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Abstract

Purpose of Review This review focuses on the recent clinical development of indolamine-2,3-dioxygenase-1 (IDO-1) inhibitors.
Recent Findings IDO-1 alters tryptophan metabolism in a manner enhancing T-regulatory cell activity, but pre-clinical data show
that its role in tumorigenesis is context-dependent on host and tumor interaction, highlighting some challenges in understanding
the molecular oncology of this enzymatic drug target. Because results from phase I/ trials of IDO-1 inhibitor monotherapy have
been disappointing, current clinical trials employ IDO-1 inhibitors in combination strategies with other immunotherapy agents or
with chemotherapy + radiation. Combinations with anti-PD-1/PD-L1 antibodies are already showing promise, and related

strategies are under active evaluation.

Summary While further research is needed to elucidate the precise role of IDO-1 in tumor development, its mechanisms of action
appear sufficiently distinct from other immunotherapy targets to warrant inclusion in combination immunotherapy regimens, an

approach where multiple clinical trials are currently underway.
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Introduction

With increasing recognition of immune evasion as a hallmark
of cancer [1], immunotherapy has emerged as a novel branch
of oncological treatment. More targeted and usually less toxic
than conventional chemotherapy drugs, immunotherapy en-
hances endogenous antitumor activity through one of the sev-
eral modalities, including cytokine therapy, cancer vaccines,
engineered T cell therapy, and immune checkpoint blockade
[2, 3]. In particular, the field has seen substantive progress
with immune checkpoint inhibitors, especially with antibody
therapies targeting programmed cell death protein (PD-1/PD-
L1) and cytotoxic T lymphocyte—associated protein-4
(CTLA-4). Physiologically, immune checkpoints regulate bal-
ance in the immune system to prevent autoimmunity [4].
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Malignant tumors can co-opt this system by modifying
the expression of immune checkpoint receptors and li-
gands, leading to downregulation of anti-tumoral im-
mune responses. Therapeutic blockade of immune
checkpoints can restore host immunity [4], and the
US Food and Drug Administration has approved the
use of PD-1/PD-L1 and CTLA-4 targeted therapies
for the treatment of many cancers including metastatic
melanoma, non-small cell lung carcinoma, renal cell
carcinoma, and squamous cell carcinoma of the head
and neck. However, limited responses [5, 6] and seri-
ous adverse effects [7, 8] call for a need to identify
other immunotherapy options that could be used alone
or in combination with existing treatments.
Indolamine-2,3-dioxygenase 1 (IDO-1), a metalloprotein
enzyme that catalyzes the rate-limiting step of tryptophan me-
tabolism to kynurenine [9], is a checkpoint blockade target
that has undergone considerable investigation due to promis-
ing pre-clinical data [10—12]. IDO-1 oxidizes tryptophan (Trp)
to N-formylkynurenine, which is then converted into catabo-
lites collectively known as kynurenine (Kyn) [13]. The anti-
proliferative activity of IDO-1 was first established by Ozaki
etal. [14], and subsequent work identified its immunosuppres-
sive functions on T lymphocytes [15, 16]. IDO-1 activation

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11912-019-0750-1&domain=pdf
mailto:torsten@mail.ubc.ca

2 Page2of13

Curr Oncol Rep (2019) 21: 2

causes concurrent depletion of co-localized tryptophan and
the production of Kyn and Kyn metabolites, triggering several
pathways that suppress T cell proliferation and promote dif-
ferentiation into regulatory T cells (Tregs). Tryptophan deple-
tion has two key consequences: (1) activation of metabolic
stress-sensing kinase GCN2 to induce T cell antigen-specific
anergy [17], and (2) inhibition of energy sensor kinase
mTORCI1 to downregulate T cell activation kinase PKC-0
activity, with a net consequence of shifting the T cell popula-
tion from effector to regulatory [18]. Tryptophan catabolites
Kyn, 3-hydroxy-Kyn, and kynurenic acid all contribute to
immunosuppression by binding to aryl hydrocarbon receptor
(AhR) [19], which promotes CD4+ T cell differentiation to
Tregs while limiting their differentiation to Th17 cells [20,
21]. A more extensive coverage of the mechanism of action
of IDO-1 has been discussed in detail [9, 22, 23]; this review
will focus on the recent clinical development of IDO-1 inhib-
itors involving various novel combination therapies from a
pre-clinical rationale.

