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ABSTRACT: Recent data suggest that the inhibition of arginase (ARG) has therapeutic potential for the treatment of a number of
indications ranging from pulmonary and vascular disease to cancer. Thus, high demand exists for selective small molecule ARG
inhibitors with favorable druglike properties and good oral bioavailability. In light of the significant challenges associated with the
unique physicochemical properties of previously disclosed ARG inhibitors, we use structure-based drug design combined with a
focused optimization strategy to discover a class of boronic acids featuring a privileged proline scaffold with superior potency and
oral bioavailability. These compounds, exemplified by inhibitors 4a, 18, and 27, demonstrated a favorable overall profile, and 4a was
well tolerated following multiple days of dosing at concentrations that exceed those required for serum arginase inhibition and
concomitant arginine elevation in a syngeneic mouse carcinoma model.
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H arnessing the innate immune system to cure diseases has
revived and witnessed great progress in the past few
years, in particular, in the field of cancer immunotherapy.'
Some immune checkpoint inhibitors, such as mAbs for
programmed cell death protein 1 (PD-1), programmed death
ligand 1 (PD-L1), or cytotoxic T-lymphocyte antigen 4
(CTLA-4), have demonstrated unprecedented and durable
efficacy in a variety of cancers, including some tough-to-treat
subtypes.”® Despite these breakthroughs, the objective
response rate of these novel antitumor therapies remains low
in certain tumor types, thus limiting their potential to benefit a
much broader patient population.* To address this issue,
different combination strategies are being intensively explored,
including chemotherapy, radiotherapy, as well as those
mechanisms capable of overcoming tumor-induced local
immunosuppression.’

Arginase (ARG) is an enzyme that metabolizes arginine to
ornithine and urea.® The role of ARG, secreted by myeloid
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derived suppressor cells (MDSCs)” in the tumor micro-
environment, has become increasingly recognized as an
important mechanism of tumor immune evasion by (1)
depriving T cells of arginine and (2) increasing the
concentration of immunosuppressive metabolites.”” Elevated
levels of ARG1 have been detected in tumors of patients with
various types of cancer,'”'" and elevated plasma ARG1 and
reduced L-arginine levels are reported to correlate with
suppressed T-cell function and proliferation in patients with
different histologies.'”"” Therefore, pharmacological inhibition
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Figure 1. SBDD strategy: (A) Structure of 1 (pink) bound to hARG1 (PDB 6Q_92)19 indicates underexplored space (white circle) between the

ligand and active site. (B) Structure of 2 (cyan) bound to hARG1 (PDB 4HWW)*

reveals proximity between the piperidine ring and Asp 183

(gold) and Asp181 (through water, gold) respectively, which contributes to >15X improvement in biochemical potency. (C) Two-stage approach
of introducing N-containing heterocyclic cores as well as H-bond interactions for entropic and enthalpic improvements in binding energies.

of ARG1 by small molecules and its combination with anti-PD-
1 or anti-PD-L1 agents have attracted great attention for
cancer immunotherapy.'*'> Here we describe the discovery
and optimization of a novel class of boronic acid ARGI1
inhibitors'® guided by structural-based drug design (SBDD),
which features a privileged natural proline moiety. Extensive
studies were also carried out to evaluate and improve the oral
bioavailability of this class of inhibitors, which occupies a
unique property space that was proven to be challenging for
oral absorption and bioavailability.'”'®

