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Indoleamine 2,3-dioxygenase 1 (IDO1), an important immunoregulatory enzyme ubiquitously expressed in
various tissues and cells, plays a key role in tryptophan metabolism via the kynurenine pathway and has
emerged as an attractive therapeutic target for the treatment of cancer and other diseases, such as
Alzheimer's disease and arthritis. IDO1 has diverse biological roles in immune suppression and tumor pro-
gression by tryptophan catabolism. In addition, IDO1-mediated immune tolerance assists tumor cells in
escaping the immune surveillance. Recently, extensive and enormous investigations have been made in the
discovery of IDO1 inhibitors in both academia and pharmaceutical companies. In this review, IDO1 inhibi-
tors are grouped as tryptophan derivatives, inhibitors with an imidazole, 1,2,3-triazole or tetrazole scaffold,
inhibitors with quinone or iminoquinone, N-hydroxyamidines and other derivatives, and their enzymatic
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1. Introduction

Tryptophan (Trp) is an essential amino acid for protein syn-
thesis and is used in a variety of catabolic processes which is
metabolized into serotonin, melatonin, niacin, auxins, and
kynurenine (Kyn)." The first, rate-limiting step of the
kynurenine pathway is the oxidative cleavage of the 2,3-double
bond of the indole ring in tryptophan to produce
N-formylkynurenine by three distinct heme-containing en-
zymes, indoleamine 2,3-dioxygenase 1 (IDO1), IDO2, and
tryptophan  2,3-dioxygenase (TDO).> Then the generated
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inhibitory activity, selectivity and other biological activities are also introduced and summarized.

N-formylkynurenine is further metabolized to bioactive metab-
olites, including kynurenine, kynurenic acid, 3-hydroxy-
kynurenine and quinolinic acid (Fig. 1).* However, the three
enzymes show obvious differences in tissue distribution and
substrate specificity.* IDO1 is a monomeric enzyme mainly
expressed in various tissues and cells throughout the body,
such as the small intestine, epididymis, placenta, central ner-
vous system (CNS), thymus, spleen, pancreas, kidney, macro-
phages, dendritic cells and microglial cells. IDO1 has broad
substrate specificity for tryptophan compounds, such as p- and
L-tryptophan, tryptamine, 5-hydroxy-i-tryptophan, serotonin,
and melatonin.’> IDO2, with 42% structural similarity to IDO1
at the amino acid level, is constitutively expressed in the kid-
ney, liver, spermatozoa, and dendritic cells, but it is oxidatively
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Fig. 1 Kynurenine pathway of tryptophan metabolism induced by
IDO1/IDO2/TDO.

capable of cleaving i-tryptophan with a low turnover rate.®’
TDO is predominantly expressed in the liver and is highly spe-
cific for r-tryptophan.®

IDO1 activity is low and exerts limited physiological effects
in healthy humans, but IDO1 is overexpressed in response to
inflammatory challenges under pathophysiological condi-
tions (e.g., cancer, allergic inflammation, infection).” IDO1-
mediated immune tolerance plays a key role in helping tu-
mor cells to escape the immune surveillance in the tumor
microenvironment by depleting Trp and accumulating toxic
Trp metabolites, resulting in the suppression of T-cell re-
sponses and the enhancement of immunosuppression medi-
ated by regulatory T cells (Tregs)."®> It has been demon-
strated that IDO1 is constitutively expressed in a large
number of human cancers'® and high IDO1 expression is as-
sociated with poor prognosis.'* IDO1 expression can be in-
duced by interferon-y (IFN-y), tumor necrosis factor o (TNF-o.)
and other inflammatory mediators.”>” IDO1 inhibition sup-
presses tumor proliferation and improves response to cancer
chemotherapy, radiotherapy and immunotherapy.'*>" There-
fore, IDO1 has emerged as a promising drug target for cancer
immunotherapy.®'® Recently, TDO and IDO2 have been eluci-
dated in immunosuppression, but IDO2 is less well studied
due to its very low Trp degradation activity.>***

Since 2006, the X-ray crystal structures of human IDO1 in
a complex with ligands 4-phenylimidazole (PDB ID: 2DOT,
Fig. 2) and cyanide (PDB ID: 2D0U) have opened the door for
in silico design of new IDO1 inhibitors,** accelerating the de-
velopment of new IDO1 inhibitor scaffolds and the discovery
of a number of co-crystals of IDO1 with novel structures ex-
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Fig. 2 The co-crystallized structure of 4-Pl with IDO1 (PDB ID: 2DOT).

cept the tryptophan-based scaffolds, such as PF-06840003,
NLG919 analogues,®® and imidazothiazole derivatives.”” The
active site of IDO1 is divided into three regions: pocket A,
pocket B, and a heme iron. There are several reviews of IDO1
inhibitors published in recent years.'”?*** They mainly fo-
cused on the function of IDO1 and its role in cancer as well
as the latest clinical results of potential candidates in clinical
trials. In this review, we provide the discovery and basic bio-
logical activities of IDO1 inhibitors, which is the first step in
the development of IDO1 inhibitors, and hope to help re-
searchers who are designing IDO1 inhibitors. These IDO1 in-
hibitors are grouped into structurally different classes includ-
ing tryptophan derivatives, inhibitors with an imidazole,
1,2,3-triazole or tetrazole scaffold, inhibitors with quinone or
iminoquinone, N-hydroxyamidines and other derivatives, and
introduced in the following sections.

2. Tryptophan or indole analogues

IDO1 was first isolated in 1967 and at the same time, its nat-
ural substrate r-tryptophan could inhibit the activity of IDO1
at high concentration, while p-tryptophan had almost no in-
hibitory effect on IDO1.** Although tryptophan analogues are
the first discovered IDO1 inhibitors and studies of trypto-
phan derivatives have been carried out for many years, the
IDO1 activity of most inhibitors still remains at the level of
micromolar activity, which requires further study.

