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Abstract: indoleamine 2,3-dioxygenase 1 (IDO1) is a promising
therapeutic target in cancer immunotherapy and neurological disease.
Thus, searching for highly active inhibitors for use in human cancers
is now a focus of widespread research and development efforts. In
this study, we report the structure-based design of 2-(5-
imidazolyl)indole derivatives, a series of novel IDO1 inhibitors which
have been designed and synthesized based on our previous study
using N1-substituted 5-indoleimidazoles. Among these, we have
identified one with a strong IDO1 inhibitory activity (ICso = 0.16 uM,
ECsp= 0.3 pM). Structural-activity relationship (SAR) and
computational docking simulations suggest that a hydroxyl group
favorably interacts with a proximal Ser167 residue in Pocket A,
improving IDO1 inhibitory potency. The brain penetrance of potent
compounds was estimated by calculation of the Blood Brain Barrier
(BBB) Score and Brain Exposure Efficiency (BEE) Score. Many
compounds had favorable scores and the two most promising
compounds were advanced to a pharmacokinetic study which
demonstrated that both compounds were brain penetrant. We have
thus discovered a flexible scaffold for brain penetrant IDO1 inhibitors,
exemplified by several potent, brain penetrant, agents. With this
promising scaffold, we provide herein a basis for further development
of brain penetrant IDO1 inhibitors.
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Introduction

Over the last two decades, immunotherapy has arisen as a
powerful approach to the treatment of cancers.'? IDO1 is a
heme-containing monomeric enzyme which catalyzes the
catabolism of tryptophan in the first rate-limiting step to N-
formylkynurenine via the oxidative cleavage of the C2-C3 indole
double bond.®! N-formylkynurenine is further converted to
kynurenine and a series of biologically active metaboalites,
including the final product nicotinamide adenine dinucleotide
(NAD).™ IDO1 regulates the immune response by producing
biologically active kynurenine pathway metabolites.® In the tumor
microenvironment, IDO1 is found as a key mediator of innate and
adaptive immunity. !

IDO1 is highly expressed by tumor cells to escape a
potentially effective immune response via depletion of L-
tryptophan in the tumor microenvironment and by production of
the catabolic product kynurenine, which selectively impairs the
growth and survival of T-cells.[®! Dysregulation of IDO1 expression
is also involved in several inflammatory diseases, arthritis, and
neurological disorders including Alzheimer’s disease, Parkinson’s
disease, and cerebral ischemia.l’]

Since IDO1 plays an important role in cancer immunotherapy and
neurological diseases, searching for highly active inhibitors is now
a focus of research and development efforts by pharmaceutical
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companies and academic research institutions.®?% Various
molecular scaffolds with inhibitory activity against IDO1 have
been documented in the academic and patent literature.®%0 To
date, several IDO1 inhibitors such as Epacadostat, PF-06840003,
NLG-919 and BMS-986205 have advanced to clinical trials
(Fig.1).[622.27.3132 |ndoximod (NewLink Genetics) was the first
IDO1 inhibitor reported. NewLink Genetics also announced an
indoximod prodrug with improved pharmacokinetic properties, but
the structure has not yet been divulged.®® Epacadostat (Incyte,
INCB024360) and Linrodostat (Bristol-Myers Squibb, BMS-
986205) showed promising outcomes in phase /Il clinical trials;
however, a phase lll clinical trial combining Epacadostat with the
PD-1 antibody pembrolizumab in melanoma failed to demonstrate
efficacy.® PF-06840003 (Pfizer) and NLG-919 (NewLink
Genetics) also failed in phase | and Il clinical trials, respectively.
No IDO1 inhibitor has been approved for clinical use to date.
Despite these recent clinical failures, there is a continuing need
for further research into the mechanism of IDO1 in cancer biology
and as a druggable target for cancer. Interest in the industrial
sector in IDO1 also continues with multiple companies
maintaining IDO1 inhibitors in their pipelines, chiefly for non-CNS
malignancies, keeping the door open for the development of brain
penetrant IDO1 inhibitors for CNS indications.
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Figure 1. Representative IDO1 inhibitors