As part of a comprehensive effort to discover novel small-
molecule inhibitors of ARG to enhance cancer immunother-
apy,”" we took inspiration from the reported human ARGI
(hARG1) cocrystal structures of (S)-2-amino-6-boronohex-
anoic acid (ABH, 1, Figure 1A).*” Our starting point, as
exemplified by 1 (hARGI ICg, = 311 nM), has a moderate
enzymatic activity.”” Based on careful analysis of the binding
site, in particular, the underexplored space not effectively
occupied by 1, we envisioned that (1) a judicious cyclization of
the a-amino group to the carbon backbone might be tolerated
and fit better into the narrow pocket; and (2) the resulting N-
heterocyclic core could be leveraged as a template to better
engage in direct or water-mediated H-bonds with residues
Asp183 and/or Aspl81, as observed by Van Zandt and co-
workers (2, Figure 1B)*° and ourselves previously.”' In an
attempt to identify the most appropriate cyclization approach,
we employed a modular synthetic strategy by investigating a
broad scope of N-heterocyclic cores with a variety of linker
sizes (Scheme 1). The strategy was enabled by readily available
building blocks and robust cross-coupling methods, while
subsequent hydroboration, hydrogenation, and global depro-
tection readily yielded a diverse set of core and linker
combinations.”*

As summarized in Table 1, while each core—linker
combination had comparable modeling overlay with ABH,*
significant differences of activities were observed in the hARG1

1381

Scheme 1. Modular Strategy for Diverse Core SAR
Exploration.
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enzymatic assay23 between 1,2-cyclization [(+)-3 and (+)-4]
and 1,3-cyclization approaches [(+)-S and (+)-6], presumably
due to the relatively small volume of the binding site to
accommodate nonideal conformations, as further evidenced by
the complete loss of activity in other combinations (data not
shown). Nevertheless, we were encouraged by the identi-
fication of pipecolic acid [(+)-3] and proline [(+)-4] cores
with comparable potencies as the starting point ABH (1), as
mixtures of isomers from the hydrogenation step. In addition,
as the individual isomers were resolved by chiral SFC
separation, the absolute stereochemistry was also found to be
crucial and (2S,3R)-4a was favored over (25,3S)-4b by >25-
fold in hARG1 ICs,, while the unnatural (2R) isomers were
completely inactive (data not shown). Interestingly, despite
almost identical crystal structure binding modes between 3a
and 4a (see overlay: Figure 2A), there was a remarkable 23-
fold improvement as the ring size was reduced. As the ring size
was further reduced to an L-azetidine-carboxylate, no further
improvement could be achieved by either a cis- (7a) or trans-
isomer (7b), presumably due to the most favorable conforma-
tional bias presented by the L-proline core. Introducing an
additional stereoelectronic effect, represented by the morpho-
line core in 8, slightly improved the biochemical ICy,. Overall,
L-proline analogue 4a presented an optimal profile, in
particular with a remarkable ligand efficiency (LE = 0.76). 20
Recognizing the significant challenges associated with the

https://doi.org/10.1021/acsmedchemlett.1c00195
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Table 1. Selected SAR of N-Heterocyclic Core Exploration:
General Design Strategy and Structures”

COH ARG1

H2N/\/\/\§’OH Compound Core n ngyrpna’\;i? LE Mo Z:/ rat
1(ABH) ©H - 20
ARG1 ICsp = 311 nM 3 w1 660 056  NA
LE=0.74
SBOD | | Entropy 4 HNé/ 1 114 068 NA
Hozs\
_OH *
HN(\jj\H:\EH 5 i 0 19,840 046  NA
L *
6 HN@\ 0 8733 053  NA
4 ot 1 76 43% /259
a HN@ 1 6 0.76 43%/25%
: . 0, 0,
ab HNQ/ 1 413 062 44%/34%
7a [ 447 067 42%/NA
HND
7b ot 1 340  0.68 50%/NA
HND/
3a HN©~~‘ 1 377 059 24%/11%
8 ey 211 061 14%/10%
@

“NA = data not available.