Clinical Rationale

IDO-1 is expressed physiologically in placenta, myeloid cells of
lymphoid organs, and endothelium of the lungs, prostate, and
uterus [24ee]. Its expression is constitutively driven by
cyclooxygenase-2 through the production of prostaglandin E2
[25, 26]. Alternatively, it can be induced by various immune sig-
nals, including type I and II interferon (IFN) [13, 27], pathogen-
and damage-associated molecular patterns (PAMPs and DAMPs)
[9], and transforming growth factor-3 (TGF-{3) [28].

IDO-1 protein expression has been characterized in a vari-
ety of cancers [29], including acute myeloid leukemia [30],
melanoma [12e, 27], and in carcinomas of the thyroid [31],
lung [32, 33], breast [34-36], endometrium [37], esophagus
[38], stomach [39], and colon [40]. IDO-1 can be expressed by
tumor or host cells [24¢¢], the latter largely comprising endo-
thelial and myeloid cells [16, 41]. IDO-1-expressing myeloid
cells are of particular importance in oncogenesis, as they in-
fluence tumor-infiltrating lymphocyte (TIL) activities [42e,
43], which are associated with tumor immunogenicity and
prognosis [44—47]. Tumoral IDO-1 expression in breast
[36], thyroid [31], and esophageal squamous cell cancers
[38] has been associated with greater tumor-infiltrating regu-
latory T cells. IDO-1 expression and activity by myeloid-
derived suppressor cells (MDSCs) correlate with lymph node
metastasis and advanced clinical stage in breast cancer [36].

Numerous recent studies have reported an association be-
tween high IDO-1 expression and worsened clinical out-
comes. Elevated IDO-1 protein expression in tumor cells cor-
relates with poor overall survival in breast cancer [35] and
esophageal squamous cell cancer [38], and poor relapse-free
survival in colorectal cancer [40]. The presence of IDO-1-
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expressing leukemia cells in patients with childhood acute
myeloid leukemia is associated with worse event-free and
overall survival [30]. Elevated serum Kyn concentration
reflecting IDO metabolic activity, correlates with poor overall
survival in lung cancer [48] and shorter disease-specific sur-
vival in cervical cancer [49].

Nonetheless, some groups report contradictory trends with
regard to the clinicopathological correlations of IDO-1 expres-
sion. No association was observed between tumoral IDO-1
expression and patient survival in non-small cell lung cancer
[32]. Increased IDO-positive non-neoplastic cells in primary
diffuse large B cell lymphoma correlates with longer
progression-free survival [50]. Protein expression of IDO-1
in gastric cancer tumor cells has been linked to clinical char-
acteristics of better prognosis, including lower stage, lack of
vascular invasion, and greater differentiation [39].

These conflicting results concerning the prognostic value
of IDO-1 expression may be explained by contextual hetero-
geneity across tumors and tumor microenvironments. A study
by Lemos et al. [42¢] showed that the immunosuppressive role
of IDO-1 on TILs and MDSCs is highly dependent on tumor
antigenicity. IDO-1 activation through STimulator of
INterferon Genes (STING) and IFN-I signaling is promoted
in low-antigenicity tumors, such as native Lewis lung carci-
noma, but not in melanoma or Lewis lung carcinomas with
enhanced antigenicity [42¢]. Furthermore, the effect of tumor
and non-tumor IDO-1 expressions on survival and therapy
response in vivo has been inconsistent. Tumoral IDO-1 ex-
pression correlates with worse median survival in mouse gli-
oma [51], enhanced tumor growth and resistance to immuno-
therapy in a mouse xenograft model of human melanoma
[12¢]. In a glioblastoma model, host IDO-1 activity is neces-
sary for response to immunotherapy [51, 52], and yet in a
melanoma model, host IDO-1 deficiency was optimal for im-
munotherapy [43]. Evidently, the role of IDO-1 in cancer is
context-dependent, and further work is needed to understand
the complexities of this immune checkpoint.