The most frequently used IDO1 inhibitor in preclinical
studies, 1-methyl-p,i-tryptophan (1, 1MT, Fig. 3), had a
reported K; of 34 uM by NewLink Genetics.>**> Further re-
search studies revealed that the . isomer (L-1MT) was actually
the more potent IDO1 inhibitor, but the o isomer (D-1MT,
also known as indoximod) was more active for IDO2.%°7*° Pre-
clinical findings supported that D-IMT was selected as the
lead compound for human trials because D-1MT was signifi-
cantly effective in reversing the suppression of T cells and en-
hancing anticancer activity.***® Strikingly, indoximod was in-
volved in a novel IDO1 effector mechanism in which
indoximod reversed mTORC1 inhibition substantially under
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Fig. 3 Tryptophan or indole analogues.

tryptophan-depleted conditions.”* A phase 1 trial of
indoximod combined with docetaxel suggested that in a dose
escalation study of indoximod, 22 of 27 patients were found
to have good tolerance to the maximum dose of 1200 mg
orally twice per day with no increase in expected toxicities or
pharmacokinetic interactions in patients with metastatic
solid tumors. In addition, there were 4 partial responses (2
breast, 1 NSCLC, 1 thymic tumor) and no drug-drug interac-
tions were noted. The most common adverse events were fa-
tigue, anemia, hyperglycemia, infection and nausea
(NCT01191216).*> Another phase 1 study of indoximod
showed that indoximod was safe at doses up to 2000 mg
orally twice per day in 48 advanced cancer patients. The
plasma AUC and Cp,,x of indoximod plateaued above 1200
mg. Cpyax occurred at 2.9 hours, and the half-life was 10.5
hours. Notably, 5 patients showed stable disease at >6
months and 3 patients previously treated with the checkpoint
inhibitor ipilimumab developed hypophysitis (an autoim-
mune signature of this inhibitor) at 200 mg once per day
(NCT00567931).*° Currently, 3 phase I or II trials of
indoximod in combination with chemotherapeutic agents or
checkpoint inhibitors in patients with a variety of solid tu-
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mors are ongoing (NCT01560923, NCT02073123,

NCTO02052648). 4 phase I or II trials are recruiting, combining
indoximod with different chemotherapeutic agents or check-
point inhibitors in patients with a variety of malignancies
(NCT02835729, NCT02502708, NCT03301636, NCT02913430).

An indole derivative methyl-thiohydantoin-tryptophan (2,
MTH-trp, also called necrostatin 1), as a necroptosis inhibi-
tor, was screened among commercially available compounds
and was determined as a competitive inhibitor of IDO1 (K; =
11.6 uM).”® MTH-trp was about 20-fold more potent than
IMT in a cell-based assay (ECso = 12.85 uM) and the combi-
nation therapy of MTH-trp with paclitaxel also produced bet-
ter tumor regression than with 1MT.

SAR studies of brassinin-derived analogues revealed that
substitution of the S-methyl group on the brassinin core with
large aromatic groups enabled the inhibitors to be more po-
tent for IDO1 activity than 3 (brassinin, K; = 97.7 uM), such
as compound 4 (K; = 13.22 uM).** Compound 5 (5-Br-
brassinin) behaved as an IDO1 inhibitor (K; = 24.5 uM),
which inhibited both human and mouse COS-1 cell lines
with ECs, values of 24.0 uM and 26.1 pM, respectively.*® No-
tably, 5 suppressed B16-F10 tumor outgrowth substantially in

This journal is © The Royal Society of Chemistry 2019
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wild-type mice, but not in IDO-null mice and athymic nude
mice, indicating that the mechanism of anticancer action of
brassinin-based compounds might require IDO1 activity
which is essential for T cell immunity.

1-Methyltryptophan (1MT)-tirapazamine hybrids, which
combined the scaffolds of 1IMT and the hypoxic cytotoxin
tirapazamine (TPZ) moiety, were expected to have dual roles
as antineoplastic agents.*® TPZ-monoxide 6 was the most po-
tent IDO1 inhibitor among these hybrids with a K; value of
76.3 uM, but with low hypoxic cytotoxicity (ICs, = 33 uM). In
marked contrast, the corresponding parent dioxide hybrids 7
(K; = 197 uM) first acted as a hypoxic cytotoxin and then was
metabolized to TPZ-monoxide 6 as an IDO1 inhibitor.

The keto-indole derivative 8 was described as an IDO1 in-
hibitor with an ICs, value of 13.1 uM by a virtual screening
and exhibited an uncompetitive inhibition mode by detailed
kinetics.*”*® Importantly, SAR studies showed that the ketone
moiety was crucial for IDO1 inhibitory activity, consistent
with the docking results that the oxygen atom of ketone was
coordinated with the heme iron of the IDO1 active site. The
tryptoline analogue 9 with a bromo substituent at the C6’ po-
sition on the phenyl ring exhibited IDO1 activity with an IC;,
value of 46.1 uM, better than that of MTH-trp (2, ICso = 76.9
uM),** indicating that the substitution at the C6' position
was preferred for potent biological activity.*’

A natural endogenous compound, tryptamine (10),
exhibited noncompetitive inhibitory activity against IDO1 (K;
=156 uM) and suppressed kynurenine production without af-
fecting A172 cell viability.® Furthermore, tryptamine im-
proved the antitumor activity of peripheral blood mononu-
clear cells (PBMCs) in co-culture assays.

The most effective compound (11) of this class of indole-
based derivatives was obtained by a structure-based virtual
screening study and had an ICs, value of 7 uM for IDO1.>"
The SAR data highlighted that the single sulfur atom bridge
contributed to the more remarkable potency on IDO1 com-
pared to its oxidation to sulphone and substitution with ke-
tone or a methylene group. Furthermore, 11 significantly in-
duced a dose-dependent growth inhibition of HTC116 and
HT29 cancer cell lines, both of which expressed IDO1,>* while
it exhibited a reversible cell cycle arrest in both cells.