In accord with available IDO1 co-crystal structures, the
IDO1 active site is structurally divided into three regions: pocket
A, pocket B and a heme-cofactor.['6.22283538] Pocket A is a narrow
lipophilic pocket which is located in the distal heme site. Most
inhibitors with published co-crystal structures occupy pocket A
with an aromatic ring. Pocket B is near the entrance of the active
site, which contains hydrophilic (Arg231) and hydrophobic
(Phe226) residues. The heme cofactor structurally consists of two
binding sites: the porphyrin-bound iron atom and a propionate
group. Most potent inhibitors feature imidazole,??29
imidazothiozole®® or triazole moietiest®¥ tightly bound with the
heme iron via an N-atom, except Epacadostat, which coordinates
to the heme with an O-atom."?"! In addition, the propionate of the
heme is also a binding site which contributes to the biological
activity; for example, the hydroxyl group on the side chain of NLG-
919 forms a hydrogen bond with the propionate of the heme.?2
Key interactions with the propionate of the heme were also found
in Epacadostat and the imidazothiazole series.?”?® Through
crystallographic studies of substrate-bound IDO1, A third pocket
(pocket C) has been characterized, which is located below the
heme plane, accounting for the inhibition by substrate
phenomenon and the binding of a positive allosteric modulator of
the enzyme (Phe270, Asp274 and Arg343). Interestingly, a heme-
free form (holo-) of IDO1 has been also identified, wherein the
three pockets form a unique and larger ligand binding pocket in
which potent suicide inhibitors bind to the enzyme.%¢ In contrast
to other inhibitors, BMS-986205 acts as a suicide inhibitor and
irreversibly inhibits hIDO1 by binding to the apo-form followed by
heme release.®4-<l
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In our previously published study we discovered a series of
potent IDO1 inhibitors which structurally featured an imidazole
ring connected to a phenyl ring through a C-C bond, and to an
indole moiety through an N-CH; bridge (Fig. 2).""! Computational
modeling demonstrated that the hydroxyl group interacts with
Ser167 in Pocket A via a hydrogen bond, the 5-halogen
substituted indole group binds in pocket B. Imidazole combines
with heme iron atom and indole-NH forms interactions with the
propionate of the heme by hydrogen bonding (Fig. 3). We
envisaged swapping the orientation of the imidazole ring, which
would allow the phenyl and indole rings to occupy the same IDO1
binding pockets as in the original orientation (Fig. 2). This
modification may provide an opportunity for improving the IDO
inhibitory activity and ADME/PK properties and producing brain
penetrant compounds. In our continuous efforts to identify more
potent IDO1 inhibitors, herein we report a series of 2-((1-phenyl-

1H-imidazol-5-yl)methyl)-1H-indole ~ compounds as IDO1
inhibitors.
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Figure 2. Design strategy for IDO1 inhibitors
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FE;ure 3. Computational docking for our Previously reported IDO1 inhibitor
(IDO1 crystal structure: PDB entry 4PK5).'"

Results and Discussion

Chemistry: The synthetic procedure for compounds 9a-i,
11a-p and 12a-d is shown in Scheme 1. The anilines 1e and 1q
were synthesized from 1-fluoro-2-nitrobenzene and 2-fluoro-5-
chloro-1-nitrobenzene, respectively. Anilines 1a-r and ethyl
glyoxalate underwent a Van Leusen reaction to yield esters 2a-
q.1402.51 Reduction of esters 2a-q with LiAIH, followed by oxidation
with Dess-Martin periodinane provided aldehydes 3a-q. The
regioselective lithiation of N-Ts-indoles 4a-i with "BuLi followed by
nucleophilic addition to the aldehydes gave rise to the
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corresponding alcohols 5a-i and 6a-p. The final dehydroxylation
and detosylation afforded the target molecules 9a-i and 11a-p.
Compounds 12e-g were prepared by deprotection of isopropyl or
methyl ether groups with BCl3.#% Compound 9j was synthesized
from 13 in three steps. Compound 13 was prepared according to
the published procedure.*" Compound 9k was synthesized by
oxidation of 5d followed by N-tosyl deprotection. Esters 16a and
16b were prepared by a Mitsunobu reaction of ethyl imidazole-4-
carboxylate with alcohols 15a and 15b.%? The remaining steps for
the preparation of 12a and 12b were similar those of 9a-i and 11a-
p. Aldehydes 17a and 17b were synthesized from 2- and 3-iodo-
thiophene according to published procedures.*"! The remaining
steps for the preparation of 12¢ and 12d were similar as that for
preparation of 9a-i and 11a-p.

