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ABSTRACT: Indoleamine 2,3-dioxygenase 1 (IDO1) has been
identified as a target for small-molecule immunotherapy for the
treatment of a variety of cancers including renal cell carcinoma and
metastatic melanoma. This work focuses on the identification of
IDO1 inhibitors containing replacements or isosteres for the amide
found in BMS-986205, an amide-containing, IDO1-selective inhibitor
currently in phase III clinical trials. Detailed subsequently are efforts
to identify a structurally differentiated IDO1 inhibitor via the pursuit
of a variety of heterocyclic isosteres, leading to the discovery of highly
potent, imidazopyridine-containing IDO1 inhibitors.
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The clinical success of monoclonal antibody checkpoint
inhibitors such as Yervoy (Bristol Myers Squibb, BMS),

Keytruda (Merck), and Opdivo (BMS) has received much
attention in the field of immuno-oncology (IO). These IO
therapies leverage a patient’s native immune system to reverse
tumor-induced immune suppression and enhance immune
response toward cancer.1 More recently, the effect of
metabolism, including amino acid catabolism, on immune
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Figure 1. IDO1 inhibitors evaluated in clinical trials.

Figure 2. Putative binding mode of 4 (magenta) in hIDO1, based on
an X-ray cocrystal structure of compound 6 (green).
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response in the tumor microenvironment (TME) has provided
a basis for exploring IO targets capable of perturbation by
small molecules. One such strategy for small-molecule cancer
immunotherapy involves the inhibition of indoleamine 2,3-
dioxygenase 1 (IDO1) to decrease local kynurenine levels in
the TME and restore cancer immunity.1

IDO1 is a monomeric, heme-containing dioxygenase
enzyme that degrades tryptophan by catalyzing the initial,
rate-limiting step of tryptophan metabolism. This step involves
the oxidative cleavage of the indole 2,3-double bond of
tryptophan to give N-formyl kynurenine. Subsequent hydrol-
ysis of N-formyl kynurenine yields kynurenine.2 IDO1
promotes tumoral immune escape from host immune
surveillance and plays an important role in tumor-associated
immunosuppression, leading to tolerance toward tumors. Local
depletion of tryptophan as well as accumulation of kynurenine
have been shown to elicit immunomodulatory activity. Effects
include suppression of the T effector (Teff) cell immune
response, induction of naiv̈e T cell differentiation into
regulatory T (Treg) cells, and both activation of as well as a
decrease in dendritic cell (DC) function.3 IDO1 is widely
expressed in antigen-presenting cells (DCs, macrophages) and
tumor cells, as well as epithelial and vascular endothelial cells.
Furthermore, IDO1 can be induced in the tumor micro-
environment in response to inflammation and T cell activation
following immunotherapy, radiotherapy, or chemotherapy.4

This observation is indicative of the potential for IDO1
inhibitors in the context of combination therapies. High IDO1
expression in the tumor or tumor-draining lymph nodes is
generally associated with poor prognosis and reduced survival
in patients.5 Therefore, inhibition of IDO1 is a promising

strategy for the re-establishment of immunogenic responses to
cancer.
Several IDO1 inhibitors have entered clinical trials for the

treatment of cancer (Figure 1).6 Epacadostat (INCB24360)
(1), an orally active, hydroxyamidine-containing small
molecule developed by Incyte, entered Phase III clinical trials
in 2017.7 Preclinically, epacadostat selectively inhibits IDO1
enzymatic activity and effectively regulates the functions of
various immune cells including T cells, natural killer (NK)
cells, and DCs.8,9 In vivo, epacadostat (1) suppressed IDO1
activity in mouse and dog plasma and inhibited tumor growth
in a lymphocyte-dependent manner in mice.9,10 Results from a
phase I/II combination study with epacadostat and ipilimumab
in melanoma patients showed a 56% overall response rate
among 54 efficacy-evaluable patients and a median pro-
gression-free survival of 12.4 months.11a However, a phase III
study evaluating the combination of epacadostat and keytruda
for the treatment of metastatic melanoma demonstrated no
significant improvement in progression-free survival.11b,c