PF-06840003 (12) was identified as a novel potent and se-
lective IDO1 inhibitor with an IC;, of 0.41 uM by a new and
sensitive high-throughput mass spectrometry assay.>® Actu-
ally, only the R-enantiomer was responsible for the IDO1 in-
hibitory activity (ICs, = 0.2 pM), and the ICs, value of the
S-enantiomer was 38 puM. Surprisingly, the rapid conversion
of the R-enantiomer to the S-enantiomer was found in plasma
of all preclinical species, indicating that the racemate was
more valuable in the following preclinical and clinical trials
than the active pure enantiomer. In a cellular assay, PF-
0684003 presented excellent activity in both HeLa cells and
THP1 cells (IC50 = 1.8 and 1.7 uM, respectively). X-ray and
spectroscopy results showed that PF-06840003 was a
noncompetitive, non-heme binding IDO1 inhibitor. It had
good potency in a human whole blood assay (ICso = 4.7 uM).

This journal is © The Royal Society of Chemistry 2019
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Based on the excellent pharmacokinetic characteristics in
preclinical species, PF-06840003 was predicted to possess fa-
vorable PK profiles in humans with a long half-life of 19
hours and bioavailability of 64%. It could also permeate CNS
well, which ensured that it has the potential to treat brain
metastases. The first clinical study to evaluate the safety and
tolerability of increasing doses of PF-06840003 in patients
with malignant gliomas had been completed by Pfizer Phar-
maceuticals and initiated in 2016 (NCT02764151).

3. Inhibitors with imidazole,
1,2,3-triazole or tetrazole

The first crystal structure of IDO1 in complex with
4-phenylimidazole (13, 4-PI, Fig. 4) that was a weak
noncompetitive IDO1 inhibitor (ICs, = 48 uM) gained much
attention in 2006.>*** 4-PI interacts directly with heme iron
at the imidazole nitrogen and its phenyl group occupies a hy-
drophobic domain (pocket A). Two molecules of the buffer
N-cyclohexyl-2-aminoethanesulfonic acid (CHES) occupy the
adjacent hydrophobic domain (pocket B). In pocket A,
Phe163 interacts with the phenyl group of 4-PI in the n-n
stacking. At the back of the pocket, the amino acids Phe164,
Val130 and Cys129 contribute to the wall but are far from the
iron. In pocket B, both residues of Phe226 and Arg231 form
part of the entrance of pocket B and are directly involved in
substrate recognition by hydrophobic interactions (Fig. 2).
This binding mode of IDO1 with 4-PI provides a basis for the
design and development of 4-PI-derived IDO1 inhibitors.
Structural modification of 4-PI or substitution of imidazole
with 1,2,3-triazole and tetrazole gave a series of active
compounds.

Modification of 4-PI led to derivative 14 designed by utiliz-
ing the first reported crystal structure of 4-PI bound to IDO1,
which had an ICs, value of 4.8 uM and showed a 10-fold im-
provement on IDO1 potency relative to that of 4-P1.>*>*

The imidazoleisoindole derivative navoximod (15,
NLG919) was developed as a noncompetitive IDO1 inhibitor
by a rational structural design based on the X-ray crystal
structure of IDO1 in complex with 4-PI1,>* displaying an ECs,
value of 75 nM in a cell-based assay with 10- to 20-fold selec-
tivity against TDO.”> The in vivo study revealed that
navoximod had good pharmacokinetic profiles as an orally
active agent and significantly reduced the concentration of
kynurenine in mice plasma by approximately 50%.
Navoximod greatly enhanced vaccine responses against B16
melanoma, thus reducing the tumor size by approximately
95% within 4 days of vaccination.”® Combination treatment
of navoximod with anti-PD-L1 blockade showed stronger effi-
cacy in activating intratumoral CD8" T cells and inhibiting tu-
mor growth than either of the two compounds alone.”” De-
spite having good preclinical profiles, only one phase Ia
study of navoximod in monotherapy had been completed
(NCT02048709) and one study is being evaluated in combina-
tion with atezolizumab for the treatment of advanced or met-
astatic solid tumors (NCT02471846). Navoximod alone was
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Fig. 4 Inhibitors with imidazole, 1,2,3-triazole or tetrazole.

well tolerated at doses of up to 800 mg twice per day on a 21/
28 day cycle, but the majority of patients showed slight clini-
cal anticancer effects. The best response was limited to stable
disease observed in 7 of 17 patients.>”

A series of imidazole derivatives and drug-like molecules
were screened by the Prestwick Chemical Library and the
Maybridge HitFinder Collection.’® Regrettably, most of the
compounds failed structural filters. Compound NRB04258
(16) displayed micromolar activity for IDO1 (ICs, = 8.8 uM),
but it demonstrated stronger potency at the cellular level
(ICso = 0.34 pM). The imidazole antifungal agents showed
micromolar ICs, values against IDO1, such as miconazole
(ICsp = 6.7 uM) and econazole (ICs5, = 8.1 puM). Structure-
based lead optimization of the imidazole scaffold provided
more soluble but less active compounds compared to imidaz-

1744 | Med. Chem. Commun., 2019, 10, 1740-1754
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ole antifungal drugs in an enzymatic assay, such as com-
pound 17 (ICs, = 84 uM).

The imidazothiazole derivative 18 with a carbamido linker
showed the best enzymatic ICs, value of 77 nM among the
designed compounds.>” The highlights of the research were
that IDO1 inhibitors interacted directly with both pocket A
and pocket B and formed an interaction with Phe226 and
Arg231 of pocket B, which were essential for potent inhibitory
activity against IDO1.

