancer (CRC), head and neck squamous
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TABLE 2 | Clinical trials of IDO1 inhibitors.

Mechanism Drug Target Design

Immunotherapy Phase

Cancer type

Patients

Intervention

Results Study identi-

fier

IDO1 Epacadostat
inhibitors (INCB024360)

Potent and
selective
competitive
IDO1
inhibitor

Monotherapy -

Combination Pembrolizumab
with

immunotherapy

/11

Advanced solid malignancies

Myelodysplastic syndromes

Advanced epithelial ovarian, primary
peritoneal, or fallopian tube cancer

Advanced solid malignancies (DLBCL,
NSCLC, TNBC, HNSCC, UC, RCC, ovarian
cancer, endometrial adenocarcinoma, MSI-
high CRC, gastric cancer, HCC)

Unresectable or metastatic melanoma

52

22

244

706

Dose escalation (560mg
QD or 50, 100, 300,
400, 500, 600, 700mg
BID)

600mg BID for 16 wk
600mg BID (vs.

Tamoxifen 20mg BID)

100mg BID (vs.
Pembrolizumab 200mg
Q3W)

100mg BID +

- Normalization of NCT01195311
Kyn levels at
doses >
100mg
- No ORR, 7 SD
(13.5%)
- No hematological NCT01822691
improvement, 12
SD (80%)
- No efficacy NCT01685255
difference
(mPFS 3.75
vs. 5.56
months, P =
0.54)
- Acceptable ECHO-202/
safety profile KEYNOTE-037
- ORR 35%, DCR (NCT02178722)
60% in
NSCLC cohort
- ORR 34%, DCR
62% in
HNSCC
cohort
- ORR 8%, DCR
35% in ovarian
cohort
- ORR 47%, DCR
58% in RCC
cohort
- ORR 10%, DCR
36% in TNBC
cohort
- ORR 35%, DCR
57% in UC
cohort
- No PFS ECHO-301/

Pembrolizumab 200mg difference KEYNOTE-252
QBW (vs. Placebo + (MPFS 4.7 vs.  (NCT02752074)
Pembrolizumab 200mg 4.9 months,
Q3W) HR 1.00, P =
0.52)
- No OS difference
(MOS NR, HR
1.13,P=0381)
(Continued)
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TABLE 2 | Continued

Mechanism Drug Target Design Immunotherapy Phase Cancer type Patients Intervention Results Study identi-
fier
[ Advanced or metastatic HNSCC previously - 300mg BID + Study withdrawn NCT03238638
treated with a PD-1/PD-L1 inhibitor Pembrolizumab 200mg
Q3W
Advanced solid malignancies 6 25 or 100mg BID + - Acceptable KEYNOTE-434
Pembrolizumab 200mg safety profile (NCT02862457)
Q3w - 13.3% of grade
3/4 TRAEs
Nivolumab I/l Advanced solid malignancies (NSCLC, 241 100 or 300mg BID (vs. - Acceptable ECHO-204/
melanoma, ovarian cancer, CRC, HNSCC, Nivolumab 240mg Q2W) safety profile JEYNOTE-037
BCNHL, glioblastoma) - DCR 70% in (NCT02327078)
HNSCC
cohort
(300mg)
- ORR 75%, DCR
100% in
melanoma
cohort
(100mg)

- ORR 18%, DCR
36% in ovarian

cohort
(300mg)
- ORR 4%, DCR
24% in CRC
cohort
(100mg)
Atezolizumab Previously treated stage IlIB or IV NSCLC 29 25mg BID + Study terminated ~ ECHO-110
and previsouly treated stage IV UC Atezolizumab 1200mg (halted (NCT02298153)
Q3W prematurely)
Ipilimumab I/ Unresectable or metastatic melanoma 50 Dose escalation + - ORR 26% NCT01604889
Ipilimumab 3mg/kg Q3W . DLT with > 100
mg BID
- IDO1 inhibition at
> 25 mg BID
MELITAC 12.1 I Stage lIB-IV melanoma 11 300mg BID + MELITAC - PR 9%, SD 27% NCT01961115
multipeptide 12.1 D21, 28, 35, 56, - 91% of Kyn/Trp
vaccine 77,98 ratios

normalization
- Enhanced CD8 T

cell infiltrtion
CRS-207 I/l Platinum resistant ovarian, fallopian or 35 100mg BID + CRS-207  Study terminated =~ SEASCAPE
peritoneal cancer Q3W (halted (NCT02575807)
prematurely)
Non Monotherapy - IA~ Advanced solid malignancies 22 Dose escalation (50 to - Acceptable NCT02048709
competitive 1000mg BID) safety profile

