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ABSTRACT: Indoleamine 2,3-dioxygenase 1 (IDO1) is a heme-containing dioxygenase enzyme implicated in cancer immune
response. This account details the discovery of BMS-986242, a novel IDO1 inhibitor designed for the treatment of a variety of
cancers including metastatic melanoma and renal cell carcinoma. Given the substantial interest around this target for cancer
immunotherapy, we sought to identify a structurally differentiated clinical candidate that performs comparably to linrodostat (BMS-
986205) in terms of both in vitro potency and in vivo pharmacodynamic effect in a2 mouse xenograft model. On the basis of its
preclinical profile, BMS-986242 was selected as a candidate for clinical development.
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Human indoleamine 2,3-dioxygenase 1 (IDO1) metabo-
lizes the essential amino acid L-tryptophan (i-trp) into
kynurenine via N-formylkynurenine and is expressed in
tumor-associated cells such as dendritic cells (DCs) and
endothelial cells, as well as tumor cells themselves.! High
levels of IDO1 expression in tumors or draining lymph nodes
is a negative prognostic factor for several tumor types
including melanoma, colon cancer, brain tumors, ovarian
cancer, acute myelogenous leukemia, and others.” IDO1
expression is upregulated by type I and type II interferons,
COX-2 via PGE2 production, and reverse signaling from
inhibitory T cell coreceptors including cytotoxic T-lympho-
cyte-associated protein 4 (CTLA-4) binding to CD80 on
DCs." Furthermore, IDO1 has been implicated in immune
escape in the tumor microenvironment, and inhibition of
IDO1 has been shown to counter this effect.” Many cancer
immunotherapies aim to activate T cells within the tumor
microenvironment or cause antitumor inflammation which
can, itself, induce IDO1 expression. Consequently, these
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immunotherapies may be increasingly effective when
administered in combination with an IDO1 inhibitor."
IDO1 potentiates a variety of effector pathways. Elevated
levels of IDOI1 in the tumor microenvironment can cause
local depletion of i-trp leading to immune tolerance of
tumoral antigens.” Specifically, local 1-trp depletion may
cause stress response kinase general control nonderepressible
2 (GCN2) activation.® Activation of GCN2 can bias
differentiation of naive T cells into T, cells, cause T cell
anergy, and inhibit T cell proliferation.” GCN2 can also alter
the phenotype of DCs to produce IL-10, transforming growth
factor beta (TGFf) and other inhibitory cytokines.” L-trp
depletion may also cause master amino acid-sensing kinase
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glucokinase-1 (GLK1) blockade leading to mammalian target
of rapamycin complex 1 (mTORC1) and protein kinase C
theta (PKC-@) inhibition.” Kynurenine produced by IDO1
binds and activates the aryl hydrocarbon receptor (AhR),
which encourages T, differentiation and the formation of
DCs with an immunosuppressive phenotype.'’

IDO1 is a monomeric heme-containing enzyme that
catalyzes the initial, rate-limiting step of L-tryptophan
catabolism. Specifically, IDO1 catalyzes pyrrole ring cleavage
in D- or L-trp by incorporating both atoms of molecular
oxygen (O,) to form N-formyl kynurenine and subsequently
kynurenine.'' Other enzymes capable of affecting this
transformation include IDO2 and tryptophan 2,3-dioxygenase
(TDO). In contrast to IDO1, TDO is tetrameric,
enantiospecific (will only catalyze the cleavage of L-trp) and
constitutively expressed in the liver and brain.'”” TDO is
primarily responsible for regulating systemic L—trE levels
suggesting that its role may be distinct from IDOL." Less is
known about IDO2; however, it has 43% sequence homology
with IDO1 and reduced affinity for L-trp, implying decreased
activity.14