A navoximod analogue 19 was a potent inhibitor with an
ICs, value of 38 nM against the IDO1 enzyme and an ECs,
value of 61 nM against HeLa cells.*® Structural biology stud-
ies of 19 and its analogues indicated that 19 occupied both
pocket A and pocket B. In detail, the imidazoleisoindole core
was located in pocket A and formed extensive hydrophobic

This journal is © The Royal Society of Chemistry 2019
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interactions. The nitrogen atom of imidazole coordinated
with the heme iron. The 1-cyclohexyl ethanol moiety extended
to pocket B and formed hydrophobic interactions with the
surrounding residues. Additionally, 19 formed an extensive
hydrogen bond network with IDO1, which contributed to the
great potency of imidazoleisoindole derivatives.

Rational optimization based on a previous study’® resulted
in the 4-aryl-1,2,3-triazole scaffolds as IDO1 inhibitors by the
in silico strategy.®® The most active compound 20 (MMG-
0358) showed an IC;, value of 330 nM against IDO1 in an en-
zymatic assay without activity against TDO. It also showed
IC5, values of 2 nM and 80 nM on mIDO1 and hIDO1 in a
cellular assay without cellular toxicity.

Compound 21, identified as a reversible and uncompeti-
tive IDO1 inhibitor (K; = 14.5 uM), showed enzymatic and cel-
lular ICs, values of 86 uM and 19.3 uM, respectively.®" Strik-
ingly, 21 also improved T cell proliferation in the presence of
LLC cells. The SAR results and molecular docking studies in-
dicated that an electron-withdrawing group with small steric
hindrance near the NH group of triazole was essential for the
IDO1 inhibition.

1,2,3-Triazole derivative 22 (aminotriazole) was a remark-
able noncompetitive IDO1 inhibitor discovered and opti-
mized by high-throughput screening in both HeLa cells and
HEK293 cells (IC5, = 23 nM and IC5, = 67 nM, respectively),
despite poor inhibition in an enzymatic IDO1 assay (ICs, =
11.3 puM) compared to cell potency.®> Comprehensive studies
using biochemical, spectroscopic and crystallographic
methods showed that 22 could form a tight complex with fer-
rous IDO1 with slow association and dissociation kinetics,
which partially accounted for the potent cellular activity.

Compound 23 (Roxy-WL), a very potent IDO1 inhibitor
(ICsp = 1 nM), was discovered by molecular docking and
pharmacophore modeling, with outstanding selectivity over
337 kinases.®® Roxy-WL not only reduced the conversion of
native CD4" T cells to Treg cells but also effectively
suppressed tumor growth (inhibition of 91.5%), inhibited
IDO1 expression, reduced the number of Foxp®* Tregs and
decreased the Kyn/Trp ratio.

The antihypertensive agent candesartan cilexetil (24) dem-
onstrated IDO1 inhibitory activity with a noncompetitive inhi-
bition mode and had both micromolar enzymatic and cellu-
lar potency with ICs, values of 12 uM and 2.6 uM,
respectively.” SAR and docking studies suggested that
candesartan derivatives occupied the entrance at the active
site of IDO1, but not the heme region.

Compound 25 with a tetrazole motif displayed low micro-
molar inhibitory potency (ICs, = 8.8 uM) by a novel and effec-
tive high-throughput virtual screening combining both
pharmacophore modeling and molecular docking, which might
be used to find potential IDO1 inhibitors in the future.®®

The pyranonaphthoquinone derivative 26 displayed micro-
molar potency against IDO1 (IC5, = 6 uM) with little cytotoxic-
ity and loss of cell viability, but it still remarkably decreased
kynurenine production by over 60% in drug-treated cells at
low concentrations.*®

This journal is © The Royal Society of Chemistry 2019
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Small molecule AC12308 (27) displayed slight micromolar
IDO1 enzymatic activity (ICs5o = 50 pM) and possessed high li-
gand efficiency by multiple pharmacophores in conjunction
with docking techniques to perform in silico screening, which
could be a good starting point for further optimization
studies.®”

4. Inhibitors with quinone or
iminoquinone

As early as 1961, it was found that compounds with redox ac-
tivity such as benzoquinone and hydroquinone potently
inhibited TDO.°® In 2006, annulin and other hydroxy-
naphthoquinones were first found to have high inhibitory ac-
tivity against IDO1 and quinine oxygen interacted with heme
iron.®® Since then, the study of quinine derivatives became a
hot spot.

Compound 28 (annulin B, Fig. 5) was extracted from the
marine hydroid Garveia annulata and showed submi-
cromolar inhibitory activity for IDO1 (K; = 0.12 uM), which
was a known compound with naphthoquinone as the key
pharmacophore identified by comparing the spectroscopic
data with the literature values.®® Even though 28 was unex-
pectedly inactive in a yeast cell-based IDO1 inhibition assay,
it remained to determine whether 28 was active in human
cells.”’ A novel series of 1,4-naphthoquinone-based deriva-
tives were synthesized and evaluated as IDO1 inhibitors.”*
Compound 29 (menadione, known as vitamin K3)’*> was ac-
tive against IDO1 (ICs, = 1.1 uM) and substantially showed
reduced tumor growth in a mouse B16F10 melanoma tumor
graft model, demonstrating both functional T cell immunity
and IDO1 inhibition involved in antitumor activity. Docking
studies of tricyclic pyranonaphthoquinone 30 (dehydro-o-
lapachone) with an ICs, value of 0.21 uM indicated that
naphthoquinone structures displayed a noncompetitive
mode of inhibition for IDO1, even though molecular
docking predicted direct binding at the IDO1 active site.
However, the cell-based IDO1 activity of several pyranona-
phthoquinones tested was attenuated. To improve cell-based
potency, a 1,2-naphthoquinone-based derivative 31 (B-lapach-
one) was identified as an IDO1 inhibitor with low potency
(ICsop = 0.44 pM) relative to 30, but it exhibited superior
intracellular IDO1 inhibitory activity with an ICs, of 1.0 uM
in IFN-y-induced HeLa cells.”” Nonlinear regression analysis
also confirmed the uncompetitive mode of inhibition. The
results were consistent with the conclusion obtained from
compound 30 (ref. 71) and IDO1 expression was unaffected
by exposing HeLa cells to 5 pM f-lapachone by western blot
analysis. These data showed that these naphthoquinones
are excellent lead compounds for further study as potential
IDO1 inhibitors.”