VTS R
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Figure 2. (A) Comparison of crystal structure binding modes for
compounds 3a (cyan, PDB 7KLK) and 4a (white, PDB 7K4G) to
hARGI1. (B) Surface view of cocrystal structure of 4a (white) bound
to hARG1 (PDB 7K4G).

nontraditional property space of known boronic acid ARG
inhibitors (ALogP98 < —2, HBD > 5, PSA > 120),"° we
further evaluated these representative single isomers in rodent
pharmacokinetic studies to assess in particular their oral
bioavailability.”"*> Gratifyingly, these novel core modifications
turned out to be beneficial for bioavailabilities when dosed
orally (p.o.) at 10 mg/kg (mpk) in both C57BL/6 mice and
Wister Han rats (Table 1).

Next, our attention was shifted to explore the feasibility of
introducing additional substituents around the L-proline core.
To enable broad assessment of diverse substitution patterns,
we first envisioned the use of a key intermediate I on the route
to 4a”* for both stereoselective a-alkylation and §-formylation,
with the latter enabled by a novel photoexcited hydrogen atom

1382

abstraction (HAA) process (Scheme 2A).”” Alternatively, a
previously reported building block II** was carefully selected as
the linchpin for regio- and stereoselective f-enolate chemistry
as well as sequential y-reduction and displacement with a
variety of nucleophiles. (Scheme 2B).*’

Significant SAR exploration centered around various a-
substitutions of ABH has been disclosed previously,” > with
2-piperidinyl-ethyl being one of the most privileged side chains
(2, Figure 1);20 incorporation of the same moiety in our
scaffold, however, resulted in a 4-fold drop in enzymatic ICs,
(9, Table 2). While a preliminary survey of a-side chains did
not further improve potency, modeling based on the cocrystal
structure of 4a with hARGI indicated that small polar
substituents growing off f, y, and d-positions of the L-proline
core might be not only tolerated but also beneficial for
potency, presumably via polar interactions with residues
Asp181 and Asp183 (Figure 2B).

We started with the S-substitutions to expand SAR toward
the solvent region. Similar to the SAR at the a-substitutions,
although simple methylation resulted in a slight drop in
potency (10, Table 2), a hydroxymethyl group was found to be
neutral in terms of both activity and bioavailabilities (11). A
dramatic improvement in potency was observed when a basic
amine was introduced (12), albeit with a slightly diminished
LE when compared with the baseline 4a (0.76 — 0.71).
Encouraged by these results, we then shifted our attention
toward the J-substitutions, since the HAA-formylation
chemistry turned out to be highly stereoselective, resulting in
the desired trans-configuration as a single isomer (Scheme
2A). As summarized in Table 2, the methyl analogue 13 turned
out to be one of the most potent, with a comparable LE to 4a
and only a slight decrease in oral bioavailability (43% — 31%).
Surprisingly, the SAR trend was somewhat reversed from f- to
S-substitutions, as additional hydroxy- (14) or amino-
extension (15) did not further improve potency as designed
to engage Asp181, but rather led to lower LEs (0.69 and 0.65,
respectively). Further evaluation of the surface residues around
the y-carbon led us to introduce the same hydroxy and amino
groups to directly engage the Asp181 residue and increase H-
bond interactions with the backbone of the protein.
Satisfyingly, both hydroxy and amino analogues (16 and 18)
proved to be beneficial to the potency, with good to moderate
bioavailabilities and achieving the best LEs (0.77 and 0.78) so
far. As expected, methylation of the y-hydroxy led to >10-fold
loss of activity (17), presumably due to the disruption of a key
H-bond interaction between the hydroxy group and Asp181.

The highly polar nature of this structural class of Arginase
inhibitors led to lower than usual ALogP98 (—4.0 to —1.0)
values than the ranges generally preferred for good oral
absorption (1.0 ~ 3.0).*> At first glance, it seemed surprising
for compound 4a to still show good oral bioavailabilities (43%
and 25%, mouse and rat). In addition to its low ALogP98
value,** several other parameters including H-bond donor
(HBD) counts and PSA also fall outside of typically preferred
value ranges,”® which, unsurprisingly, led to significantly lower
activities against intracellular ARG in the HEK293 cell line
(Table 2), likely due to poor permeability.”” Since the elevated
ARG and reduced L-arginine levels detected in cancer patient
plasma are extracellular (vide supra), achieving high cellular
potency was not key to our optimization strategy; in fact, we
hypothesized it might ultimately lead to a widening of the
therapeutic index. Nevertheless, understanding key parameters
for obtaining good oral absorption would be key for further