Dozens of IDOI1 inhibitors have been reported and
assessed preclinically, while several others have been clinically
investigated in combination with chemotherapeutics, check-
point inhibitors, and vaccines.'” The structures of several of
these clinical candidates, including linrodostat mesylate
(BMS-986205) (1),'" epacadostat (2),'®" indoximod
(3),"*° navoximod (4),'° and PF06840003 (5),'*° are
shown in Figure 1. While clinical trials with various IDO1
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Figure 1. Clinically investigated IDO1 inhibitors.

inhibitors have been terminated because of lack of clinical
response,’” it has become clear that different IDO1 inhibitors
are acting through several discrete mechanisms which could
impact pharmacology and clinical outcomes.'® Moreover,
linrodostat has a unique mechanism of inhibition targeting
apo-IDO1 in contrast to other clinically assessed IDOI1
inhibitors (see Figure 1) which likely target holo-IDO1."
Previously, the discovery of linrodostat (1), a heme
displacing, cyclohexyl quinoline IDOI1 inhibitor, was dis-
closed.'* This compound demonstrated potent human IDO1
inhibitory activity in HeLa cells and human whole blood that
compared favorably with competitor compounds. Currently,
linrodostat is in several clinical trials including a phase III
study in bladder cancer in combination with nivolumab, as
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well as phase I and II studies in a variety of tumor types.”’
Herein, we will discuss efforts to find a structurally
differentiated IDOI1 inhibitor resulting in the identification
of BMS-986242, which possesses a preclinical PK/PD profile
comparable to linrodostat.

An X-ray cocrystal structure of compound 6 (a closely
related analogue of BMS-986205) was utilized in the design
of new IDOLI inhibitors (Figure 2)."”* The key interaction

Figure 2. Crystal structure of compound 6 bound to hIDOI.

involves hydrogen bonding between the NH of the amide
bond and Ser167 as well as the amide carbonyl and His346.
There is also a potential hydrogen bonding event between
the nitrogen of the quinoline and Arg343. Additionally, the
crystal reveals edge to face pi stacking interactions between
the cyanophenyl group and Tyr126 as well as between the
quinoline ring and Phe270. When the pursuit to identify a
structurally differentiated clinical candidate began, we were
aware that the aryl amide-containing region of linrodostat was
tolerant of a variety of modifications, so we chose to focus
our efforts on this portion of the molecule first.

Expedient exploration of a diverse range of aryl amide
isosteres and replacements necessitated a synthetic route
wherein the key intermediate would already contain the
cyclohexyl-quinoline core with all stereochemistry set. To
achieve this, new compounds of generic structure 14 were
prepared according to the sequence outlined in Scheme 1 via
intermediates 12 or 13. To begin, a previously reported vinyl
boronic acid”’ was coupled to commercially available 4-
chloro-6-fluoroquinoline under standard Suzuki coupling
conditions to provide 7. Hydrogenation of 7 with Degussa-
type palladium was necessary to avoid over reduction of the
quinoline. Subsequent hydrolysis of the ketal gave ketone 8.
Diastereoselective reduction of the resulting ketone with
sodium borohydride preferentially gave the trans-alcohol (in a
S:1 trans-:cis- ratio) which was then mesylated to yield 9.
Next, a one-pot process involving mesylate displacement with
di-tert-butyl malonate followed by acetic acid mediated tert-
butyl group deprotection with concomitant decarboxylation
provided cis-acid 10 containing the necessary stereochemistry
around the cyclohexyl ring. The a-methyl group of the acid

https://dx.doi.org/10.1021/acsmedchemlett.0c00668
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Scheme 1. Synthetic Route to Cyclohexyl Quinolines”
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“Reagents and conditions: a. Pd(PPh;),, K,CO;, dioxane, water, 100 °C, 16 h (77%); b. Pd/C (Degussa), NH,HCO,; c. 4 M HC], Acetone (75%
over 2 steps); d. NaBH,, (5:1 trans:cis dr); e. MsCl, Pyr. (76% over 2 steps); f. (i) NaH, di-tBu-malonate, (ii) AcOH, 130 °C (76%); g. PivCl, TEA;
lithium-(R)-2-oxo-4-phenyloxazolidin-3-ide (85%); h. NaHMDS, —40 °C; Mel (>20:1 dr) (68%); i. LiOH, H,0, (82%); j. DPPA, TEA; LiOH,