The syntheses of 10a-h are shown in Scheme 2. A Horner-
Wadsworth-Emmons reaction between 3a and 19 afforded 10a.
Reductive amination of aldehyde 3a and secondary amines 20a-
d provided 10b-e. Coupling of secondary amines 21a-c with Boc-
glycine and further deprotection of tert-butyloxycarbonyl group
provided 22a-c. Compounds 22a-c reacted with isothiocyanate
23 to give the thiourea 24a-c. Selective methylation of 24a-c and
subsequent cyclization of 25a-c with Lawesson’s reagent
afforded 26a-c. Final removal of SMe group of 26a-c with nickel
Raney gave 10f-h.[*3

Structure-activity relationship studies: We first examined a
series of substituted indole moieties to investigate the effect of
indole ring substitution on potency (Table 1). The determination
of ICso and ECsp values is described in Supporting Information 4.2
and 4.3. Compound 9a with a non-substituted indole moiety has
an ICsp of 16 uM. We explored whether substituents on the indole
ring would increase the potency by either forming interactions with
Arg231 or hydrophobic interactions with additional residues in
pocket B. Compounds containing 4- or 6-chloro indole moieties
(9b and 9c) did not produce a significant change in IDO1 inhibition
(ICs0 = 11 and 22.15 uM, respectively) relative to 9a (ICs0=16.12).
Compared with 9a-c (ICsp = 16.12, 11.77 and 22.15 uM
respectively), the 1Csp of 9d was improved to 0.44 uM (ECso = 0.85
uM) by introducing a chloro group on C5-position of the indole.
This can be rationalized by the the chlorine acting as both a
halogen bond donor and hydrogen bond acceptor with Arg231 in
pocket B (Fig. 4).13%a This result was consistent with published
results which demonstrated that tr-cation interaction between
chloro group and Arg231 is important for IDO inhibitory
activity.l'”19281 Other functional groups on the C5-position of
indole were also investigated: compound 9e containing 5-bromo
caused a slight loss of activity (ICso = 0.46 uM, ECso = 1.9 uM).
However, fluoro, cyano, methoxy and methyl groups (9f-i) caused
a slight decrease in activity relative to 9d with 1Cs values ranging
from 2.9 to 8.7 uM. A further loss of activity (ICso = 28 uM) was
observed for 9j when the CH, bridge was switched from C2-
position to C3-position of the indole ring. Replacement of CH,
linker with a ketone group led to a complete loss of activity for 9k,
probably because of the electron pair repulsion created between
the carbonyl oxygen’s lone pair of 9k and the propionate of the
heme which may cause a decrease in the binding efficiency.?® In
addition, several replacements of indole ring with heterocycles
were attempted. However, replacement of indole with pyrrolidine-
2,5-dione (10a, ICso > 200 pM), anilines (10b and 10c, ICsy =
53.61 and 82.3 uM respectively) and tetrahydroisoquinoline (10d
and 10e, ICso> 200 and 200 uM respectively) led to a significant
drop in IDO1 inhibition activities compared with 9d (ICsq = 0.44
UM, ECso = 0.85 uM). Considering that the basicity of the ligand is
crucial to form a metal complex, increasing the basicity of the
imidazole may result in a stronger binding to the heme iron of
IDO1, which may improve IDO1 inhibitory activity from bottom. To
increase the basicity of the imidazole, a N-atom was introduced
at the C5-position of imidazole ring (10f-h). Compared with 10d
(ICso > 200 puM) and 10e (ICsp > 200 pM), compounds 10f-h
displayed improved IDO1 inhibitory activities with 1Cso of 1.24 to
8.4 uM, respectively, but were less potent than 9d (ICso = 0.44
UM, ECso = 0.85 uM).
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Fig. 4. Computational docking of 9d (IDO1 crystal structure: PDB entry 4PK5).