https://doi.org/10.1021/acsmedchemlett.1c00195
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Scheme 2. Novel Synthetic Routes for Enabling Facile Sidechain Exploration”
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phenylsulfonylmethanal O-benzyl oxime, CH;CN, 365 nM LED, rt.

Table 2. Selected SAR for Side Chain Optimization: General Design Strategy and Structures”

HOC o o SBop  HoL o
NN~ ~ _OH
HNQ B — HN/j ~"B
5 Y OH Enthalpy Ay OH
. § ).
N ASP181
ASP183
ARG1 HEK293
Compound  sidechain R enzymatic LE MW  AlogP98 HBD cellular m°“|f§j”at
ICsp (M) ECso (1M) °
4a " 16 0.76 201 -1.52 4 3.4 43% [ 25%
9 a\/\'\O 70 0.45 312 2.0 5 >30 8.5% /2.7%
10 b 33 0.69 215 -1.25 4 6.3 19% / 9%
\Me
" B _OH 19 0.66 231 2.34 5 1 34% / 39%
N
12 B _NH, 5 0.71 230 363 7 14 NA / NA
N
13 b 7 0.75 215 115 4 28 31% / NA
Me
14 5 OH 8 0.69 231 2.03 5 42 12% / 12%
15 8 NH 30 0.65 230 -3.33 7 16 44% [ 51%
16 ~on 4 0.77 217 248 5 6.9 41% [ 12%
17 oMe 46 0.63 231 2.08 4 28 NA /NA
18 ™SNH, 3 0.78 216 378 7 20 14% / NA

“NA = data not available.

optimization. As shown in Figure 3, we plotted binned
distributions of oral bioavailability in C57BL/6 mice against a
variety of molecular descriptors, and good oral bioavailability
(i.e, >20% F shown in green bands) tends to enrich in

compounds with MW lower than 230, which seems to indicate
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the possibility of a paracellular transport mechanism.*

Furthermore, HBD counts also seem to have a significant
impact on achieving good oral bioavailability, with less than
five HBDs being seemingly optimal. These observations

prompted us to focus on the most ligand efficient compound

https://doi.org/10.1021/acsmedchemlett.1c00195
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(A) Mouse %F vs. MW (B) Mouse %F vs. HBD
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Figure 3. Percent distributions of mouse oral bioavailability (p.o., 10
mpk) vs (A) MW, and (B) HBD.

18 to allow further exploration of several strategies including
paracellular transport as well as groups that may allow for
active uptake mechanisms.'¥*°

As shown in Scheme 3, leveraging our access to a key
intermediate III, our strategy aimed at a general and robust
displacement strategy of a superior leaving group, chlorome-
thylsulfonate,”” that allowed the expeditious investigation of a
variety of substitution patterns of the y-amino group. From the
outset, we looked to maintain or improve potency by further
extending toward surface residues (i.e,, Asp181 and Asp183)
while focusing on (1) reducing HBD counts and (2)
introducing strategically placed amino acid groups to explore
whether the engagement of uptake transporters could
potentially improve bioavailability.”® Although the former
approach failed to yield any improvement in potency or
bioavailability (Table 3, 18—22), we were very encouraged by
the significant potency gain (>20-fold) when an L-alanine
moiety was installed (23), compared to the corresponding acyl
analogue (22). Interestingly, the peptide motif turned out to
have relatively poor in vitro and in vivo stability in mouse
hepatocytes and pharmacokinetic experiments, where rapid

Table 3. Optimizing for Potency and Oral Bioavailability”