Newer studies have also begun to elucidate mechanisms of
IDO-1 independent from those mediating adaptive immunity.
The tryptophan metabolites Kyn and quinolinic acid can directly
activate (3-catenin signaling and epithelial proliferation in colon
tumorigenesis [53, 54]. Liu et al. [55¢] recently characterized
IDO-1’s role in inducing tumor dormancy of tumor-
repopulating cells through the IDO-Kyn-AhRp27 pathway.
This discovery supports a novel combination therapy strategy,
as the combination of INF-y and IDO inhibitors was effective in
disrupting dormancy in tumor cells and reducing tumor growth
in vitro and in vivo [55¢]. These discoveries suggest that the
potential for wider involvement of IDO-1 in immune-oncology
is worthy of further investigation, and that while its mechanisms
of action can be complex, it is distinct from other immunotherapy
targets, implying that its inhibition could have effects that com-
plement other immunotherapy approaches.
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Other IDO Enzymes

Included in the Trp-catabolic family are two other enzymes,
IDO-2 and TDO (tryptophan 2,3-dioxygenase). While similar
in function, the three enzymes differ in sequence and distribu-
tion. The human IDO-2 protein has 43% amino acid homolo-
gy with human IDO-1, whereas TDO has minimal sequence
homology with IDO-1 or IDO-2 [56, 57]. Although IDO-2 has
been shown to have negligible catalytic activity, its regulatory
activity on IDO-1 through competitive heme-binding may be
of significance [58]. Furthermore, gene silencing of IDO-2 in
murine melanoma models delayed tumor onset and slowed
tumor growth, demonstrating a potential role of IDO-2 in im-
munotherapy [59]. TDO is constitutively expressed in the liv-
er and the brain [22], and has been correlated with reduced
overall survival in glioma patients [19]. Injection of IDO-
competent tumor cells into IDO-deficient mice leads to in-
creased IDO-2 and decreased TDO activity in immunodefi-
cient mice [51]. Therefore, although the focus in immunother-
apy has been largely on IDO-1, these two related Trp enzymes
may also be important in addressing tumor immune evasion.

Current Development

There are numerous IDO-1 inhibitors in clinical development,
including indoximod (D-1-methyl-tryptophan, 1-D-MT, NLG-
8189), epacadostat (INCB024360), BMS-986205, and
navoximod (GDC-0919): pharmaceuticals which are current-
ly in phase I/II trials (Table 1). Newer IDO-1 inhibitors, such
as PF-06840003, NLG802, SHR9146, KHK?2455,

Table 1  Clinical trials of IDO-1 inhibitors as a single agent

LY3381916, and MK-7162 have just begun in clinical evalu-
ation, and may yield promising results in upcoming years. The
pharmacology of various clinical development candidates has
been reviewed extensively [60]; this review will focus on what
is known to date about their clinical effects.

IDO-1 Inhibitor Monotherapy

The in vivo antitumor effects of IDO-1 inhibitors administered
as single agents were first reported by Muller et al. [10] using
the competitive IDO-1 inhibitor indoximod. Since then, sev-
eral in vivo studies have demonstrated inhibition of tumor
growth in melanoma [12¢], breast cancer [61], and colitis-
associated tumorigenesis [54]. The loss of IDO-1-dependent
immunosuppressive activity through IDO-1 inhibitors was
shown through an increase in infiltrating lymphocytes [43],
accompanied by a decrease in the T regulatory cell fraction
[43, 62]. Administration of 1-D-MT in a murine melanoma
reduces intratumoral MDSCs [12¢]. Similarly in an ex vivo
breast cancer model, 1-MT inhibits MDSC activity to result in
reduced upregulation of IL-10 and TGF-beta, and diminished
apoptosis of T-cells [36].

Disappointingly, the pronounced tumor reduction observed
in pre-clinical work was not confirmed in phase I and II trials
of IDO-1 inhibitor monotherapies (Table 1). In a phase I study
using indoximod to treat 48 patients with advanced malignan-
cies (NCT00567931), the best response observed at 6 months
was stable disease (SD) in five patients (melanoma, colon
cancer, sarcoma) [63¢]. No changes in T cell population were
detected by flow cytometry, but in 12 patients there was an
increase in auto-antibody titers after 5 weeks of treatment

Agent Identifier Phase Status

Participants Disease(s)

Indoximod (1-D-MT) NCT00567931 1

NCT00739609 1

Completed

Epacadostat (INCB024360) NCTO01195311 1 Completed
NCT01685255 11 Terminated
NCT01822691 1II Completed

NCT02042430 pilot

GDC-0919 (NLG919)
PF-06840003

NCT02048709 1
NCT02764151 1

Completed

NLG802 NCT03164603 1 Recruiting
SHR9146 (HTI-1090) NCT03208959 1 Recruiting
IDO peptide vaccine NCTO01219348 1 Completed