(Continued)
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TABLE 2 | Continued

Mechanism Drug Target Design Immunotherapy Phase Cancer type Patients Intervention Results Study identi-
fier
Navoximod IDO1 - Decreased
(NLG-919 or inhibitor plasma Kyn
GDC-0919) Combination Atezolizumab Advanced solid malignancies 157 Dose escalation (50 to - PR 9%, ORR NCT02471846
with 1000mg) + Atezolizumab 10%, SD 24%
immunotherapy 1200mg Q3W - Decreased
plasma Kyn
with increasing
doses
Linrodostat Potent and Combination Nivolumab or I/IA Advanced solid malignancies 907 100mg QD + Nivolumab - Acceptable  NCT02658890
(BMS-986205 or  selective with Nivolumab + 240mg Q2W alone or safety profile
F001287) competitive  immunotherapy  Ipilimumab with Ipilimumalb - ORR 37%, DCR
IDO1 56% in UC
inhibitor cohort
PF-06840003 Potent and Monotherapy Malignant gliomas 17 Dose escalation (125, Study terminated ~ NCT02764151
selective 250mg QD or 250, 500  (halted
IDO1 BID) prematurely)
inhibitor
LY3381916 Potentand ~ Combination LY3300054 (anti- Advanced solid malignancies 18 240mg QD + - Best response: NCT03343613
selective with PD-L1) LY3300054 700mg Q2W SD
IDO1 immunotherapy
inhibitor
Indoximod (1- Non Combination Pembrolizumab Il Advanced melanoma 131 1200mg BID + - Acceptable  NCT02073123
methyl-D- competitive  with or nivolumab or investigator's choice safety profile
tryptophan or D-  IDO1 immunotherapy pembrolizumab immunotherapy - ORR 51%, DCR
1MT or NLG- inhibitor 70%
8189) - mPFS 124
months

- PD-L1 positive
patients: ORR
70%

BCNHL, B-cell non-Hodgkin lymphoma; BID, twice a day; CR, complete response; CRC, colorectal cancer; D, day; D-1-MT, 1-methyl-D-tryptophan; DCR, disease control rate (CR+PR+SD); DLBCL, diffuse large B-cell lymphoma; E,
epacadostat; HCC, hepatocellular carcinoma; HNSCC, head and neck squamous-cell carcinoma; Kyn, kynurenine; mPFS, median progression-free survival; MSI-high, microsatellite instability; NCT, national clinical trial (https://www.
clinicaltrials.gov); NR, not reached; NSCLC, non-small cell lung carcinoma; ORR, objective response rate (CR+PR); PD-L1, programmed cell death ligand 1; PR, partial response; Q2W, every 2 weeks; Q3W, every 3 weeks, QD, once a day;
RCC, renal-cell carcinoma; SD, stable disease, TNBC, triple negative breast cancer; TRAE, treatment-related adverse event; Trp, tryptophan; UC, urothelial carcinoma.
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TABLE 3 | Ongoing clinical trials of Trp metabolism-targeting therapies in combination with immunotherapy.