’3N1
N OH NRR ARG1 mouse
HN Bon R enzymatic ICso (nM) F%
HO,C
18 e 3 14%
.
19 \iHMe 20 1%
.
20 NMe, 66 17%
B
21 CFs 120 10%
Hy
H
22 o}
A 247 NA
H',\‘ Me
B
o}
23 1" 3%*
HN NH,
* Me
o}
HN NH,
24a * 2 13%*
Me Me
o}
H,NJ’\/NHQ
24b I 24 NA
Me/\Me
o}
N
HN .
25 . Me 5 4.6%
Me™ “Me
o}
HN™ N NH2
26 ! ‘Me 29 19%
Me Me
o}
HN NH,
27 B <1 34%
Me
e

“Asterisk (*): Discernible exposures of 18 detected in plasma
samples. NA = data not available.

clearance of 23 was observed and hydrolysis product 18 was
detected as the predominant species. Interestingly, the

Scheme 3. Modular Strategy for Diverse Core SAR Exploration and Modular Synthesis for y-Side Chain Optimization®

OR 2) OAc 7a) OH oH
BocN BocN - HN B
X X 8a) “OH
MeO,C MeO,C | 29 Ho,C 16
W:Ry=H 9), 10)
28: R; = SO,CH,CI :I D
OMe
OMe - OH
- 7b) N 7
BocN B\OH
3), 4) X o) 1
MeO,C 30 HOoC
Re R2
NH; 5) NH NH
' 7a) \ OH R, =H (18)
BocN P —— 7 2
x BooN ~ - HN By Re=Me(19)
R; = Me; (20)
" MeOL 15021 ) HOC 1821 Ry = CH;CFg (21)
Rs = Ac (22)
6) F‘:ISH 'EaH R; = L-Ala (23)
N Rj3 = L-Val (24a)
7a)or 71 3
BocN 2)or7o) HN QH R3 = D-Val (24b)
~ BsoH  Rs=N-methyl-Val (25)
8b) R3 = C-methyl-Val (26)
MeOLC 122272 FOL 227 Ry = L-Alb (27)

“Reagents and conditions: (1) 2,6-lutidine, CICH,SO,Cl, CH,Cl,, 0 °C to rt; (2) CsOAc, 18-crown-6, toluene, 80 °C; (3) NaN;, DMSO, 80 °C;
(4) Pd/C, H,, EtOAc, rt; (5) R,CHO, AcOH, NaBH;CN, MeOH, 0 °C to rt; (6) R,CO,H, HATU, Et;N, DMF, rt; (7a) HBpin, [Ir(COD)Cl],,
dppe, CH,Cl,, rt; (7b) (+)-pinanediolborane used instead of HBpin; (8a) 6N HCI, 80 °C; (8b) KOTMS, THF, rt; then 6N HCI, 35 to 60 °C; (9)
K,CO;, MeOH, rt; (10) Mel, NaH, DMF, rt.
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combined exposures of 18 and 23 when 23 was dosed orally
(10 mpk) surpassed that of dosing 18 (27% vs 14% F) itself,
indicating the potential contribution of an active uptake
mechanism via recognition of the r-Ala moiety. Modeling
indicated that the side chain of the amino acid motif would
likely extend toward the solvent region without detrimental
effects on binding affinity; therefore, a focused set of natural as
well as unnatural amino acids were evaluated. Growing from L-
Ala to 1-Val dramatically improved potency (24a, ICg, = 2
nM), but good metabolic stability was not achieved.
Furthermore, the natural S-configuration was found to be
important for good potency, as evidenced by the >15-fold loss
of activity when Dp-Val was introduced (24b, IC, = 34 nM).
Finally, a variety of unnatural amino acids as a follow-up of the
L-Val result were evaluated to further improve metabolic
stability. Interestingly, while moving the additional methyl
group to the amine (25) or a'-carbon (26) resulted in
suboptimal bioavailability and potency, respectively; the L-a-
tert-butyl glycine analogue 27 proved to be hitting the sweet
spot of potency, stability, and bioavailability. The superior
profile presented by 27 supported the potential of this novel
class of molecules.