Combining the hydantoin and tryptaminequinone struc-
tures produced the uncharged compound 32, which was a po-
tent and uncompetitive IDO1 inhibitor with a K; of 200 nM
based on the lead structure of exiguamine A, expecting the
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structure to be stable and to easily cross the cell membrane
in the following research.”

Various structural compounds were developed as IDO1 in-
hibitors at the enzymatic or the cellular level, including the
4-aryl-1,2,3-triazole scaffold.”® For example, compound 33
showed an ICs, of 200 nM for IDO1 enzyme, but the result of
cells transfected with human IDO1 displayed disappointing
data compared to enzyme activity (ICs, > 50 pM). Neverthe-
less, in silico screening combining both pharmacophore-
based lead design and fragment-based virtual lead design
was a precedent to search for novel IDO1 inhibitors.

The tsitsikammamine A analogue 34 exhibited good ICs,
activity in the submicromolar range in an enzyme test (ICs5o =
0.9 puM) rationalized by molecular modeling studies, but
it showed a drop in potency at the cellular level, which
probably resulted from the fact that 34 had low cell mem-
brane permeability due to its high polarity.”® Cinnabarinic
acid (35), a member of 2-aminophenoxazin-3-ones, showed
submicromolar inhibitory activity against IDO1 with K; and
IC5, values of 362 nM and 460 nM, respectively.”” It was also

1746 | Med. Chem. Commun., 2019, 10, 1740-1754
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noted that containing an additional electron-withdrawing
group was beneficial for IDO1 activity.

Compound 36 was the most potent IDO1 inhibitor (IC5, =
0.24 uM) among a range of benzofuranquinones.”® Impor-
tantly, 36 not only did not generate visible damage to micro-
tubules or cytoskeleton but also did not produce significant
levels of oxidative stress and cytotoxicity at concentrations
that inhibited IDO1.

A natural quinine derivative aulosirazole (37, isolated from
blue-green alga) and its analogues were described as IDO1 in-
hibitors.”” Aulosirazole showed potent inhibitory activity
against IDO1 with an ICs, value of 80.3 nM and was also in-
volved in NQO1-mediated reduction to produce unstable hy-
droquinones with the generation of reactive oxygen species,
which might prompt quinones for the development as anti-
tumor agents.

Out of a series of novel naphthoquinone derivatives as
IDO1 inhibitors, several compounds displayed excellent
nanomolar IDO1 inhibitory activity (18-61 nM) without cyto-
toxicity tested in several types of cells.® Compound 38 was
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one of the most potent IDO1 inhibitors with an IC;, value of
26 nM and had a high selectivity index of 61.5 against TDO.
38 further decreased the kynurenine level in rat plasma by
50.1%.

In 2014, compound 39, a natural product isolated from
the sponge Xestospongia vansoesti, exhibited inhibitory activ-
ity for the IDO1 enzyme (IC5, = 4 uM).*" Compound 40 only
missing the C-3 hydroxyl substituent compared with natural
product 39, was synthesized by the photochemical coupling
reaction which was firstly used in a natural product synthe-
sis. 40 represented ICs, of 0.11 uM for IDO1 with 40 times
more potent than 39.

Among a library of marine invertebrate extracts, exiguamine
A (41, Fig. 6), a natural product isolated from the marine
sponge Neopetrosia exigua, exhibited a K; of 210 nM for purified
recombinant human IDO1 in vitro. The data presented that it
should be a valuable guide for determining other novel natural
products as a new structural class of IDO1 inhibitors.**

5. N-Hydroxyamidines

Over the past 10 years, high-throughput screening has played
an important role in the discovery of new IDO1 inhibitor
scaffolds. High-throughput screening of Incyte's corporate
collection led to the discovery of N-hydroxyamidines as potent
IDO1 inhibitors.**

Compound 42 (INCB14943, Fig. 6), the most potent com-
pound of a novel series of hydroxyamidines, was found to be
a competitive inhibitor of IDO1 with enzymatic and cellular
ICs5, values of 67 nM and 19 nM, respectively, which were
identified and initiated by high-throughput screening of
Incyte's corporate collection.®” Importantly, 42 decreased
kynurenine generation by >50% in plasma and inhibited
B16-GM-CSF tumor growth in a dose-dependent manner, but
it had poor oral bioavailability in rodent pharmacokinetics.
The hydroxyamidine moiety was responsible for binding

NH,

HN
cl
z N
N
\)>/4N/OH

O—N

42 (INCB14943)

H

7\
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IDO1, of which the oxygen coordinated with the heme iron at
the active site by the docking model, in agreement with the
results of enzyme kinetics and SAR results. Further modifica-
tion of the lead compound 42 yielded the clinical lead agent
epacadostat (43, INCB024360) developed by Incyte Corpora-
tion, which was a highly potent and selective IDO1 inhibitor
in both HeLa cells (IC5, = 7.4 nM) and enzymatic assays
(ICso = 73 nM) with great selectivity over TDO, IDO2 (>1000-
fold) and a panel of 50 other proteins.*® Although
epacadostat failed the calculated “drug-like” filters, the
in vitro ADME data were consistent with good cell permeabil-
ity and oral bioavailability observed in all species tested (rat,
dog, monkey), which were attributed to the two intramolecu-
lar hydrogen bonds observed in the crystal structure. Addi-
tionally, epacadostat was well tolerated in preclinical IND tox-
icology studies, enhanced the immunogenicity of dendritic
cells and lytic ability of tumor antigen-specifc T cells,* pro-
moted the growth of effector T cells and NK cells, increased
IFN-y production, and reduced conversion to Treg cells
in vitro.®® In vivo, it expectedly suppressed tryptophan catabo-
lism and impeded the growth of IDO1-expressing tumors.®’
Furthermore, epacadostat was found to enhance the anti-
tumor effect of anti-CTLA4 or anti-PD-L1 antibodies in the
B16 melanoma mode.®® However, recent data showed that
the phase III clinical trial of epacadostat in combination with
pembrolizumab for the treatment of patients with
unresectable or metastatic melanoma did not meet the pri-
mary endpoint of improving progression-free survival in the
overall population compared to pembrolizumab alone
(ECHO-301, NCT02752074). The negative outcome resulted in
the termination or withdrawal of other clinical trials of
epacadostat. Currently, 12 phase I or II trials are recruiting
and 19 phase I, II or III clinical studies are evaluating
epacadostat alone or combining epacadostat with checkpoint
agents, chemotherapy or radiotherapy in patients with a vari-
ety of tumors.