Mechanism Drug Target Immunotherapy Phase Cancer type Patients Intervention Status Study identi- NB
fier
Primary endpoint
IDO1 Epacadostat ~ Selective Pembrolizumab Il First-line 129 Epacadostat + Pembrolizumab (vs. Active, not ECHO-302/ Objective Response Rate (ORR)
inhibitors (INCB024360) competitive treatment for Sunitinib or Pazopanib) recruiting ~ KEYNOTE-679  of Pembrolizumab + Epacadostat
IDO1 mRCC (NCT03260894) Versus Standard of Care (SOC)
inhibitor [ Time Frame: Minimum up to 6
months ]
Il First-line 89 Epacadostat + Pembrolizumab (vs. Active, not ECHO-304/
treatment for Pembrolizumab or chemotherapy) recruiting ~ KEYNOTE-669
HNSCC (NCT03358472)
Il Unresectable or 3 Epacadostat + Pembrolizumab Completed NCT03196232  Progression-free Survival (PFS)
metastatic GEJ [ Time Frame: 6 months ]
and gastric
adenocarcinoma
Il Metastatic 44 Epacadostat + Pembrolizumab + CRS-207 Recruiting NCT03006302 GVAX: GM-CSF gene-transfected
pancreatic +/- Cyclophosphamide + GVAX tumor cell vaccine
cancer
1/ Advanced or 70 Epacadostat + Pembrolizumab + Completed ECHO-207/ Phase 2: Objective Response
metastatic solid Chemotherapy (among 7 regimens) KEYNOTE-723 Rate (ORR) [ Time Frame: Up to
malignancies (NCT03085914) Week 18 ]
Il Thymic 45 Epacadostat + Pembrolizumab Active, not NCT02364076
carcinoma recruiting
Il Sarcoma 30 Epacadostat + Pembrolizumab Active, not NCT03414229
recruiting
Il Unresectable 14 Epacadostat + Pembrolizumab + Active, not NCT03823131
HNSCC Tavokinogene Telseplasmid with recruiting
electroporation
Durvalumab I/ Advanced solid 176 Epacadostat + Durvalumab Completed ECHO-203 Phase 2: Objective Response
malignancies (NCT02318277) Rate (ORR) as Determined by
(pancreas, Radiographic Disease
melanoma, Assessments Per Modified
NSCLC, Response Evaluation Criteria in
HNSCC) Solid Tumors (RECIST) v1.1
[ Time Frame: Measured every 8
weeks for duration of study
treatment [approximately 12
months] |
Retifanlimab | Unresectable or 100 Epacadostat + Retifanlimab Active, not POD1UM-102  DEC-205/NY-ESO-1 fusion
(INCMGA00012) metastatic solid recruiting  (NCT03589651) protein CDX-1401 and poly ICLC
tumors (immunostimulant TLR3-agonist)
Il Advanced or 220 Epacadostat + Retifanlimab Recruitng  POD1UM-204
metastatic (NCT04463771)
endometrial
cancer
I/ Locally 60 Epacadostat + Retifanlimab + SV-BR-1- Recruiting  NCT03328026
reccurent or GM
metastatic

breast cancer

(Continued)
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TABLE 3 | Continued

Mechanism Drug Target Immunotherapy Phase Cancertype Patients Intervention Status Study identi- NB
fier
Primary endpoint
Il Neoadjuvant 45 Epacadostat + Retifanlimab Recruiting  NCT03532295
Il urothelial 55 Retifanlimab + Bevacizumab + Not yet OPTIMUS
carcinoma Radiotherapy +/- Epacadostat recruiting  (NCT04586244)
Recurrent
gliomas
CDX-1401 + /b Ovarian, 40 Epacadostat + CDX-1401 + TLR3 agonist ~ Active, not NCT02166905
TLR3 agonist fallopian tube or (poly ICLC) recruiting
primary
peritoneal
cancer in
remission
Bispecific PD-L1/ il Advanced solid 113 Epacadostat + bispecific PD-L1/TGFB Ab  Recruiting  QUEST1
TGFB Ab + IL15 malignancies + IL15 agonist + BN-Brachyury vaccine (NCT03493945)
agonist + BN-
Brachyury
vaccine
Linrodostat Potent and  Nivolumab I/ Advanced or 12 Linrodostat + Nivolumab Active, not NCT03792750
(BMS-986205  selective metastatic solid recruiting
or FO01287)  competitive malignancies
IDO1 Il Stage II-IV Linrodostat + Nivolumab Recruiting  NCT03854032
inhibitor HNSCC
Il Recurrent or 50 Linrodostat + Nivolumab Recruiting  NCT04106414
persistent
endometrial
carcinoma or
endometrial
carcinosarcoma
I/lla Advanced or 516 Linrodostat + Nivolumab +/- Ipilimumab Recruiting  NCT02658890
metastatic solid
malignancies
il Advanced or 230 Linrodostat + Nivolumab +/- Ipilimumab or ~ Recruitng  NCT03459222
metastatic solid Relatlimab
malignancies
Il Muscle invasive 1200  Chemotherapy +/- Linrodostat +/- Recruiting  NCT03661320
bladder cancer Nivolumab
| Newly 30 Linrodostat + Nivolumab + Radiotherapy Recruiting  NCT04047706
diagnosed +/- Temozolomide
glioblastoma
I Advanced 200 Linrodostat + Nivolumab Recruiting  FRACTION-
mRCC RCC
(NCT02996110)
| Advanced or 50 Linrodostat + Nivolumab Recruiting  ADVISE
metastatic solid (NCT03335540)
malignancies
Il BCG- 69 Linrodostat + Nivolumab +/- BCG therapy  Active, not
unresponsive recruiting