H,0 (90%)

was installed stereoselectively using an Evan’s oxazolidinone
chiral auxiliary. Alkylation of oxazolidinone-containing inter-
mediate 11 with methyl iodide allowed for installation of the
methyl group in >20:1 diastereoselectivity in favor of the
desired diastereomer. Cleavage of the chiral auxiliary led to
intermediate 12. This intermediate could lead to a variety of
amide replacements or isosteres using procedures outlined in
the Supporting Information provided, as well as other
variations not disclosed in this manuscript but exemplified
elsewhere.”” Alternatively, this intermediate (12) could be
converted to amine 13 via Curtius rearrangement to give
another intermediate useful for introducing diversity.”” From
intermediates 12 and 13, a variety of amide isosteres and
replacements were synthesized (compounds 15-25) (see
Supporting Information for details) and assessed in both
human HeLa and murine M109 cellular IDO1 inhibition
assays where IDO activity can be induced upon treatment
with IFNy as well as a human whole blood (HWB) IDO1
inhibition assay (Table 1).

We initiated our efforts by synthesizing compounds such as
pyrimidine 15, benzylamine 16, and cyclohexylamine 17.
While heterocycles, such as pyrimidine 15, were tolerated in
several cases (not shown),22 none were as potent as
compound 1, and all showed inferior HWB potency.
Benzylamines (like 16) and primary aliphatic amines (not
shown) were generally not well tolerated. Of the aliphatic
amines explored, cyclohexylamine 17 was the most successful;
however, this compound had very poor HWB activity and
metabolic stability. Removing the carbonyl group in 1 led to
analogue 18. While 18 did maintain a decent level of potency
(within ~3-fold of 1) in the human cellular and whole blood
assays, it was >10-fold less potent in the murine M109
cellular assay. Moving the nitrogen over one position as in
compound 19 rendered compound 19 significantly less active.
Several heterocyclic isosteres were tolerated including
benzimidazole 20 which was only 2-fold less potent than 1
in the HeLa and HWB assays. Further exploration of
heterocyclic isosteres will be the topic of a future publication.
Sulfonamides such as 21 were found to be inactive and
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although ureas (22) were able to maintain some potency,
mediocre HWB potency made them implausible candidates.
Finally, several “reverse” amides were synthesized. Two
homologated analogues containing four-atom linkers between
the cyclohexyl core and the p-chlorophenyl ring (23 and 24)
were much less potent than 1 across assay types. In contrast,
the “reverse” amide analogue 25 that possessed a three-atom
linker between the cyclohexyl core and the p-chlorophenyl
ring displayed the same level of cellular potency and was
within 2-fold of the HWB potency of linrodostat (1). On the
basis of this promising result, SAR around the “reverse”
amides was surveyed (Table 2).

Synthesis of the meta-chloro (26) and ortho-chloro (27)
versions of compound 25 revealed an advantage for para-
substitution on the phenyl ring both in terms of potency and
metabolic stability. Aliphatic reverse amides like 28 and 29
again maintained decent (<25 nM in HeLa) human cellular
potency like their “forward” amide versions (i.e,, 17), but also
suffered from poor HWB activity and metabolic stability. The
para-biphenyl analogue 30 had an overall superior in vitro
profile based on potency and metabolic stability; however,
this compound suffered from extremely poor solubility
(<0.001 mg/mL at pH 7.4 and 6.5) and was consequently
not progressed. In the course of our efforts to improve the
solubility of these compounds, we also found that a wide
variety of polar functionalities were tolerated at the meta-
position as exemplified by compound 31. Based on the
cocrystal structure of 6 shown above, we believe that these
polar groups are projecting out of the binding pocket and
may be solvent exposed. Unfortunately, molecules like 31 did
not improve aqueous solubility (still <0.001 mg/mL at 6.5)
and most had very poor metabolic stability. On the basis of
this data, “reverse” amide 25 (which was assigned as BMS-
986242) was profiled more extensively both in vitro and in
vivo.