Next, we attempted to optimize the phenyl ring in pocket A (Table
2). The unsubstituted phenyl compound 11a had an I1Csp of 90 uM.
Toimprove IDO1 inhibitory activity substitutions on the phenyl ring
were investigated. Ortho-substituted phenyl groups (11b-e) had
poor activity with ICsq values between 10 and 200 yM. Switching
the substitution from the ortho- to para-position did not produce
any improvement in activity (11f-h). Surprisingly, meta-
substituted phenyl yielded more potent compounds (9d, 11i).
Compounds 9d and 11i have ICs values of 0.44 and 0.98 uM,
respectively. Meta-substitution may be the optimal position to
occupy the small lipophilic cavity at the top of pocket A and, at the
same time, generate an interaction between the sulfur atom of
Cys129 and the chlorine of the 3-chlorophenyl moiety.'"172% The
3-F, 3-OMe substitutions produced compounds with ICso values
greater than 10 uM (11j and 11k). We next studied the influence
of di-substituted groups on phenyl rings and found di-substituted
compounds 11I-n displaying decreased IDO inhibitory activities
(ICso > 4.9 puM), compared with most potent mono-substituted
compound 9d. We then explored replacement of the phenyl
functionality with aliphatic and heterocyclic substituents and
observed that compound 12a, containing the cyclopentyl moiety,
had an ICso of 45 uM (ECso = 0.7 uM). It is hypothesized this
phenomenon arises due to complications in regulating the IDO1
redox activity and/or an environmental effect, which likely also
accounts for the reported lower ECsg values as compared to the
ICso values in the cell-based activity assay.** As we discussed
above, a 3-halogen phenyl ring is necessary to maintain the
activity by establishing interactions with the amino acid residues
in pocket A. The cyclopentyl ring in 12a cannot interact with
residues in pocket A, which may be the cause of reduced
potency. Changing from a cyclopentyl to cyclohexyl ring in pocket
A led to an inactive compound (12b, ICsy > 200 uM).
Replacements of phenyl with a thiophene led to a loss activity
(12c, I1Csp = 60 uM and 12d, I1Cso = 18 uM).

Based on our previous results and literature precedent,
IDO1 inhibitory activity can be increased by the introduction of a
hydroxyl group at the ortho-position of the phenyl ring.['”-232% The
hydroxyl group is thought to interact with Ser167 in the pocket A
through a hydrogen bond, which contributes to the inhibitory
activity. Inspired by this observation, we installed a 2-hydroxyl
group on the phenyl ring of 11a to produce compound 12e and as
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predicted, it displayed a significantly improved ICso of 2.29 uM,
compared with the non-hydroxyl compound 11a (ICso = 90 uM).
Encouraged by this result, we further explored whether inclusion
of an additional substituent on the phenyl ring of 12e would
substantially improve binding affinity. A 3-chloro group was
foundto be the best substituent in pocket A for IDO1 inhibitory
potency (9d). 12f was synthesized by installing a 3-chloro group
on the phenyl ring of 12e. Significantly, 12f displayed an inhibitory
activity of 0.16 yM, approximately 2.8-fold more potent than 9d,
with an ECsg of 0.3 yM. Further switching from a 2-hydroxyl to 3-
hydroxyl group (12g) led to decreased activity (ICso = 1.45 uM),
which suggested that the 2-hydroxyl group played an important
role in maintaining IDO1 inhibitory activity.'"?53 The SAR
studies of di-substituted compounds indicated that both a 2-
hydroxyl and 5-chloro in Pocket A (12f) are necessary for potent
IDO inhibition, and other di-substituted compounds (11I-n)
showed decreased IDO inhibitory activities.