Terminated (lack of enrollment) 17

Active, not recruiting

Active, not recruiting

52 Unspecified adult solid tumors
Breast cancer, lung cancer, melanoma,
pancreatic cancer, solid tumors
52 Solid tumors and hematologic malignancy
83 Biochemical-recurrent-only epithelial ovarian
cancer, primary peritoneal carcinoma,
or fallopian tube cancer

15 Myelodysplastic syndromes

17 Newly diagnosed epithelial ovarian, fallopian
tube, primary peritoneal cancer

22 Solid tumor

17 Oligodendroglioma, astrocytoma,

malignant glioma

36 Advanced solid tumors
30 Advanced solid tumors
14 Non-small cell lung cancer
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[63¢]. A phase I trial using epacadostat to treat 52 patients with
advanced solid malignancies (NCT01195311) showed a dose-
dependent decrease in plasma Kyn and Kyn/Trp ratio in all
patients [64¢]. While seven patients had SD lasting more than
16 weeks, no objective responses were detected [64¢].
Similarly, in a phase Ia study of navoximod for 22 patients
with solid tumors (NCT02048709), the IDO-1 inhibitor-in-
duced SD in eight patients, but again there were no objective
responses [65¢].

Phase II trials have produced comparable results. In
myelodysplastic syndrome, a phase II study of epacadostat
in 15 patients reported SD in 12 (NCT01822691) but no sig-
nificant clinical activity [66]. When treating epithelial ovarian/
fallopian tube cancers with peritoneal spread in a phase II
study of 22 patients (NCT01685255), no superior efficacy of
epacadostat relative to tamoxifen was demonstrable [67].

As of mid-2018, the majority of clinical trials testing IDO-1
inhibitors as single agents have been completed
(NCT00567931, NCT01195311, NCT01219348,
NCTO01822691, NCT02048709) or terminated
(NCT00739609, NCT01685255). In contradistinction to pre-
clinical in vivo results, no monotherapy trials reported objec-
tive responses. Consequently, pharmaceutical companies have
reprioritized the design of clinical trials to test combination
therapies.

IDO-1 Inhibitors in Combination with Checkpoint
Inhibitors

PD-1/PD-L1

Co-expression of IDO-1 and PD-1/PD-L1, along with pre-
clinical data combining IDO-1 inhibitors with anti-PD-1/PD-
L1 therapies, suggests the presence of a synergistic relation-
ship between these two immune checkpoints. Although one
study reported limited co-expression of PD-L1 and IDO-1 in
non-small cell lung cancer [33], other studies have found high
concordance between tumoral IDO-1 and PD-L1 expression
in melanoma [68] and in breast [34], endometrial, [37] and
non-small cell lung carcinomas [32]. IDO-1 mRNA in breast
tumors also significantly correlates with mRNA expression of
the PD-1 and PD-L1 genes [69]. The same trend was found
during a phase II trial of sarcomas using the anti-PD-L1 anti-
body drug pembrolizumab, in which PD-L1 in immune cells
was positively associated with IDO-1 expression [70].
Coupled with the observation that the Kyn:Trp ratio increases
during pembrolizumab treatment [70], IDO-1 activation could
explain the limited efficacy of PD-1/PD-L1 in clinical use, as
it represents a potential mechanism of resistance. Indeed,
in vivo studies have demonstrated that IDO-1 expression in-
creases with anti-PD-1/PD-L1 treatments [11]. The combina-
tion of 1-D-MT or epacadostat with an anti-PD-1 antibody
enhanced the reduction in tumor volume in a murine
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hepatocellular carcinoma model [71], strengthening the ratio-
nale for combination therapy.

Most clinical trials combining IDO-1 inhibitors with anti-
PD-1/PD-L1 therapies are currently in phase I or II (Table 2).
In a phase Ib dose-escalation trial treating 52 solid tumor
patients with navoximod and the anti-PD-L1 antibody drug
atezolizumab (NCT02471846), four patients developed par-
tial response (PR), and 11 patients had SD [72]. A phase I/Ila
trial using the IDO inhibitor BMS-986205 in combination
with the anti-PD-1 antibody nivolumab (NCT02658890) re-
ported a disease control rate of 48% among 28 patients with
advanced bladder cancer [73]. A phase II trial of indoximod
and pembrolizumab (NCT02073123) reported an overall re-
sponse rate (ORR) of 55.7% among 70 advanced melanoma
patients compared to an ORR of 33% for pembrolizumab
alone [74]. In a phase I/Il 3 + 3 dose-escalation study of
epacadostat plus the anti-PD-L1 antibody durvalumab
(NCT02318277; ECHO-203), four out of 34 patients with
advanced solid tumors achieved SD [75].