(Continued)
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TABLE 3 | Continued

Mechanism Drug Target Immunotherapy Phase Cancertype Patients Intervention Status Study identi- NB
fier
Primary endpoint
non-muscle CheckMate
invasive bladder uUT
cancer (NCT03519256)
KHK2455 Long acting  Avelumab | Locally 50 KHK2455 + Avelumab Recruiting  NCT03915405
and advanced or
selective metastatic
IDO1 urothelial
inhibitor carcinoma
Navoximod Non - - - - - - -
(NLG-919 or  competitive
GDC-0919) IDO1
inhibitor
Indoximod Competitive - - - - - - -
(1MT or NLG- IDO1
8189) inhibitor (Trp
mimetic)
MK-7162 Selective - - - - - - -
IDO1
inhibitor
LY3381916 Selective - - - - - - -
and potent
IDO1
inhibitor
PF-06840003 Selective - - - - - - -
IDO1
inhibitor
Recombinant - - - - - - - - -
kynureninases
AhR BAY2416964 AhR Pembrolizumab | Advanced or 78 BAY2416964 + Pembrolizumab Not yet NCT04999202
modulators inhibitor metastatic solid recruiting
malignancies
IK-175 AhR Nivolumab | Advanced or 93 IK-175 +/- Nivolumab Recruiting  NCT04200963
inhibitor metastatic solid
malignancies
Others |0-102 Single PD-  Pembrolizumab il First-line 108 10-102 + Pembrolizumab +/- Active, not NCT03562871
L1/1DO treatment for Chemotherapy (Carboplatin-Pemetrexed) recruiting
peptide NSCLC
vaccine Nivolumab I/ Nalive and anti- 50 10-102 + Nivolumab Recruiting  NCT03047928
PD-1/PD-L1
refractory
metastatic
melanoma
SHR9146 Dual IDO/ Camrelizumab | Advanced or 200 SHR9146 + Camrelizumab Unknown  NCT03491631
(HTI-1090 TDO metastatic solid
inhibitor malignancies

1MT, 1-methyl-D-tryptophan; Ab, antibody; GEJ, gastroesophageal junction; ICI, immune-checkpoint inhibitors; IDO, indoleamine 2-3-dioxygenase; IL, interleukin; HNSCC, head and neck squamous cell carcinoma; mRCC, metastatic renal
cell carcinoma; NSCLC, non-small cell lung cancer; PD-1, programmed cell death protein 1; PD-L1, PD-1 ligand; TLR3, toll-like receptor 3; Trp, tryptophan.
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cell carcinoma (HNSCC) and renal-cell carcinoma (RCC). Despite
the seeming acceptable safety profile and promising preliminary
results from phase I/II trials in various tumor types, the
combination of epacadostat with ICI have displayed unexpected
results in phase III trials. In ECHO-301/KEYNOTE-252,
epacadostat 100mg twice daily combined with pembrolizumab
did not improve PFS compared to pembrolizumab+placebo
(mPFS 4.7 vs. 4.9 months, HR 1.00, P = 0.52) and OS (mOS NR,
HR 1.13, P = 0.81) in patients with unresectable or metastatic
melanoma (86). Multiple explanations have been raised to
understand these discrepancies, including differences between the
treated population, inappropriately low dosing of epacadostat, and
incomplete suppression of intratumor Kyn. No information
regarding the impact of epacadostat on plasma Kyn levels was
reported to date.

Navoximod (NLG-919 or GDC-0919) is an orally bioavailable
noncompetitive IDO1 inhibitor that potently inhibited IDO1-
associated T cell immunosuppression and restored robust T cell
responses in in vitro assay (87). In preclinical syngeneic mouse
melanoma model, combination of navoximod with PD-1/L1
inhibitors generated synergistic antitumor response, where
increased CTL/Tregs ratios, circulating IFN-y levels and activated
TAMs and DCs were noted, arguing for clinical development (88,
89). Contrary to the encouraging results from epacadostat in early
phase trials, no clear evidence of benefit from coadministration of
navoximod (given at 600mg or 1000mg BID) with atezolizumab
(anti-PD-L1 antibody) in patients with advanced solid tumors was
observed (90). Interestingly, although navoximod decreased plasma
Kyn relative to predose levels, no differences in the level of Kyn
suppression were observed between responders and nonresponders.