The binding modes of potent compounds 9d and 12f with
IDO1 were further evaluated by computational modelling. As
shown in Fig. 4, computational modelling of 9d reveals that the
N1-phenyl ring likely occupies pocket A, and the indole ring
extends to pocket B. The imidazole ring coordinates with the
heme iron via an N-atom. The binding model of 12f was similar
with that of 9d. Computational modeling of 12f (Fig. 5) further
suggests that the 2-hydroxyphenyl group fits in pocket A and the
hydroxyl group acts as a hydrogen bond donor to Ser167, which
may account for the high potency against IDO1. The indole-NH
was found to interact with the propionate of the heme through a
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found to be important for the IDO inhibitory activity.['7:2227.28]
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Table 1. SAR studies of pocket B.
Cl
Pocket B
NN
\:N
GBVI/WSA dG
Compound R 1Cs0 (M) ECso (um) ClogP LE[ BBB Scorel®! docking Score
(kcallmol)
m
9a G ﬂ 16.12 4.63 0.31 4.24 -8.4039
cl
9b mg(/j@ 1.77 5.51 0.30 418 -8.5461
~ N
H
1
9 s N al 22.15 10.0 5.51 0.30 4.18 -8.7656
cl
T
9d TN 0.44 0.85 5.51 0.39 418 -8.9499
H
Br
~T
9e T m 0.46 1.90 5.51 0.39 413 -8.9346
F
T
of T H 2.90 3.34 5.66 0.34 4.2 -8.5877
CN
T
99 T N 2.32 212 4.45 0.33 4.1 -9.2024
H
OMe
Y
9h T H 8.67 1.66 4.88 0.30 4.31 -9.1466
Me
~T
9i TN 2.57 >10 5.36 0.34 4.2 -8.9140
H
4
9 }/@\ 26.86 >2.50 5.51 0.28 419 -8.5745
N cl
o) Cl
1Y
9k TN >200 5.24 3.94 -8.4426
H
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(o]
10a HN\\<NH 200 1.02 407 -7.2551
o]
Cl
10b B{\N/©/ 53.61 >10 477 0.28 4.98 -8.2282
H

CN
10¢ s 82.3 3.89 0.26 467 -8.6985

Ph
10d SN >200 5.24 495 -7.3541
10e yﬂC@ >200 469 497 -8.1877

Ph
10f 1{@/ 124 >2.50 5.60 0.35 4.94 -8.8333

F
-9.1090
109 1.30 >2.50 574 0.33 4.89
_N
%
10h cl 8.40 6.31 0.28 4.88 -7.5222
-;zLN

The cellular assay that was employed can be found in the 4.3 section of the Supporting Information. [a] Ligand efficiency (LE) calculated using IDO1 ICso. [b] BBB
Score calculated according to ef\I/49].

Table 2. SAR studies of pocket A.

GBVI/WSA dG
Compound R 1Cs0 (M) ECso (UM) ClogP LE®@! BBB Scorel®! docking Score
(kcallmol)
11a @\;{ 90.31 5.01 0.26 4.24 -8.4455
Cl
11b CE{ 144.6 5.74 0.23 4.17 -9.0412
F
11c @;ﬁ 156.1 4.94 0.23 4.19 -8.4820
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OMe
11d @E{ 10.07 4.83 0.29 4.36 -9.3821
o

11e @E’f Y >200 5.66 4.23 -7.7936
Cl

11f \©\J"\r 58.66 5.51 0.26 4.18 -8.3626
F

11g \©}r\r >200 4.94 4.31 -8.4238

MeO
11h \©\‘Jf 45.74 4.82 0.25 4.2 -8.9892

@9
e

i 0.98 7.20 5.89 0.37 413 -9.2475
F
11j @ 12.85 4.94 0.30 4.2 -8.6657
s
OMe
11k @ 25.90 >2.5 4.82 0.27 4.31 -9.3143
e
F
9.1159
11 < 114.0 5.44 0.23 4.16
Me
Cl
Cl
11m 485 6.34 0.31 412 -8.6350
!
F
11n /@ 34.40 4.99 0.25 427 -8.367
MeO ES
12a : 44.81 0.71 4.39 0.30 48 -8.998
-
12b Q >200 495 477 -7.898
%
8
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s
12¢ E/}é‘ 60.0 4.69 0.28 4.22 7.989
s
W
12d 18.22 >25 469 0.32 424 -8.321
~
OH
12e @Q 2.29 0.64 4.44 0.36 4.22 -9.001
cl
-9.206
12f s 0.16 0.30 521 0.40 421
OH
cl
129 1.45 >25 5.21 0.36 4.29 -8.739
HO S

The cellular assay that was em Icf)\{;lag]can be found in the 4.3 section of the Supporting Information. [a] Ligand efficiency (LE) calculated using IDO1 ICso. [b] BBB

Score calculated according to Re

Table 3. Pharmacokinetic parameters of compounds 9d and 12f. PO dose was administered at 5 mg/kg and IV dose was administered at 2.5 mg/kg.