The varied responses observed in these clinical trials are
underscored by the ECHO-202/KEYNOTE-037
(NCT02178722) study, which reported very different re-
sponse rates depending on cancer type. This phase I/II study
treating 444 patients with epacadostat and pembrolizumab
found that this combination therapy was effective for
urothelial carcinoma [76], renal cell carcinoma [77], melano-
ma [78], and non-small cell lung cancer [79], with ORRs
ranging from 35 to 58%. Contrastingly, this combination,
when administered to ovarian and triple-negative breast can-
cer, showed ORR comparable to that of pembrolizumab on its
own [80]. Similarly, the phase II ECHO-204 study
(NCT02327078) showed a wide range of responses among
241 patients with respect to cancer types treated with
indoximod and nivolumab. Advanced melanoma [81] and
squamous cell carcinoma of the head and neck [82] demon-
strated the most promising responses. Most impressively, the
ORR was 62% (31/50) among melanoma patients, among
whom nine patients achieved a complete response [81].

In contrast, phase III results from ECHO-301/KEYNOTE-
252 (NCT02752074) presented at the ASCO 2018 reported
minimal response [83]. The 706 randomized patients with
stage III or IV melanoma did not demonstrate a survival ben-
efit from using epacadostat and pembrolizumab in combina-
tion when compared to the pembrolizumab monotherapy con-
trol arm [83]. Although more trials are in development that
would combine PD-1/PD-L1 and IDO-1 inhibitors, the
ECHO-301/KEYNOTE-252 results have dampened the earli-
er enthusiasm for this combination strategy [84].

CTLA-4

CTLA-4 is another central immune checkpoint target based on
its critical functions in regulating T cell activation. Holmgaard
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et al. [43] was the first to report a survival benefit and tumor
growth delay in vivo from combining an anti-CTLA-4 anti-
body and 1-D-MT in a murine melanoma model, in a context
when the same dose of 1-D-MT alone did not elicit any re-
sponse. Likewise, Brown et al. [71] showed that anti-CTLA-4
antibody treatment induced IDO-1 expression and caused tu-
mor inhibition when combined with 1-D-MT in a murine
model of hepatocellular carcinoma, a response that was not
observed with either agent as monotherapy. The combination
of epacadostat and anti-CTLA-4 antibody treatment also pro-
duced complete responses in a murine melanoma model, with
increased production of IL-2 and functional antigen-specific T
cells demonstrable in the spleen [11]. However, the same
study found that the combination of anti-CTLA-4 and anti-
PD-L1 therapy induced more complete responders than dou-
blet therapies with epacadostat plus either anti-CTLA-4 or
anti-PD-L1, undermining the relative value of IDO-1 inhibi-
tors in combination therapies [11].

In 2014, Gibney et al. [85] presented the first phase I/II
study results of epacadostat combined with the anti-CTLA-4
antibody ipilimumab in the treatment of metastatic melanoma
(NCT01604889). They reported a confirmed disease control
rate of 75%, in which six out of eight patients demonstrated
tumor reduction [85]. Despite promising results, the study has
been terminated and “further development of [epacadostat]
with ipilimumab in the treatment of melanoma is no longer
being pursued”. Consequently, only one phase II trial
(NCT02073123) is currently active for an IDO-1 inhibitor in
combination with anti-CTLA-4 therapy (Table 2).

Meanwhile, two phase I/II trials are active and recruiting
(NCT02658890, NCT03347123) employing triple therapy,
combining IDO inhibitors with both anti-CTLA-4 and anti-
PD-L1 antibodies. Triple immunotherapy showed decreased
Treg infiltration in vivo, inducing T cell-dependent prolonged
survival compared to monotherapies [51]. However, the study
showed no difference in survival between CTLA-4/PD-L1
double therapy and triple therapies adding IDO inhibition
[51].