Linrodostat (BMS-986205 or F001287) is considered as the
most potent IDOI selective inhibitors with no activity against
TDO?2 (91). Linrodostat demonstrated strong activity in in vitro
experiment of coculture of T cells with IDO1-expressing DCs. In
addition to the well-tolerated profile, patients with advanced
solid cancers receiving linrodostat plus nivolumab reported
substantial serum and intratumoral Kyn reduction, supporting
further evaluation in late-stage clinical studies (92). To date,
several ongoing trials evaluate Linrodostat with ICI in different
type of cancers.

PF-06840003 (EOS200271) is another orally bioavailable and
highly selective Trp noncompetitive IDO1 inhibitor that entered
first-in-human early phase trial in patients with recurrent
malignant glioma (93). One advantage of this candidate
compound is its ability to cross the blood-brain barrier that
may enable efficient access to brain metastases. Only limited data
have been reported but preclinical evidence suggested that PF-
06840003 was able to reverse IDO1-mediated T cell anergy in
vitro, and decreased intratumoral Kyn level in mice (94). The
combination of PD-L1 blockade avelumab with PF-06840003
demonstrated inhibition of tumor growth in several syngeneic
mouse tumor models but failed to achieve significant efficacy in
phase I trial. To date, no study is ongoing with PF-06840003,
either alone or in combination with ICI.

In contrast with other IDO1 inhibitors that exert direct
inhibitory activity on IDO1 enzyme, indoximod (1-methyl-D-

tryptophan, D-1MT, or NLG-8189) is a Trp mimetic with
pleiotropic effects on downstream Kyn-AhR pathway signaling.
It relieves IDO1-mediated immunosuppression by at least two
mechanisms: (i) modulation of AhR-dependent transcriptional
activity and (ii) preventing activation of GCN2 and inhibition of
mTORC1 by delivering an artificial Trp-sufficiency signal (95-
97). Indeed, indoximod enhanced function of tumor-infiltrating
effector and helper T cells by inhibiting Trp depletion-associated
mTORCI suppression, thus opposing and bypassing the effects
of Trp deprivation that lead to GCN2 activation (97). Indoximod
also demonstrated to favor the differentiation of CD4 T cells into
Th17 helper T cells, decrease Tregs, and inhibit expression of
IDO1 in DCs through an AhR-dependent manner (98). Adding
indoximod was shown to safely increase the antitumor activity of
anti-PD-1 in melanoma patients (99). In a single-arm phase II
trial, the combination of indoximod with anti-PD-1 in advanced
melanoma achieved antitumor response (100). Recently, a
prodrug structure of indoximod named NLG-802 has been
shown to heighten the pharmacological exposure of the drug
higher than the current achievable levels, and could potentially
widen the therapeutic window in a subset of patients (101).

In addition to the aforementioned IDO1 inhibitors, some other
small molecules or vaccines have fared clinical development,
including LY3381916, MK-7162, 10102 and KHK2455, alone or
combined with ICI. For example, LY3381916 is a highly selective
and potent inhibitor of IDO1 that was evaluated alone or
combined with a PD-L1 blocker in patients with advanced or
metastatic cancer (102). No clear clinical activity was detected,
thus warranting further studies. Recently, a first-in-class immune-
modulatory vaccine (I0102/I0103) against IDO1 and PD-L1
targeting IDO1 and/or PD-L1-positive immunosuppressive cells
and tumor cells was tested in combination with nivolumab in
patients with naive metastatic melanoma. Among the 30 treated
patients, the overall response rate was 80% with complete
responses in 43% (103). Interestingly, T cell influx of
peripherally expanded T cells into tumor sites was observed in
responding patients, and general enrichment of IDO- and PD-L1-
specific clones after treatment was documented, suggesting a
potential of this immunomodulating approach (103).

In the wake of epacadostat failure in late-stage trials, most of
IDO1 inhibitors have been scaled back in their clinical development,
although randomized studies are still ongoing or planned (Table 3).
Perhaps of most relevance to explain the failure of IDO1-targeting
inhibitors is the question of intratumoral pharmacodynamics.