9d 12f
Parameter v PO v PO
Pla;sm Brain Plasma Brain Plasma Brain Plasma Brain
RZaq; 0.94 0.93 0.98 0.96 0.96 0.98 0.87 0.75
Cmax (ng/mL or g) 1,233 4,825 235 1,114 1,251 269 135 50
Tmax (h) - - 0.5 0.5 - - 0.5 2
T2 (h) 1.0 0.9 1.9 1.4 1.8 2.2 21 14.0
Vdss (L) 3.4 0.6 - 52 8.3
Cl (mL/min/kg) 3.7 0.5 24 22 4.1 2.2 3.6 20.7
Tiast 6 6 6 8 8 8 8 8
AUCo-Tiast (Ng-h/mL or g) 666 5,023 357 2,115 593 1,032 318 324
AUC, .. 675 5,118 395 2,171 608 1,159 342 1,042
MRTo-Tiast (h) 0.84 1.05 - 1.03 2.93
Oral Bioavailability (%) 29 - - 28
AUCo-Tiast Brain/Plasma 7.5 5.9 1.7 1.0

Selected potent compounds (9c-i, 11n, 12a, 12c-f) were
advanced to solubility and in vitro intrinsic clearance Cl using
mouse liver microsomes (MLM) studies (9f-h, 11n, 12a, 12e-f).
Non-hydroxyl compounds, 9d-f bearing a 5-halogen in Pocket B
had low solubility (Ksol < 10 uM). The solubility for 9¢ (6-Cl) and
9g-i (5-CN, 5-OMe, 5-Me) were improved with Ksol values
ranging from 10 to 31.2 yM. Compounds containing an aliphatic
ring (12a) and heterocycle (12c and d) in Pocket A exhibited poor
solubility (Ksol < 1.2 uM), likely due to high lipophilicity. The
phenolic compound 12e had good solubility with Ksol = 28 uM
possibly because the hydroxyl group increases hydrophilicity. The

most potent compound 12e displayed improved solubility with
Ksol =9.38 uM.

9f-h resulted in high MLM clearance (CLj > 348 mL/min/kg)
possibly because of high lipophilicity. Compound 12a had poor
MLM stability (CLint = 1337 mL/min/kg), possibly due to poor
metabolic stability of the cyclohexyl group as first pass
metabolism of cycloalkyl groups is a well-documented issue.?
The phenolic compound 12e had MLM data with CLi - 319
mL/min/kg, whilst 12f showed acceptable MLM data (31.7
mL/min/kg). Compounds 9d and 12f were also assayed for brain
protein binding via equilibrium dialysis (percentage bound = 98.29
and 99.92% respectively). The high protein binding percentages
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for 9d and 12f also arose from the high lipophilicity of these
compounds.l'’]

We calculated the LE for our compounds (Tables 1 and 2)
to assess whether they are in the appropriate range for druglike
compounds (LE > 0.3). The most potent compound, 12f,
displayed the best LE value (0.4), which is comparable to the
mean LE value (0.45) for most approved drugs administered
orally.“ The ‘GBVI/WSA dG docking scoresi®? for our
compounds are given in Table 1 and 2 to estimate the binding
affinity of each ligand in the active site of IDO1. We can see that
most of the active compounds, including 9d and 12f, have low
GBVI/WSA binding free energy. Detailed information of docking
simulations protocols, ligand structure optimization, dataset
curation and descriptor calculation has been given in supporting
information and in prior publications.“®*dl There are several
potential applications for a brain penetrant IDO1 inhibitor.['6:4547]
To evaluate our compounds for their ability to penetrate the brain,
we used two assessment tools, one called the Brain Exposure
Efficiency (BEE) score, and the other called the Blood Brain
Barrier (BBB) score; both developed by our group.“84° The BBB
score estimates passive diffusion across the BBB, whereas the
BEE score predicts active transport across the BBB as a function
of efflux and influx transporters. The BBB score values of our
active compounds ranged between 4 to 5, which is optimal for
BBB penetration. The BBB scores for 9d and 12f are 4.18 and
4.21 respectively, which predict a good brain penetration for these
analogs. The BBB scores for all other analogs are presented in
Tables 1 and 2, respectively. The predicted Kp,uu values (the
BEE scores) for both 9d and 12f are above 0.10, which is optimal
for brain penetration.*¥! The BEE Score efflux and influx
transporter activity calculations predicts that the analog 9d is
predicted to be a substrate of OCT1 influx transporter and 12f is
predicted to be a substrate of both OCT1 and OCT2 influx
transporters. Compound 9d is predicted not to be a substrate of
either the P-gp or BCRP efflux transporters. More details about
these BEE calculations are provided in supporting information
Tables S1-S6. Brain penetration and transporter affinity
predictions could be employed for further studies in CNS drug
development. Based on the above results we examined the
pharmacokinetic profiles of compounds 9d and 12f.