To gain a detailed understanding of the binding mode of our
inhibitors, cocrystal structures of 18 and 24a with hARGI
protein were obtained (Figure 4). As the structural overlays

% Asp181
" Asp183 ’

Figure 4. Overlay of cocrystal structures of (left) 4a (white, PDB
7K4G) and 18 (orange, PDB 7KLL); (right) 18 and 24a (green, PDB
7KLM)

revealed, both 18 and 24a adopt a similar binding mode as that
of the starting point 4a and the boronate, alkyl chain, and
pyrrolidine overlay extremely well. As expected, the boronate,
pyrrolidine, and carboxylate groups make numerous inter-
actions within the active site. Interestingly, the additional
amine moiety on the y carbon of the pyrrolidine ring of 18 is
hydrogen bonding to nearby Aspl81, consistent with the
original design, while the valine side chain of 24a is oriented to
interact with the pocket entrance through favorable electro-
static and van der Waals interactions, as well as the water
molecules of the first solvation shell. These fruitful interactions,
therefore, allow the ligand to explore the area directly outside
of the active site, though it does not make any direct
interactions with Asp181 or Asp183.

Contemporaneous to the optimization efforts described in
the preceding paragraphs, 4a was selected as a fit-for-purpose
tool for further profiling in mouse pharmacokinetic—
pharmacodynamic experiments (Figure S). In our first study,
4a was administered to EMT6 tumor-implanted BALB/c mice
at escalating doses of 30, 100, and 300 mpk twice daily (BID)
by oral gavage (n = S for each dosing group). Gratifyingly, at 1
h time points after the fourth dose, serum and tumor levels of

1385

2-day PK/PD in tumor-bearing mice
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Figure S. Pharmacokinetic—pharmacodynamic assessment of 4a
(p.0.) in EMT6 tumor-bearing BALB/c mice in (top) 2 day (10,
30, and 300 mpk, BID) and (bottom) 14 day (250 mpk, BID) +
mDX400 (S mpk, QSD) experiments.

4a showed comparable dose-dependent increases in compound
exposures, all of which surpassed the enzymatic arginase ICs,
of 16 nM by >300-fold (Figure S top, blue and red lines,
respectively); accordingly, both serum and tumor arginine
levels were also substantially elevated in a dose/exposure
dependent manner, as compared to the control group (saline, n
= 5).** Encouraged by these results, 4a was then dosed alone
(p-0., 250 mpk, BID) and in combination with a mouse anti-
PD-1 mAb (mDX400, i.p., S mpk, QSD) in a 14 day repeated
dosing experiment (n = 10 for each dosing group).” To our
delight, 4a was well tolerated with no discernible body weight
changes and demonstrated comparable pharmacodynamic
effects on serum and tumor arginine levels with or without
codosing of mDX400.

In conclusion, guided by SBDD, a novel class of ARGl
inhibitors featuring a proline core was identified. Further
optimization of the side chain to improve potency while
maintaining favorable pharmacokinetics was greatly accelerated
by harnessing a variety of stereoselective late-stage function-
alizations of late-stage building blocks. Compounds 4a and 27
were discovered and exhibited favorable overall profiles,
including excellent potency, selectivity, and oral bioavailability.
The binding model for this class of molecules was also
established unambiguously by the X-ray cocrystal structure of
compounds 4a, 18, and 24a with the hARG1 protein. Finally,
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4a demonstrated promising pharmacodynamic effects in a
mouse EMT6 tumor syngeneic model and was well tolerated.
These findings provide rationale for further investigations of
this novel series of hARG1 inhibitors as anticancer agents in
order to add to the armamentarium of agents that activate the
immune system to fight cancer, and future development will be
communicated in due course.
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