Navoximod (2), an imidazoisoindoline compound, was
discovered by NewLink Genetics and later licensed to
Genentech as GDC-0919. Rights to this molecule were later
returned to NewLink after phase I clinical trial results were
disclosed.12 The third candidate, iTeos/Pfizer’s compound PF-
06840003 (3), was dosed as a single agent, once daily, in a
phase I study in patients with malignant gliomas.13 In January
2018, Pfizer stopped the development of the compound due to
a lack of efficacy.13

In February 2015, BMS expanded its immuno-oncology
pipeline in an agreement with Flexus Biosciences and acquired
linrodostat (4, BMS-986205). Preclinically, compound 4
exhibits potent inhibitory activity against IDO1 (human

Scheme 1. Synthesis of Heterocyclic Amide Isosteres and Replacements Starting from Common Intermediate Carboxylic Acid
7a

aReagents and conditions: (a) HATU, NMM, 2-amino-1-(4-chlorophenyl)ethan-1-one (64%); (b) POCl3, 100 °C (56%); (c) NH4OAc, HOAc,
EtOH, 100 °C (17%); (d) (i) HATU, NMM, tert-butyl carbazate; (ii) HCl (89% over 2 steps); (e) HATU, NMM, 4-chlorobenzoic acid (83%);
(f) POCl3, 90 °C (55%); (g) pyridine, 4-chlorobenzamidine·HCl salt, 110 °C (31%); (h) DIPEA, 1-isocyanato-4-methoxybenzene (93%); (i)
POCl3, 90 °C (26%); (j) DPPA, TEA, toluene, 70 °C; (k) 4-methoxybenzohydrazide, DIPEA (54% over 2 steps); (l) POCl3, 100 °C (52%); (m)
(i) SOCl2, DMF (ii) CH2Cl2, TEA, 4-fluoro-1,2-phenylenediamine, (n) MsOH, 90 °C (50% over 3 steps).
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HeLa cellular IC50 = 2 nM and murine M109 cellular IC50 = 5
nM), with a human whole blood (hWB) IC50 potency ranging
between 2 and 42 nM depending on the donor. It also
enhances the proliferation of Teff cells with an EC50 range of
2−7 nM in a human T cell + DC mixed lymphocyte reaction
(MLR) assay. Linrodostat was advanced into phase I clinical
studies in 2016.14a Currently, linrodostat is in several clinical
trials including a phase III study in bladder cancer in
combination with nivolumab.14b

More recently, we disclosed the structure of a closely related
clinical candidate, BMS-986242 (5), which entered phase I
clinical trials in 2017.14c,d Preclinical biotransformation studies
of BMS-986242 in hepatocytes across several species revealed
the formation of metabolites resulting from quinoline oxidation
and amide bond cleavage. For this reason, we pursued
structurally differentiated IDO1 inhibitors that no longer
contained an amide (this work) and/or contained a less
metabolically labile replacement for the quinoline. Studies
around the quinoline portion of the molecule will be disclosed
in due course. Notably, other groups have pursued similar
approaches to optimize this chemotype by replacing the amide
in linrodostat with an oxalamide.15a,b

A docking pose of compound 4 (Figure 2, shown in
magenta) in hIDO1 was modeled based on an X-ray cocrystal

structure of compound (6) (a closely related analogue is
shown in green).14e This model reveals that the chlorophenyl
moiety makes an edge-to-face pi-stacking interaction with
Tyr126. The amide NH forms a key H-bond interaction with
Ser167. The cyclohexyl core serves as a rigid scaffold that
correctly positions the quinoline and phenyl group in the
preferred cis-configuration. The quinoline moiety occupies a
hydrophobic pocket, and the quinoline nitrogen could form a
H-bond with Arg343. These observations provided key insight
into the design of new analogues.
Herein, we describe our efforts toward identifying a