72
N\ / N
0—N Br
43 (Epacadostat, phase Ill)

OH

|
N H
o) NN
H
NH NN
2 \ N
H H /
Br
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Fig. 6 N-Hydroxyamidine inhibitors.
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The first generation of dual IDO1 and HDAC inhibitors
were designed by pharmacophore fusion strategy.®® Particu-
larly, the highly active dual inhibitor, compound 44 exerted
excellent activity against both IDO1 (ICs, = 69.0 nM) and
HDAC1 (IC5, = 66.5 nM), and showed excellent anticancer
activity in the HCT-116 cell line (IC5o = 5.12 uM) without
cellular toxicity. Importantly, 44 drastically reduced the
kynurenine level in plasma and showed good in vivo anti-
tumor efficacy in the murine LLC tumor model.

6. Others

In addition to the above IDO1 inhibitors, there are many
other kinds of IDO1 inhibitors, such as benzenesulfonyl hy-
drazides and thioureas. Fig. 7 shows some other types of
IDO1 inhibitors.

3,4-Dichlorophenylmethanethiol (45) significantly inhibited
IDO1 (ICs5o = 0.1 uM) and displayed inhibition of kynurenine
production with an ICs, of 1.1 uM in human epithelial carci-
noma A431 cells.’® The binding mode of 45 at the active site
of IDO1 might be that the sulfhydryl group of benzylthiol di-
rectly chelated with the heme iron, because sulfhydryl group
has potent metal coordinating property.

Amg-1 (46), a potent and reversible IDO1 inhibitor (ICs, =
3 uM), was discovered by high-throughput screening from
Amgen's compound library and displayed at least 80-fold se-
lectivity over IDO2 and at least 30-fold selectivity over TDO.”*
The selectivity of Amg-1 to IDO1 might be rationally
explained through molecular modeling results of Amg-1 bind-
ing to the structure of IDO1 and a homology model of IDO2.
Amg-1 penetrated well into the active site of IDO1 and was
predicted to interact with at least thirteen IDO1 residues in-
cluding hydrogen bonding interactions between S167 of the
side chain and two oxygens of the benzodioxole moiety, n-n
stacking interaction between the benzodioxole group and
F163, and hydrophobic interactions. By contrast, Amg-1 did
not deeply penetrate into the IDO2 active site and was pre-
dicted to interact with nine IDO2 residues, not including hy-
drogen bonding interaction and n-n interaction.

A phenyl benzenesulfonylhydrazide derivative 48 was iden-
tified as a potent IDO1 inhibitor with an IC5, of 61 nM in an
enzymatic assay and an ECs, of 171 nM in a HeLa cell-based
assay based on the modification of 47, which acted as an
IDO1 inhibitor (ICs, = 167 nM), via a high-throughput screen-
ing. Molecular docking studies of 48 with the IDO1 structure
(PDB ID: 2DOT) suggested that the key interactions were the
coordination of sulphone with heme iron, the hydrogen bond
and hydrophobic interaction.’” Regrettably, 48 was degraded
by 80% within 5 min in rat plasma. Further optimization to
improve in vivo efficacy profiles yielded 49 which was a more
potent and selective IDO1 inhibitor (hIDO, ICs, = 36 nM;
HelLa cells, EC5o = 68 nM), with 59% oral bioavailability and
no affinity to 67 tested proteins including receptors, trans-
porters, and channels. 49 not only demonstrated tumor
growth delay of 63% and 73% in a murine CT26 allograft
model without body weight loss after oral administration
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with 200 mg kg™ and 400 mg kg™, respectively, but also
showed 42% and 83% reduction of the ratios of Kyn/Trp in
the plasma and tumor tissues of rats, respectively, after oral
administration with 50 mg kg™* at 5 h and 100 mg kg™ at 6
h, respectively. 49 was also observed to reduce the final tu-
mor weight by 64% relative to the vehicle in rats. Taken to-
gether, 49 might have potential for further research as an im-
munotherapeutic anticancer agent.”

Compound 50 bearing a cyano group at the 4-position on
the aryl ring showed the best inhibitory activity for IDO1
among 32 phenylthiosemicarbazide, and the SAR results indi-
cated that substitution at the 3- and 4-positions on the aro-
matic ring are more potent than in the 2-position.” Com-
pound 51, discovered by screening the compound library,
was a moderate potent IDO1 inhibitor (IC5, = 7.5 uM). More-
over, 51 possessed increased activity in a cell-based assay
(ICso = 4.3 uM) and passed three structural filters.”” The SAR
studies showed that Ser167 at the IDO1 active site was impor-
tant for the potency of IDO1 inhibitors, in agreement with
the molecular docking results.

Compound 52 containing a 1-indanone scaffold was found
to be an IDO1 inhibitor by structure-based virtual screening,
displaying an enzymatic ICs, value of 2.78 uM and a cellular
ECs, value of 9.17 uM.°® SAR analysis revealed that 52 occu-
pied both pocket A and pocket B of the IDO1, and the hy-
droxyl group at the 3-position was critical for activity, which
formed a hydrogen bond with Phe226 validated by molecular
docking.