IDO-1 Inhibitors in Combination with Other
Immunotherapy Targets

Given the extensive involvement of IDO-1 in immunosup-
pression, therapies using IDO-1 inhibitors in combination
with other immunotherapy targets are also under investigation
(Table 2). Current active phase I/II trials combining IDO-1
inhibitors focus on monoclonal antibodies (NCT02867007)
and cancer vaccines (NCT01982487, NCT02166905,
NCT02575807, NCT02785250, NCT03493945). A new se-
lective IDO-1 inhibitor, KHK2455, was used in a phase |
dose-escalation study in combination with mogamulizumab,
an anti-CCR4 monoclonal antibody [86] (NCT02867007).
This combination induced disease stabilization in four out of

@ Springer

21 patients with advanced solid tumors [86]. In a phase I/II
study using dendritic cell vaccine Ad.p53-DC with indoximod
(NCTO01042535), the best observed response was four SD
among 39 patients with metastatic solid tumors [87]. There
was no difference in progression-free or overall survival be-
tween the immunologic responders and nonresponding pa-
tients [87]. A pilot trial treating 11 patients with epacadostat
and multipeptide melanoma vaccine MELITAC 12.1
(NCTO01961115) was reported to be safe, demonstrating
changes in IDO-1 activity through serum Kyn/Trp ratio reduc-
tion and CD8+ T cell infiltrate elevation [88]. Of the four
patients with measurable disease after protocol biopsy, there
was one PR and three with SDs [88]. The DeCidE Ib trial
resulted in three PR out of ten evaluable patients with epithe-
lial ovarian cancer [89] (NCT02785250), suggesting a benefit
in using surviving antigen vaccine DPX-Survivac with low-
dose cyclophosphamide and epacadostat.

IDO in Combination with Chemotherapy
and Chemoradiation

Studies with non-small cell lung cancer patients have reported
a correlation between IDO activity and survival after not only
chemotherapy [90], but also radiation [48], indicating a poten-
tial role for IDO activity in chemoradiation responses. Serum
Kyn concentration and Kyn/Trp ratios were observed to be
higher post-radiation than before or during treatment, suggest-
ing an induction of IDO activity by radiotherapy [48]. While
one murine glioma study showed that 1-MT confers no addi-
tional survival benefit when combined with temozolomide
[51], another group reported DL-1MT enhances survival in
murine glioblastoma when used with cyclophosphamide-
based chemotherapy and radiation [91]. More recently, a study
treating induced mouse tumors and spontaneous canine ma-
lignancies showed that triple therapy combining radiation,
IMT, and the TLR-9 agonist CpG induced cytotoxic T cell-
dependent tumor growth inhibition compared to double ther-
apies [92].

Clinical trials combining IDO-1 inhibitors with chemother-
apy or chemoradiation have shown mixed responses (Table 2).
One of the first clinical trials combining an IDO inhibitor with
chemotherapy was a phase Ib study using indoximod with
docetaxel (NCT01191216). This trial treated 22 patients with
metastatic solid tumors, among whom four reached PR and
nine achieved SD [93]. Similar response rates were observed
in another phase Ib/II study using indoximod with temozolo-
mide on 30 patients with recurrent refractory malignant brain
tumors (NCT02052648), in which one patient had PR and
four achieved SD [94]. A trial of 29 pediatric patients with
recurrent or progressive malignant brain tumors reported that
the combination of indoximod with radiation and chemother-
apy was well-tolerated [95]. More importantly, this combina-
tion therapy elicited symptomatic improvements and
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radiographic responses in all three patients with newly diag-
nosed diffuse intrinsic pontine glioma [95]. A larger phase 11
trial involving 135 patients with metastatic pancreatic cancer
used indoximod and gemcitabine/nab-paclitaxel
(NCT02077881), and reported an ORR of 46.2%, with one
patient having a complete response [96]. Although biochem-
ically the biopsies showed an increase in intra-tumoral CD8+
T cell density after two cycles of therapy in responders com-
pared to non-responders, clinically, the trial did not meet its
primary endpoint [96].

With these encouraging results from combination therapy
using IDO inhibitors with chemotherapy or chemoradiation,
more groups are continuing to pursue this strategy
(NCT01792050, NCT02052648, NCT02077881,
NCT02502708, NCT02835729). Meanwhile, other active trials
are delving further into combination therapies to develop treat-
ments that combine IDO inhibitors with both chemoradiation
and other immunotherapy targets (NCT02406781,
NCT02862457, NCT03085914, NCT03322566,
NCT03348904).