nonamide-containing IDO1 inhibitor while maintaining
potency and improving pharmacologic properties. Heterocyclic
amide isosteres have been extensively studied in the
literature.16 Previous examples have shown that five-membered
heterocycles can be effective amide isosteres.17a,b,18 The
success of a given isostere will depend on whether the amide
is simply a spacer or if it is taking part in key interactions that
are critical to molecular recognition. Given the critical nature
of the H-bonding event between Ser167 and compound 6, it
was important to select and tailor an isosteric replacement that
would maintain this interaction.
All isosteres discussed can be synthesized via the

intermediacy of a carboxylic acid such as previously reported
acid 7 (Scheme 1).19 To obtain oxazole 8 or imidazole 9,
intermediate 7 is coupled with 2-amino-1-(4-chlorophenyl)-
ethan-1-one. To yield 8, the resulting amide can be heated in
POCl3 to affect dehydration/cyclization. Alternatively, this
amide can be heated with ammonium acetate in the presence
of acetic acid to give imidazole 9. In route to oxadiazole 10 or
triazole 11, intermediate 7 can be treated with t-butyl carbazide

Table 1. Effects of Heterocyclic Amide Replacements on
IDO1 Inhibition Potency and Metabolic Stability

aData reported as average test results (N = 2, unless otherwise noted).
See Supporting Information for a description of assay conditions.
bFraction of the parent compound (0.5 μM) remaining after a 10 min
incubation with 1 mg/mL of human, mouse, and rat liver microsomes
(HLM, MsLM, RLM).

Scheme 2. General Schemes for the Synthesis of Acid
Intermediates with Modified R1 and Quinoline R2

Substitutiona

aReagents and conditions: (a) Pd(PPh3)4, K2CO3, dioxane, H2O, 100
°C; (b) Pd−C, MeOH, HCOONH4, 80 °C or Pd−C, MeOH, H2;
(c) LiOH, H2O, THF, rt−70 °C; (d) 1,3-dimethyl-3,4,5,6-tetrahydro-
2(1H)-pyrimidinone, lithium diisopropylamide, THF, R1X, − 78 °C−
rt; (e) NaH, DMSO, 60 °C, 4 h.
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followed by treatment with acid to give a hydrazide (not
shown). This hydrazide can be coupled with 4-chlorobenzoic
acid and cyclized with POCl3 to give 10. Additionally, the
hydrazide can be treated with 4-chlorobenzamidine and heated
to furnish triazole 11. Alternatively, the hydrazide can be
reacted with 4-methoxyphenylisocyanate followed by cycliza-
tion, again with POCl3, to provide amino-oxadiazole 12.
Amino-oxadiazole 13 could be made in a three-step sequence
employing a Curtius rearrangement followed by trapping of the
isocyanate intermediate with 4-methoxybenzohydrazide and
finally heating in POCl3 to affect dehydration/cyclization to
give 13. Benzimidazole 14 could be synthesized from 7 by first
converting the acid to an acyl chloride and treating with 4-
fluoro-1,2-phenylenediamine. Heating the resulting amide with
methanesulfonic acid provided benzimidazole 14.
These various amide isosteres and replacements were

evaluated in HeLa (human) and M109 (murine) cellular
IDO1 inhibition assays where IDO1 activity can be assessed
upon induction with IFNγ (see SI for details). Several five-
membered heterocycles were found to be effective replace-
ments for the amide in compound 4 (Table 1). Both imidazole
9 and triazole 11 displayed more potent IDO1 inhibitory
activity compared to oxazole 8. One hypothesis that would
account for the greater potency of 9 and 11 is that they
maintain a key H-bond donor NH to interact with Ser167.
This hypothesis is consistent with the modest potency of
oxadiazole 10. It is of note that 10 is more potent than 8
possibly due to either stronger H-bond acceptor ability or
containing two potential H-bond-accepting nitrogens as
opposed to one. Analogue 12, which has an amino linkage
between the oxadiazole and aryl ring, displayed a significant