Compound 53 (DC102806) acted as an IDO1 inhibitor with
an ICs, of 18 pM in both enzymatic and HeLa cellular assays
based on structure-based virtual screening.”” Molecular
docking studies showed that the oxygen of 53 might bind to
the heme of the IDO1 enzyme.

The antioxidant ebselen (54) represented a potent IDO1
inhibitor with a K; value of 94 nM and inhibited IDO1 activity
effectively in IFN-y-stimulated human macrophages.”® Of
note, ebselen inhibited IDO1 activity by reacting with the en-
zyme's cysteine residues, which altered the protein conforma-
tion and heme environment at the active site, resulting in
disruption of the substrate binding pocket and increasing
the level of nonproductive t-Trp binding.

Halicloic acid B (55) was discovered as an IDO1 inhibitor
with an IC5, of 11 uM isolated from the marine sponge
Haliclona sp. in an IDO1 inhibition assay in 2012.%°

Benzomalvin E (56), a new benzodiazepine alkaloid isolated
from fungal metabolites, showed activity in an IDO1 enzymatic
assay and its ICs, value was determined as 21.4 uM, but no
further research was done.'® In 2014, the same research
group identified thielavin derivatives isolated from soil fungus
as IDO1 inhibitors, among which thielavin F (57) was the most
potent compound with an ICs, value of 14.5 uM."**

A series of tryptanthrin derivatives were synthesized and
evaluated as novel potent IDO1 inhibitors and SAR studies in-
dicated that an electron-withdrawing group at the 8-position
of tryptanthrin was necessary for IDO1 inhibition.'> For ex-
ample, compound 58 exhibited a K; of 161 nM in an
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Fig. 7 Other IDO1 inhibitors.

uncompetitive inhibition mode and excellent activity in both
enzymatic and HEK 293 cell assays with ICs, values of 534
nM and 230 nM, respectively. In addition, 58 significantly en-
hanced T cell proliferations stimulated with Lewis lung can-
cer (LLC) cells, inhibited IDO1 activity, suppressed tumor
growth and reduced the numbers of Foxp3® Tregs when ad-
ministered to LLC tumor bearing mice.

This journal is © The Royal Society of Chemistry 2019

62 63 (BMS-986205, phase IlI')

Phenylhydrazine (59) was identified as an IDO1 inhibitor
by fragment screening and inhibited the IDO1 enzyme greatly
(IC5o = 0.25 puM). It also inhibited mIDO1 and hIDO1 in
transfected Lewis Lung carcinoma cells at noncytotoxic con-
centrations (ICso = 0.2 uM and 1.3 uM, respectively).'*® Never-
theless, its selectivity for IDO1 over other heme-containing
proteins remains to be investigated to avoid off-target effects.
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The phytochemical galanal (60) was discovered as an ac-
tive IDO1 inhibitor in a competitive manner with an ICs,
value of 7.7 uM against IDO1 and an ICs, value of 45 nM
against LPS-stimulated THP-1 cells."”® Furthermore, galanal
also inhibited expression of IDO1 mRNA induced by both the
NFkB-dependent pathway and the IFN-y-dependent pathway.

O-Benzylhydroxylamine  derivatives  that = mimicked
alkylperoxy species were designed based on the oxidative me-
tabolism of Trp by IDO1. The coordination of oxygen to a
ferrous heme iron led to formation of the alkylperoxy transi-
tion or intermediate state.'”>'°” One of the most potent
derivatives, compound 61, had equivalent activity in both
IDO1 enzymatic and cell-based assays (ICs, values of 0.3 uM
and 0.14 puM, respectively), with good selectivity over other
heme-containing enzymes (e.g. catalase, CYP3A4) and low
cytotoxicity.

The 8-aminobenzo[b]quinolizinium bromide (62), derived
from a screening of a natural compound library, was found
to inhibit mIDO1 with an IC;, of 164 nM and showed the
lowest cytotoxicity with GIs, values of 62 uM and 86 uM for
Jurkat and A549 cells, respectively.'”® 61 also inhibited para-
site growth effectively in vitro (ICs, = 109 nM). However, 61

Table 1 Representative IDO1 inhibitors with their selected biological data
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did not show an effect on parasite clearance or the life span
of infected mice in vivo when it is administered orally.
BMS-986205 (63) was a novel and potent IDO1 inhibitor
developed by Bristol-Myers Squibb for clinical research with
an ICso of 1.1 uM in HEK293 cells overexpressing human
IDO1.'% In 2017, BMS-986205 alone and in combination with
nivolumab in a phase 1/2a trial for the treatment of advanced
cancer patients was reported at a meeting. 42 evaluable pa-
tients with advanced cancers were orally treated at 25-200
mg qd for 2 weeks, followed by a combination of BMS-986205
and nivolumab 240 mg every 2 weeks, presenting favorable
preclinical profiles. All treatment-related adverse events were
grade 1/2 except three grade 3 toxicities (dose-limiting auto-
immune hepatitis, rash, and asymptomatic hypophospha-
temia). Serum kynurenine reduction was observed at all
doses including the lowest dose of 25 mg. Serum kynurenine
was substantially reduced with >45% mean reduction at all
doses and >60% mean reduction at the 100 and 200 mg qd
doses. Importantly, BMS-986205 showed a significant reduc-
tion in intratumoral kynurenine in evaluable paired pre- and
on-treatment samples. Due to the negative outcome of the
combination of epacadostat with pembrolizumab in