IDO Peptide Vaccines

In addition to using IDO inhibitors, investigators have devel-
oped vaccines using an epitope derived from IDO. A phase I
study treating patients with non-small cell lung cancer
(NCTO01219348) reported clinical benefit in seven out of 15
patients, among whom one had a PR [97]. The median sur-
vival of vaccinated patients was significantly longer than the
vaccine-untreated patients: 25.9 months compared to
7.7 months [97]. Following treatment, there was a significant
decrease in the number of Treg cells with no changes to other
T cell populations [97], validating the role of IDO inhibition
on the Treg population. The vaccination did not induce any
grade 3—4 adverse events and was well-tolerated after 5 years
of continued vaccination [98]. One patient with a solitary me-
tastasis in a retroperitoneal gland had a complete response,
suggesting a benefit of IDO vaccination for a select population
[98]. Conversely, another study vaccinating metastatic mela-
noma patients (NCT02077114) with a peptide derived from
IDO in combination with ipilimumab did not demonstrate any
enhanced clinical response from the added vaccine [99]. Due
to diminished recruitment, a phase II study (NCT01543464)
for metastatic melanoma patients was terminated, with one I/II
phase study (NCT03047928) remaining to study the IDO pep-
tide vaccine in combination with nivolumab.

Conclusions

There are now many different IDO-1 inhibitors in development,
encompassing both small-molecule drugs and peptide vaccines.
Clinical trials are currently focused on combination strategies

with a variety of agents, including immune checkpoint inhibitors,
other immunotherapy agents, chemotherapy, and radiotherapy.

IDO-1 inhibitors represent a unique addition to the repertoire
of immuno-oncology agents, because they are small-molecule
drugs that target an intracellular enzyme, as opposed to other,
more costly, cell receptor—targeting antibodies like those
targeting PD-L1/PD-1 and CTLA-4. Targeting an enzyme means
that IDO-1 inhibitors may elicit broad and potentially synergistic
responses by the immune system, given the plethora of IDO-
dependent pathways. In addition, IDO-1 inhibitors have general-
ly been well-tolerated in monotherapy and in combination ther-
apies, with fewer treatment-related adverse effects compared to
combination strategies using anti-CTLA-4 therapy [60]. Thus,
the unique mechanism of action and safe profile of IDO-1 inhib-
itors lend themselves well to roles in combination therapies.

However, it is concerning that IDO-1 inhibitors, as single
agents, do not appear to elicit objective responses despite prom-
ising pre-clinical data. The broad downstream effect of IDO-
dependent pathways may be a double-edged sword that does
not induce selective, specific anti-tumor effects. Further contrib-
uting to the unpredictable pharmacological responses may be the
differing mechanism of actions of each IDO-1 inhibitor. The
mechanism of action of indoximod is unclear, as it appears to
act only on the mTOR pathway, while navoximod does not show
highly selective inhibition against IDO-1 compared with other
Trp-metabolizing enzymes [23]. The extent to which these dif-
ferences contribute to tumor response is unknown. It also re-
mains debatable whether high selectivity of an IDO-1 inhibitor
is desirable in immunotherapy, as targeting IDO-2 and TDO have
also demonstrated antitumor potential.

IDO-1 inhibitors will likely be further developed as part of
combination therapies, with response rates dependent on can-
cer types. Combining IDO-1 inhibitors with PD-1/PD-L1
therapy is effective for cancers with high immunogenicity
such as melanoma, renal cell carcinoma, and non-small cell
lung cancer, mirroring the cancer types that have been ap-
proved for treatment with pembrolizumab and nivolumab.
On the other hand, combinatory regimens using IDO-1 inhib-
itors and chemoradiation have seen successes in patients with
malignant brain tumors. Hence, future research may need to
focus on developing predictive biomarkers to identify patient
populations that would gain maximum benefit from a combi-
nation therapy with IDO-1 inhibitors. While studies have ex-
plored predictive biomarkers in the context of anti-PD-1/PD-
L1 and CTLA-4 therapy response [100], little has been pub-
lished on IDO-1 inhibitors.

In conclusion, IDO-1 inhibitors are still finding their place
within the immuno-oncology armamentarium. These agents
have a mechanism of action different from other drugs, with
initial studies showing favorable toxicity but lower response
rates than for more established checkpoint inhibitors. Thus,
their place may be within combination strategies, an area
which is under evaluation in many active clinical trials.

@ Springer
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