loss of hIDO1 cellular activity compared to 4. This may be due
to the unfavorable orientation of the amino group NH. The
“flipped” amino-oxadiazole 13 seems to reorient the NH
favorably. Both amino-oxadiazole 13 and benzimidazole 14
demonstrated single-digit nanomolar cellular activity; however,
14 showed inferior metabolic stability.
Based on the cellular potency of amino-oxadiazole 13 and

benzimidazole 14, both were further pursued. Modular
synthetic approaches were developed to allow for modification
of R1 and quinoline R2 substitution (see Scheme 2). A vinyl
boronic acid with R1 groups preinstalled like 1519−21 (Scheme
2a) could be joined to quinolinyl halides (16) with Suzuki
coupling. The resulting styrenyl olefin in 17 could be reduced
under either transfer or standard hydrogenation conditions and
hydrolyzed to give 18 as a mixture of cis- and trans-racemates.
Alternatively, the R1 group could be installed later in the route
by first coupling 16 (Scheme 2b) to unsubstituted boronic acid
1919 to give 20. The position alpha to the ester could then be
alkylated either before or after reduction of the olefin.
Hydrolysis would again give intermediates of type 18. O-
Linked quinolines could be made from trans-alcohol 2119,21

employing SNAr on 4-bromoquinoline 22. Hydrolysis provides
racemic acid 24. Acids of type 18 and 24 can be converted to
amino-oxadiazoles, benzimidazoles, or closely related imidazo-
pyridines as outlined in Scheme 1. All compounds synthesized
by the above general methods and discussed in Tables 2 and 3
have been chirally resolved to obtain enantiopure material. For
all final compounds discussed in Tables 2 and 3, only the most
potent enantiomer is shown. To elucidate the relative cis-/trans-
stereochemistry of final compounds or synthetic precursors, 1H
NMR, 13C NMR, 2D COSY, 2D NOESY, and 1H−13C−Dept-

Table 2. Effects of R1 Substitution and Quinoline Modifications to Amino-oxadiazoles on IDO1 Inhibitory Activity, in Vitro
Metabolic Stability, and PXR Activation

aData reported as average of test results (N = 2 unless otherwise noted). See Supporting Information for a description of assay conditions.
bFraction of the parent compound (0.5 μM) remaining after a 10 min incubation with 1 mg/mL of human, mouse, and rat liver microsomes
(HLM, MsLM, RLM). cThe pregnane X receptor (PXR) transactivation activity was measured by comparing to activation with rifampicin to assess
the potential for induction of cytochrome P450 (CYP) 3A4 (Et = ethyl, MOM = methoxymethyl, EOM = ethoxymethyl).
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HSQC were performed (see SI for details). Absolute
stereochemistry was not confirmed unless specifically noted.
Amino-oxadiazoles related to 13 are discussed in Table 2.

Introducing an ethyl substituent at the position alpha to the
ester (25) maintained potency and proved to be beneficial in
terms of metabolic stability. Analogue 25 also showed potent
hWB activity. Since quinolines are a known potential site of

Table 3. Effects of R1 Substitution and Quinoline Modification of Benzimidazoles and Imidazopyridines on IDO1 Inhibitory
Activity and in Vitro Metabolic Stability

aAbsolute stereochemistry is R-. bData reported as average test results (N = 3, unless otherwise noted). See Supporting Information for a
description of assay conditions. chWB = human whole blood; data reported as average test results (N = 2, unless otherwise noted). See Supporting
Information for a description of assay conditions. dFractions of the parent compound (0.5 μM) remaining after a 10 min incubation with 1 mg/mL
of human, mouse, and rat liver microsomes (HLM, MsLM, RLM).

Figure 3. Putative binding mode of compound 36 in hIDO1, based
on an X-ray cocrystal structure of compound 6 (green).