It is yet unknown whether the limitation of Trp depletion or the
suppression of Kyn acts primary to promote immunosuppression.
Indeed, even very low levels of canonical AhR ligands are able to
promote AhR gene expression, while kynureninase and direct AhR
inhibitors display higher potency than IDO-1 selective inhibitors in
recent preclinical studies (104, 105).

Recombinant Kynureninases

Along the KP, Kyn is produced from Trp by the catabolic activity of
IDO1 and TDO2, and is catabolized by various enzymes into
downstream intracellular metabolites (Figure 1). Physiologically,
kynureninase is an enzyme that synthetize anthranilic acid from
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Kyn, and 3-hydroxyanthranilic acid (3-HAA) from 3-
hydroxykynurenine. In addition, large neural amino acid
transporter are able to capture extracellular Kyn, thus regulating
the cellular content of Trp (15).

One emerging strategy relies on the prevention of Kyn
engagement with AhR. To this end, the development of
recombinant kynureninases aims to enzymatically deplete the
extracellular pool of Kyn to limit its intracellular availability,
thus hampering the Kyn-AhR interaction that promotes tumor-
associated immunosuppression (106-108). Engineered from the
bacsterial kynureninase enzyme, recombinant kynureninase more
effectively transforms Kyn into immunologically inactive
downstream metabolites than does the endogenous
kynureninase. Multiple lines of evidence suggest that enzyme-
mediated Kyn depletion is a promising cancer immunotherapeutic
strategy. In syngeneic mice model of melanoma, depletion of Kyn
in both plasma and tumor by Kyn-degrading enzymes
kynureninase reduced Kyn levels in IDO1, TDO2 and IDO1/
TDO2-expressing cancer cells and augmented effector T cells in
tumor, without impact on Trp levels. Beside its direct tumoricidal
effect in mice bearing CT26 colon carcinoma, kynureninase
treatment induced accumulation of effector CD8 T cells within
the tumor nest, as well as higher level of IFN-y in the TME.
Similarly, unique dose of recombinant kynureninase decreased
Kyn levels and promoted higher levels of CD8 T cells in mice
tumor models, thus modulating the effects of IDO1 and TDO2
within the TME (109). The tumoricidal function of recombinant
kynureninase was annihilated in IDO1 knockout mice and in
Rag”™ mice depleted for CD8 T cells, suggesting its addiction on
IDO1 and functional immune system, respectively. In melanoma,
colon cancer CT26 and breast cancer 4T1 models, combination of
engineered kynureninase with ICI exhibited significant tumor
growth inhibition and survival benefit. The administration of a
pharmacologically optimized kynureninase had substantial
therapeutic effects when combined with approved checkpoint
inhibitors or with a cancer vaccine for the treatment of 4T1
breast carcinoma, melanoma or CT26 colon carcinoma tumors
(109). Moreover, the combination of kynureninase with anti-PD1
was more effective than the latter with epacadostat in colon cancer
mice model. Additional studies are warranted to evaluate the
safety as well as antitumor activity of engineered kynureninase as
single agent or combined with ICI (Table 3).

A pharmacologically optimized human kynureninase is currently
moving toward clinical development for the treatment of cancers
where Trp-Kyn-AhR pathway play a significant immunosuppressive
role through Kyn production, and those independently of both IDO1
and TDO2 overexpression.

Synthetic AhR Modulators

Aggressive malignancies harbor higher expression of AhR, the latter
constitutively translocates to the nucleus, suggesting its role in
tumor progression (110). It is well-established the activation of
AhR in immune cells hinders efficient antitumor immunity via
stimulation of antigen-presenting DCs, tumor-associated
macrophages (TAMs), immunosuppressive Tregs and modulation
of effector CD8 and CD4 T-cell functions (111). Beside hampering
the modulation of Kyn, inhibition of AhR signaling activation with

small-molecule antagonists is an alternative strategy, which seeks to
interfere with the immunosuppression functions regardless of the
origin of Kyn (112). A major challenge to the development of
selective AhR modulators reside in its ligand promiscuity (113).
Although numerous diverse metabolites are potent activator of AhR
signaling, only a subset compounds are used as AhR antagonists,
aiming to understand the immunological roles of AhR (114-116).