Further in vitro ADMET profiling (Table 3) revealed that
BMS-986242 was more prone to oxidative metabolism and
less susceptible to glucuronidation. Biotransformation studies
in hepatocytes across species (H, M, R, D, C) identified

https://dx.doi.org/10.1021/acsmedchemlett.0c00668
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Table 1. SAR of Amide Isosteres and Replacements

Cmpd ] Hela/ HWB HLM/
4 R M109 1Cso MsLMe
ICs0 (nM)* (nM)?
g
1 oy 2/5 9 84/31
H
N__OMe
o N
15 ,%LNLI 10/92 30 73/51
H
o
16 %HJ\@ 67/370 >1000  19/5
Cl
o
17 2 18/287 470 <1<l
H
Cl
18 nm«@/ 7/62 44 80/80
H
Cl
H
19 %Nv[j 745/>1000  >1000  34/2
8
20 L 412 28 48/12
H
Cl
21 ,‘Lﬁ_s/@ >1000/>1000 484  29/<1
6o
N K
22 2 20/67 280 52/14
N
23 x 125/651 779 8/2
[e]
24 v@g*@ 261/772 158 56/32
Cl
25 Cl
BMS- ,ﬁp 212 25 5421
986242 o

“Data reported as average of >3 test results. See Supporting
Information for description of assay conditions. Data reported as
average of >2 test results. See Supporting Information for description
of assay conditions. “Percentage of the parent compound (0.5 yM)
remaining after a 10 min incubation with 1 mg/mL of HLM or
MsLM.

several oxidative metabolites as well as metabolites where the
resulting oxygen was capped as the glucuronide; however, no
direct glucuronidation of the parent molecule was observed.
Several oxidative metabolites were identified and profiled.
They were found to be substantially less potent (>200 nM)
than parent in the HWB assay. Intrinsic permeability was
satisfactory, and the compound does have a moderate
potential for drug—drug interactions based upon CYP
inhibition of 2C8, 2C9 and 2C19. While compound BMS-
986242 showed 87% hERG inhibition and <20% sodium
channel inhibition in a patch clamp assay at a 10 uM
concentration at both 1 and 4 Hz, it was also highly protein
bound which mitigates this liability. Additionally, no adverse
findings were observed in a rat CV telemetry study. In an in
vitro safety panel consisting of 40 targets, BMS-986242
showed ICg, > 25 uM for all targets except nAChR al (ICq,
= 12.3 yM) and nAChR a7 (ICy, > 6 uM with ~20% max
inhibition). The pharmacokinetics of BMS-986242 were
investigated in mice, rats, dogs, and monkeys (see Table
4). Despite a seemingly poor in vitro oxidative metabolic
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Table 2. “Reverse” Amide SAR

Cmpd R HelaM109  HWB  HLM/
# ICso (nM)*  ICso(nM)? ~ MsLM¢®
Cl
26 np 7/48 97 39/9
=
o
Cl
27 ,ﬁ%@ 12215 135 21/7
o
Cl
28 3“7(@ 24/56 579 9/10
o]
H
29 a"m/o 12/86 294 6/5
o
Ph
30 ,LHYQ 213 2 59/70
o
OMe
H
31 a"ygu 7/20 35 2/4
o _o

“Data reported as average of >3 test results. See Supporting
Information for description of assay conditions. “Data reported as
average of >2 test results. See Supporting Information for description
of assay conditions. “Percentage of the parent compound (0.5 uM)
remaining after a 10 min incubation with 1 mg/mL of HLM or
MsLM.