Table 4. Compound 36 in Vitro Profiling

parameter compound 36

met. stability CYP (T1/2
min)

54 (H), 17 (M), 60 (R), 41 (D), 21 (C)

met. stability UGT (T1/2
min)

95 (H), >120 (M), 107 (R), 105 (D), >120
(C)

PAMPA cosolvent (pH 7.4) pH 5.5: 2380 nm/s
pH 7.4: 2630 nm/s

caco (a-b:b-a) 113: 66 nm/s
PXR-TA EC50 (μM) 1.19 (32% Ymax)
human rCYP panel IC50
(μM)

1A2: 2.55
2D6: 4.28
2C8: 1.47
2C9: 0.242
2C19: 1.13
3A4: 1.93

Table 5. PK−PD Study of Imidazopyridine 36 vs
Linrodostat (4) in a Human SKOV3 Xenograft Tumor
Mouse Model

treatment
dose (QDX5)

(mg/kg)
PKa

AUC0−24h

PDb AUEC0−24h,
%[Kyn]↓

linrodostat 4 60 34.9 61
compound 36 20 43.6 56
aPK is AUC (0−24 h) in tumor μM*h. bPD is percent kynurenine
AUEC (0−24 h) reduction. % Kyn reduction was measured at a
steady state after the 5th dose in the tumor, calculated as the area
under the Kyn concentration−time curve from 0 to 24 h and
compared with that of vehicle control.
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metabolic oxidation,22a we turned our attention to modeling
substituent effects on the oxidation potentials of quinolines.22b

Reduction potentials of nitrogen-containing compounds have
been reported to correlate with the lowest unoccupied
molecular orbital (LUMO) energies.23,24 Modeling calcula-
tions suggested that electron-withdrawing group(s) on the
quinoline ring could reduce N-oxidation potential. For
example, 6-CF3 quinoline displays higher predicted reduction
potential Ered = 2.12 than that of 6-F-quinoline Ered = 1.93.22,23

Gratifyingly, the 6-CF3-substituted quinoline 26 offered potent
cellular activity as well as improved metabolic stability but had
a 3−4-fold loss of hWB potency compared to analogue 25.
Analogue 27, with a 6,8-difluoro-quinoline moiety, unexpect-
edly showed less stability, especially in mouse LMs. Further
profiling revealed that all three cis-isomers (25−27) led to PXR
activation. As a consequence of this finding, efforts were
focused on improving PXR activity. We were pleased to find
that O-linked trans-isomer 28 did not activate PXR, but
unfortunately it showed not only a 10-fold disparity between
human and mouse IDO1 activity, which would hinder in vivo
studies, but also a significant drop in hWB potency. It is worth
noting that the trans-isomer of C-linked compound 25 (not
shown) also did not activate PXR; however, IDO1 inhibitory
activity was very poor. We then turned our attention to alpha-
substituent modification and found that α-MOM-substituted
analogue 29 and α-EOM-substituted analogue 30 both
demonstrated significant improvement in PXR activity
compared to compounds 25−27. While 29 and 30 maintained
good hIDO1 activity in cells, they had more modest hWB
potency (IC50 = 0.031 μM and 0.096 μM, respectively, vs
0.002−0.042 μM for 4) and metabolic stability compared to
lead compound 4 (see Table 1). Since PXR activation could
not be remedied while maintaining suitable hWB and mouse
cellular activity, this series was not progressed.
We then focused on the benzimidazole series. Although