Early mouse and human AhR inhibitors have demonstrated
to inhibit nuclear localization of AhR and increased secretion of
IFN-y, TNF-0, and IL-2 in ex vivo assays. In the CT26 colon
carcinoma syngeneic mouse model, AhR blockade with a potent
antagonist as monotherapy enhanced T cell function, decreased
M2-like macrophages infiltration and drove antitumor immune
response in vivo, resulting in the inhibition of tumor formation
(105). Recently, AhR antagonist exhibited anti-tumor efficacy
alone and increased the activity of PD-L1 blockade in various
syngeneic mouse tumor models (117). Numerous AhR inhibitors
have entered in vivo studies. Notably, BAY-218, a selective AhR
blocker, increased therapeutic activity of anti-PD-L1 antibody in
the CT26 colon carcinoma model (118, 119).

Several companies have disclosed the development of AhR
inhibitors in clinic, without biological data in human reported to
date. For example, BAY-218 is currently tested in phase I trial for
therapy of patients with advanced cancer. However, one caveat
resides in the unresolved role of AhR in tumor growth and
metastasis. Indeed, activation of AhR by its ligand demonstrated
to decrease metastatic process and stemness of breast cancer cells
(120-122). Therefore, the antitumor activity of AhR agonist or
antagonist remains to be clarified in clinical setting and whether
these drugs act directly on cancer cells or by modulating
antitumor immunity, thus suggesting synergistic effect when
combined with ICL

CHALLENGES AND PERSPECTIVES

Amount of evidence suggest that IDO1- or TDO2-expressing tumor
cells can escape immunosurveillance via Trp starvation, and AhR is
involved in tumor immune evasion. Therefore, there is a strong
translational rational for joint therapeutically targeting the Trp-
Kyn-AhR axis with immunotherapy. Despite prolonged responses
have been observed for epacadostat in combination with
pembrolizumab, efficacy was globally lacking from multiple
clinical trials evaluating IDO1 inhibition with anti-PD-1/L1-based
ICL These conflicting results were questioned with the recent
description of epacadostat and navoximod as AhR agonists,
casting doubt on the mechanism of action of these
pharmacological compounds (123). While the role of this
unexpected activity is uncertain, it may have had a bearing on the
immune-activating effect of IDO1 inhibition and have counteracted
ICI synergistic action. Therefore, examination of clinical activity of
novel IDOI inhibitors on AhR activity should be made before
entering in clinical development. Much more potent and optimized
IDO1 inhibitors have entered human clinical trials in combination
with immunotherapeutic agents (Table 3). In addition, the
relevance of non-enzymatic immunomodulatory activity of IDO1
has to be addressed in tumors. Indeed, recent findings suggest that
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IDOL1 in tumor cells and non-tumor cells possess different functions
that are non-overlapping, which may have bearing on difference in
targetability with first generation of IDO1 inhibitors primarily
focused on catalytic activity (124, 125). Therefore, novel agents
that both target the enzymatic and signal transduction properties of
IDO1 may offer wider therapeutic effect and leverage antitumor
immune response.

In parallel, alternative mechanisms are being investigated in
order to achieve intratumoral Kyn reduction, aiming to limit the
protumoral and immunomodulatory effects of Kyn. Fostering the
degradation of circulating Kyn by kynureninase represent a novel
approach. In one hand, kynureninase suppress Kyn and prevents
the activation of AhR, thus reinstating antitumor immunity. This
mechanism might be able to block the protumoral function of IDO1
and TDO. A second new concept is AhR antagonists, which could
theoretically inhibit AhR activation by all agonist regardless of their
origin. Kynureninases and AhR antagonists represent cutting edge
immunometabolic compounds that could safely magnify the benefit
of cancer immunotherapy. In comparison to directly targeting
IDO1, further investigations are warranted to evaluate the
potential synergistic effect between these novel strategies with
ICI (126).

Growing evidence supports TDO2 as another Trp catabolic
enzyme involved in immune escape and TDO2 inhibition could be
a new immunomodulatory approach to strike tumor (111, 127).
Nevertheless, TDO2 enzyme conveys different inflammatory
characteristics in spite of common role of in Trp metabolism
(128). These differences could be explained by enzymological
differences as well as variation in locoregional control of Kyn
production or effectiveness of Kyn downstream pathways,
including AhR activation and KP catabolic enzymes. While no
genetic preclinical proof of concept exists to date, there is a
pharmacological rational to evaluate the combination of IDO1
and/or TDO inhibitors in combination with TDO2 antagonists as
next-generation strategies. In this regard, improvement of
pharmacological engineering has led to the development of dual
IDO1/TDO?2 inhibitors that could indiscriminately depletes
intratumoral and systemic Kyn produced by IDO1/TDO?2. In
preclinical cancer models, the IDO1/TDO inhibitor RG70099
demonstrated significant decrease Kyn levels, while reduced
tumor volumes was reported in response to the IDO1/TDO
inhibitor EPL-1410 when evaluated as single agent (129, 130).
The IDO1/TDO dual inhibitors CB548 and CMGO017 elicited a
robust antitumor immune response and dampen tumor
progression when combined with ICI (131). Owing to
encouraging preclinical results, novel compounds from these
different classes approach early phase studies or are already
ongoing, thus opening new insights into targeting Trp catabolism.