Table 3. In Vitro ADMET Profile of BMS-986242 (25)

BMS-986242 (25)
14 (H), 4 (M), 10 (R), 10 (D), 2 (C)

>120 (H), >120 (M), 93 (R), 33 (D),
>120 (C)

2830 nm/sec
88:55 nm/sec

2C8:1.39; 2C9:0.74; 2C19:3.37;
others >15

87% inh at 10 uM
<20% inh at 10 uM (1 and 4 Hz)

parameter

met. stability CYP (T, min)
met. stability UGT (T,/, min)

PAMPA (pH 7.4)
Caco (a-b:b-a)
human CYP ICg, (uM)

hERG patch clamp
Na* patch clamp

Ca®* patch clamp ICs, >25 uM
protein binding (% free): h, m  <0.3, <0.2
PXR-TA ECs, >50 uM

Table 4. Pharmacokinetic Parameters for BMS-986242
(25)

parameter mouse” rat” dog*” cyno”
dose (mg/kg) iv/po 0.5"/6° 0.5"/2° 1%/5¢ 1%/5¢
CL (mL/min/kg) iv 30 3.70 5.1 12
Vss (L/kg) iv 17 0.97 3.87 1
AUCu (uMh) iv/po  0.69/12.6  56/282  87/174  34/7.1
ts (h) iv 8 4 19 2
F,, (%) 152 127 39 42

“Data reported as average of >3 animals. b70% PEG 400; 30% water.
“5% ethanol; 55% PEG 400; 20% propylene glycol; 20% TPGS.

stability profile, BMS-986242 had a suitable PK profile across
species. Oral bioavailability was >39% in all tested species.
Pharmacodynamic effects were studied in a nu/nu mouse
xenograft model: mice were implanted with SKOV3 cells
(human ovarian cancer cell line) 2 weeks prior to treatment
(see Table S for results, see Supporting Information for
protocol details). Compound exposure in the tumor was then
monitored (PK), and pharmacodynamic (PD) effects were
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Table 5. PK—PD Study of BMS-986242 (25) vs
Linrodostat vs Epacadostat in Human SKOV3 Xenograft
Tumor Mouse Model

compound dose (mg/kg) PK“ PD?
BMS-986242 (25) 3° 9.6 435%
BMS-986242 (25) 10° 21.1 58%
BMS-986242 (25) 30° 61.0 59%
linrodostat (1) 60° 349 61%
epacadostat (2) 1007 48.0 54%
“PK is AUC (0—24 h) in yM*h measured in the tumor. bpD is

percent kynurenine AUEC (0—24 h) reduction measured in the
tumor. %Kyn reduction was measured at steady state after the Sth
dose, calculated as the area under Kyn concentration—time curve
from 0 to 24 h and compared with that of vehicle control. “QD PO
dosing. 9BID PO dosing.

quantified by observing kynurenine (a downstream product of
tryptophan metabolism catalyzed by IDO1) levels in the
tumor. BMS-986242 (3, 10, and 30 mpk QD PO),
linrodostat (60 mpk QD PO), and epacadostat (100 mpk
BID PO) were all examined in this mouse xenograft model.
BMS-986242 (25) exhibited dose-proportional exposure and
a statistically significant reduction in kynurenine concen-
tration in the tumor at all three doses. In this model, the
pharmacodynamic effect of a 10 mpk QD dose of BMS-
986242 (25) was comparable to a 60 mpk QD dose of
linrodostat (1) and a 100 mpk BID dose of epacadostat (2)
despite having lower levels of exposure (21.1 vs 34.9 vs 48.0
uM?*h, respectively). Also of note, the 30 mpk dose of BMS-
986242 provided significantly higher levels of exposure than
the 60 mpk dose of linrodostat (60.1 vs 34.9 uM*h
respectively)

In summary, we have identified BMS-986242 (25) as a
structurally differentiated clinical candidate for IDOI1
inhibition with robust human and mouse in vitro activity as
well as dose proportional exposure and significant PD effect
in vivo in a mouse xenograft model. BMS-986242 elicited a
PD effect comparable to linrodostat (1) and epacadostat (2)
in a PD model of tumor kynurenine reduction at a lower
level of exposure. Given the promising preclinical safety and
pharmacodynamic profile of BMS-986242, it was progressed
into a phase I/II study in combination with nivolumab.*®
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