Our pharmacokinetic studies on 9d and 12f (Fig.6; Table 3)
demonstrated that both compounds were reasonably brain
penetrant (AUCgrainpiasma > 1) but that both compounds had
somewhat low oral bioavailability (< 30%). The brain exposure of
9d was several fold that of 12f (AUC o.tiast Brain = 2115, 324 for
9d and 12f, respectively) The 2-hydroxyl group in 12f decreases
lipophilicity and increase the number of hydrogen bond donors
relative to 9d, which may explain its lower brain exposure relative
to 12f. Additionally, we attribute the short half-lives of the
compounds to possible oxidation of the methylene between the
imidazole and indole on the pocket B side, or, oxidation of the
chlorobenzene or phenol on the pocket A side of 9d and 12f
respectively.l!

9d Mouse PK
5mg/kg PO, 2.5mg/kg IV
10,000
>
[o2]
| =]
< 1,000
5 % ‘.lf\\y_‘-—ak\ Tissue | Route
w m_ | 4 \\\ Brain | IV
= L
ETEI 100 \\'\ ~~ ~—e&— Brain | PO
= \\ \“‘\1 —8 ~ Plasma | IV
S ~ Plasma | PO
E 10 .—
E -
o
1
0 2 4 6 8
Time (Hrs)
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12f Mouse PK
5mgl/kg PO, 2.5mg/kg IV

10,000
Ay
=)
=
1,000
5 '5 1\ Tissue | Route
‘}E o " Brain | IV
E _E, 100 \_\ —e— Brain | PO
22 B~ = — —=~ Plasma| IV
(_O)g - . — L Plasma | PO
g ‘ =1
o
1
0 2 4 6 8
Time (Hrs)

Fig. 6. Pharmacokinetic profiles of Compounds 9d and 12f. A) Mice were
administered 9d 5 mg/kg PO and 2.5 mg/kg IV. Brain and plasma were collected
at each indicated time point and concentration of the compound was
determined. B) Mice were administered 12f 5 mg/kg PO and 2.5 mg/kg. Brain
and plasma were collected at each indicated time point and concentration of the
compound was determined. Full PK parameters for each compound are
presented in Table 3.

Conclusion

In summary, on the basis of computational docking simulations, a
series of 2-((1-phenyl-1H-imidazol-5-yl)methyl)-1H-indoles was
designed, synthesized, and evaluated as IDO1 inhibitors.
Optimization of pocket A and B substituents led to identification of
compound 12f as our most potent IDO1 inhibitor. A structure
activity relationship analysis indicated that a 5-chloro group on the
indole ring is essential for the IDO1 inhibitory activity in pocket B.
Both the 3-chloro and 2-hydroxylgroups on the phenyl ring are
important for the IDO1 inhibitory activity targeting pocket A.
Computer docking studies demonstrated that the hydroxyl group
may interact with the Ser167 residue in pocket A. Potent
compounds 9d and 12f were predicted to have good brain
penetrance as calculated by the BBB score and BEE score. We
then performed a pharmacokinetic study, which demonstrated
that 9d and 12f were both brain penetrant, though they had
relatively low exposure and half-lives. The scaffold we have
developed could be further developed to produce brain penetrant
IDO1 inhibitor compounds for CNS indications, such as neuro-
oncology or Alzheimer's disease. Towards this goal, studies on
the replacement of the 2-hydroxyl group with other H-donors,
which may enhance both IDO1 inhibitory activity and ADME/PK
properties (such as solubility, MLM and PK), are ongoing in our
laboratory.
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