benzimidazole 14 displayed poor metabolic stability, it had
very potent cellular activity (see Table 1). Therefore,
identification of a more stable benzimidazole was of primary
interest. Addition of a chloro substituent on the phenyl ring of
the benzimidazole in combination with incorporation of a
nitrogen atom into the ring yielded imidazopyridine 32 (Table
3), which exhibited a significant improvement in stability
compared to 31 (H/M/R = 67/22/17) while maintaining
hWB activity (IC50 = 0.039 μM). As was previously observed
in the amino-oxadiazole series, introduction of ethyl
substitution at the alpha-position generally increased potency
and improved metabolic stability. Analogue 33 displayed
potent hWB activity and improved stability, while imidazopyr-
idine 34 revealed unexpectedly poor mouse metabolic stability
(H/M/R = 78/7/35). Consistent with trends observed in the
amino-oxadiazole series (see 28, Table 2), incorporating an O-
linked trans-isomer (35) was found to increase metabolic
stability. Once again, however, mouse cellular activity suffered.
Combining the more potent alpha-ethyl group with the more
stable imidazopyridine and the 6-CF3-quinoline (see 26, Table
2, vide supra) led to compound 36. Docking models of 36,
based on the X-ray cocrystal of compound 6 and hIDO1 in
Figure 2, indicated that the imidazopyridine likely maintains
the same key interactions observed for the amide (Figure 3).
The NH of the imidazopyridine nicely overlays with the NH of
the amide bond in 6 which would correctly position it to make
the key hydrogen bond with Ser167. While the pyridine
portion of the imidazopyridine is positioned a little lower than

the phenyl ring of 6, it still is in a position to make a productive
edge-to-face pi-stacking interaction with Tyr126. Imidazopyr-
idine 36 possessed the best overall in vitro profile in terms of
potency and stability for this series and was selected for more
extensive profiling.
Further in vitro profiling (Table 4) showed the compound

had modest oxidative metabolic stability; however, this
metabolic stability profile was superior to both linrodostat
(4) (T1/2 human = 53, mouse = 4, rat = 20, dog = 17, cyno =
7) and BMS-986242 (5) (T1/2 human = 14, mouse = 4, rat =
10, dog = 10, cyno = 2). Compound 36 had good intrinsic
permeability in a PAMPA assay and Caco-2 cells (a-b = 113
nm/s; efflux ratio = 0.6). Unfortunately, compound 36 showed
modest PXR activation (PXR EC50 = 1.2 μM (30% Ymax)) and
CYP inhibition in several human isoforms including potent
inhibition of CYP 2C9.
Compound 36 was further examined in the SKOV3 human

ovarian carcinoma xenograft model (Table 5). In this model,
immune-compromised nu/nu nude mice were implanted with
SKOV3 cells, and the resulting tumors were allowed to grow
for 2 weeks. On day 14, tumor-bearing mice were dosed with
imidazopyridine 36 QD at 20 mg/kg for 5 days. On day 18 at
2, 6, and 24 h time points, tumor kynurenine concentration
(PD) and compound 36 concentration (PK) were measured in
the tumor. The reduction of kynurenine levels, when compared
to a vehicle control, was used as a pharmacodynamic marker.
Imidazopyridine 36 demonstrated a robust profile. At a 20 mg/
kg dose, it achieved 56% reduction in tumor kynurenine levels
and tumor exposure of 43.6 μM*h AUC. This profile compares
well with linrodostat (4): at a 60 mg/kg dose, 4 achieved a
61% reduction in kynurenine levels and a tumor AUC of 34.9
μM*h.
In summary, structurally differentiated IDO1 inhibitors were

identified. Heterocyclic amide isosteres and replacements were
investigated. Amino-oxadiazoles, such as compound 25,
demonstrated potent cellular and hWB potency but led to
PXR activation. Optimization of benzimidazole 14 led to the
identification of imidazopyridine 36. Lead compound 36
possessed potent cellular and hWB activity as well as improved
metabolic stability (T1/2). Additionally, it had a suitable
permeability profile. Based on these findings, compound 36
was advanced into an in vivo human SKOV3 xenograft tumor
model in mice. Compound 36 demonstrated a robust PK/PD
profile with improved exposure and comparable PD effects to
linrodostat (4). In contrast to linrodostat (4), which showed
less PXR activation (PXR EC50 > 50 μM (13% Ymax)) and a
cleaner rCYP panel profile, compound 36 demonstrated more
significant PXR activation and CYP inhibition across several
isoforms; therefore, compound 36 was not investigated further.
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