Compd IDO1“ IC5, or K; Cell-based potency ECs, or ICs, Ref.
1 34 1M (K;) - 35
5 24.5 uM (K;) COS-1 cells; 24 uM 45
12 0.41 pM (ICs) HelLa cells; 1.8 uM; THP1 cells; 1.8 uM 25
13 48 uM (ICs,) — 53
15 — 75 nM 55
16 54 uM (ICso) P815 cells; 0.34 uM 58
18 77 nM (ICs,) — 27
19 38 nM (ICs,) Hela cells; 61 nM 26
20 330 nM (ICsy) P815 cells; 2 nM 60
21 14.5 uM (K;); 86 uM (ICsq) HEK293 cells; 19.3 uM 61
22 11.3 pM (ICsp) HelLa cells; 23 nM; HEK293 cells; 67 nM 62
23 1 nM (ICs,) — 63
24 12 uM (ICs) A431 cells; 2.6 pM 64
31 0.44 UM (ICs0) HelLa cells; 1.0 uM 73
32 200 nM (K;) — 75
33 200 nM (ICs) P815 cells; > 50 uM 59
35 362 nM (K;); 460 nM (ICs) — 77
37 80.3 nM (ICs) — 79
42 67 nM (ICs,) HelLa cells; 16 nM 83
43 73 nM (ICs,) HeLa cells; 7.4 nM 84
44 69 nM (ICs)) HCT116 cells; 5.12 uM 89
45 0.1 uM (ICs,) A431 cells; 1.1 pM 90
48 61 nM (ICs) HelLa cells; 171 nM 92
49 36 nM (ICs,) HelLa cells; 68 nM 93
51 7.5 uM (ICs) LLTC cells; 4.3 uM 95
52 2.78 uM (ICso) HelLa cells; 9.17 uM 96
53 18 uM (ICs) HelLa cells; 18 uM 97
58 161 nM (K;); 534 nM (ICs,) HEK293 cells; 230 nM 102
59 0.25 pM (ICs) LLTC cells; 0.2 pM 103
60 7.7 uM (ICsp) THP1 cells; 45 nM 104
61 0.3 uM (ICs0) HelLa cells; 0.14 uM; Treg cells; 0.077 uM 105
62 164 nM (ICs,) — 108
63 — HEK293 cells; 1.1 uM 109

“ Values are the average of n > 3 experiments without noting the standard deviation (SD).

corresponding original reference.
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melanoma, 2 phase III clinical trials of BMS-986205 in combi-
nation with nivolumab in head and neck cancer and 1 in
non-small cell lung cancer were terminated (NCT03386838,
NCT03417037).

As an overview, Table 1 lists representative IDO1 inhibitors
with their enzymatic and cellular activities, but we can see
that most of the reported compounds are weak inhibitors
against IDO1 with potency at the micromolar range. Among
them, hydroxyamidine derivatives, imidazoleisoindole com-
pounds and imidazothiazole derivatives exhibited superior in-
hibitory potency against IDO1 at the nanomolar range. Analy-
sis and comparison with these crystal structures of IDO1 with
4-PI (13, IC5, = 48 uM),** epacadostat (43, ICs, = 73 nM),** 18
(ICs0 = 77 nM)*” and 19 (IC5, = 38 nM)*® demonstrated that di-
rect coordination to the heme iron is vital to the IDO1 inhibi-
tory activity, such as chelating groups imidazole nitrogen and
hydroxyl of hydroxyamidine. In the IDO1/4-PI complex struc-
ture, 4-PI only occupied the pocket A. In the IDO1/18 and
IDO1/19 complex structures, the two compounds occupied
both pocket A and pocket B to interact with the surrounding
residues. Therefore, it may be beneficial to improve the activ-
ity against IDO1 by introducing aromatic groups that form
n-1 interactions with residues and introducing nonpolar func-
tional groups, such as phenyl and cyclohexyl, that form hydro-
phobic interactions in pocket B. In the IDO1/19 and IDO1/
epacadostat complex structures, there are extensive intramo-
lecular and intermolecular hydrogen bond networks, which
may contribute to the great potency of the two compounds.
Briefly, an IDO1 inhibitor should be well situated in both
pocket A and pocket B, interact with protein residues, bond
with the heme iron atom, and contain a hydrogen bond accep-
tor and a hydrogen bond donor, all of which need to be con-
sidered in the future design of potent IDO1 inhibitors.

7. Conclusion

IDO1 inhibitors are an emerging class of pharmaceuticals
due to the involvement of IDO1 in the kynurenine pathway
responsible for immune escape. In addition to the analogues
of the substrate r-tryptophan, many novel IDO1 inhibitor scaf-
folds have been discovered based on virtual screening,
structure-guided drug design approach and natural product
screening, but the majority of newly reported IDO1 inhibitors
are limited to in vitro enzyme activity and cell activity without
further investigations. To date, several orally available IDO1
inhibitors including epacadostat, indoximod, and navoximod
have entered clinical trials.

However, the latest results of the phase III trial combining
epacadostat with pembrolizumab in melanoma did not show
better responses compared to pembrolizumab alone, frustrat-
ing the enthusiasm for the discovery and development of
IDO1 inhibitors. It is a lack of calmness to carry out large
phase III trial quickly based on the results of phase I/II with
a small amount of data. First, the dose chosen to test in
ECHO-301 based on pharmacodynamic data for epacadostat
is derived from serum, not a tumor (100 mg bid). Thus, it is

This journal is © The Royal Society of Chemistry 2019
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uncertain whether the dose tested was sufficient to inhibit
IDO1 activity in tumor cells. Second, it is not fully under-
stood what kind of people are the best patient population
suitable for IDO1 inhibitors. Therefore, the discovery of bio-
marker information is crucial to help address the dose tested
in clinical trials and the best population suited to IDO1 in-
hibitors. In addition, exploring IDO/TDO pan-inhibitors may
be an appealing research direction to attenuate tryptophan
catabolism effectively in human cancers.

Given the critical immunoregulatory function of IDO1,
therefore it is of great interest to find IDO1 inhibitors with
novel scaffolds. We hope IDO1 inhibitors will contribute to
the treatment of cancer and other disorders.
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