There exist an interplay between tumor cells and the host
microbiota that produce AhR agonists from dietary sources.
Recently, the gut microbiome has been identified as a major
actor in regulating cancer initiation, progression as well as
response to ICI (132, 133). The balance between intestinal
immune tolerance and gut microbiota is regulated by Trp and
its IDO1-catalyzed endogenous metabolites. Recent findings have
highlighted that Trp metabolism may modulate microbiota to

regulate the host immune system (134). These profound effects of
gut microbiota on Trp-associated immune homeostasis might be
linked to tumorigenesis and implicated in several cancers as well as
resistance to therapies, such as ICL In this regard, dietary or
environmental exposures have to be considered as editable
variable in population treated by modulators of Trp-Kyn-AhR
axis especially in the light of role of AhR that is able to act as a
xenobiotic sensor responsive to gut microbiome-associated signals
(14). Therefore, understanding these crosstalks between immune
system, tumor progression and gut microbiota is of utmost
importance to adapt immunomodulatory drugs, such as ICI and
drugs targeting the Trp-Kyn-AhR axis.

Finally, the development of cancer immunotherapy still lacking
accurate biomarkers able to predict ICI efficacy. While it is simple to
measure Trp and Kyn levels in vitro, quantification of IDO1
metabolism is more challenging in vivo. Recently, an innovative
positron emission tomography imaging of IDO1 has shown to be an
accurate method to evaluate the therapeutic activity of combined
immunotherapies and tailoring optimal personalized combination
strategies (135). In the wake of evaluation of novel inhibitors of Trp-
Kyn-AhR axis, assessment of pharmacodynamic endpoints should
be considered, such as reduction of circulating or extracellular Kyn
within TME.

While prior studies demonstrated a correlation between Kyn/
Trp level and response to anti-PD-1, one concern relies on the
method used to evaluate the selective IDO1 inhibitor epacadostat,
where no intratumoral Kyn biomarker analysis was performed
(136, 137). However, it has to be proven whether serum Kyn is a
surrogate marker of intratumoral Kyn. In the next generation of
clinical trials, it will be warranted to stratify patients based on
tumor enzyme expression, Trp catabolite levels in the TME or
systemic circulation, and the activation of downstream signaling
pathways, aiming to identify those who are more likely to respond.

CONCLUSION

Cancer immunotherapy has achieved a great accomplishment
with the approval of PD-1/L1 and CTLA-4 inhibitors in the
clinical care of a growing list of cancer types. However, only a
subset of patients derive benefit, underscoring the need to
develop novel strategies to circumvent primary or secondary
resistances. Tumor cells use several biological mechanisms to
mount an immune permissive milieu and escape from the host
antitumor immunity. Activation of the Trp-Kyn-AhR pathway
has been recognized as one of such mechanism. The immune
suppressive effect of this pathway is considered to be mediated by
IDO1/TDO-mediated Trp starvation, Kyn-mediated T cell-
associated adaptative immunity dysfunction and subsequent
activation AhR. Therefore, combining Trp catabolism-targeting
drugs with ICI have brought high expectations in the field
of immunotherapy.

To date, the evaluation of IDO1 inhibitors alone or combined
with ICI in clinical trials have provided disillusioning results,
requiring more comprehensive understandings on the role of
Trp-Kyn-AhR pathway in cancer development and immunology.
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This area remains controversial but highlights the need for
effective and physiologically relevant preclinical studies to best
identify the conditions in which IDO1 inhibitors and modulation
of tryptophan metabolism in the TME may add therapeutic
value. Combinatorial and innovative strategies targeting the Trp-
Kyn-AhR pathway might allow a special opportunity to extend
the therapeutic window of numerous treatments, especially in
the era of immunotherapy.
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