ACSMedicinal
hemistry Letters) Hereo

pubs.acs.org/acsmedchemlett

Discovery of Orally Active Isofuranones as Potent, Selective

Inhibitors of Hematopoetic Progenitor Kinase 1
Andrew P. Degnan,®* Godwin K. Kumi, Christopher W. Allard, Erika V. Araujo, Walter L. Johnson,
Kurt Zimmermann, Bradley C. Pearce, Steven Sheriff, Alan Futran, Xin Li, Gregory A. Locke, Dan You,

John Morrison, Karen E. Parrish, Caitlyn Stromko, Anwar Murtaza, Jingi Liu, Benjamin M. Johnson,
Gregory D. Vite, and Mark D. Wittman

Cite This: ACS Med. Chem. Lett. 2021, 12, 443-450 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information
ABSTRACT: While the discovery of immune checkpoint MC38 tumor model

inhibitors has led to robust, durable responses in a range of 9 - 5 Veticle s sotype At
cancers, many patients do not respond to currently available o w2 £ & Cmpd 24 + anti-PD1
therapeutics. Therefore, an urgent need exists to identify N/)\(L‘\/)N\ @gio §‘°°°

alternative mechanisms to augment the immune-mediated NN 5 s

clearance of tumors. Hematopoetic progenitor kinase 1 (HPK1) ) F

is a serine-threonine kinase that acts as a negative regulator of T- Teell p.slfé'}E oo [ RS
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cell receptor (TCR) signaling, to dampen the immune response.
Herein we describe the structure-based discovery of isofuranones
as inhibitors of HPK1. Optimization of the chemotype led to improvements in potency, selectivity, plasma protein binding, and
metabolic stability, culminating in the identification of compound 24. Oral administration of 24, in combination with an anti-PD1
antibody, demonstrated robust enhancement of anti-PD1 eflicacy in a syngeneic tumor model of colorectal cancer.
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mmunotherapy has revolutionized the treatment of cancer anti-PD-L1. Importantly, neither knockout mice nor kinase-

and offered new hope to patients. In particular, the dead mice exhibited lethal inflammation in contrast with mice
introduction of checkpoint inhibitors that target the PD-1 lacking other negative regulators such as CTLA-4. Taken
and CTLA-4 pathways have, in many cases, led to robust, together, this data suggests the potential utility of a small
durable responses and increases in overall survival across a molecule HPK1 inhibitor in the treatment of cancer.
range of tumor histologies.l’z Checkpoint inhibitors block Mining of historical kinome selectivity data at Bristol Myers
inhibitory signals that would otherwise reduce the ability of T- Squibb led to the identification of 1 (Figure 1), a compound
cells to clear the tumor. Despite these advances, only a fraction prepared for our previously disclosed IRAK4 inhibitor
of patients respond to currently available therapeutics. program.7 This compound demonstrated very promising
Therefore, there is an urgent need to identify medicines that potency in our caliper-based HPK1 inhibition assay (HPK1
target alternative signaling pathways to augment T-cell ICso = 110 nM). When tested in a panel of >250 kinase assays,
response. this compound demonstrated significant off-target kinase

Hematopoetic progenitor kinase 1 (HPK1 or MAP4K1) is a activity, inhibiting 25 kinases with an ICg, less than 1 uM.
serine-threonine kinase that is expressed predominantly in cells Unsurprisingly, its most potent activity was against IRAK4,
of hematopoetic lineage.” In T-cells, HPKI acts as a negative where it showed more potent inhibition than to HPK1 (IRAK4
regulator of T-cel£ geceptor (TCR) signaling to dampen the ICi, = 19 nM). Extensive structure—activity relationship
immune response.”” Activation of the TCR recruits HPKI to studies were undertaken around this chemotype with a focus

the'plasma membrane, where it is activated ﬁa phosphor- on improving kinase selectivity. Compound 2 emerged from
ylation of Tyr381, Ser171, and Thr16S. Once activated, HPK1 . S

) this work as a lead compound, demonstrating improved
phosphorylates Ser376 of the adaptor protein SLP76,
destabilizing the TCR signaling complex and inhibiting T-cell ] =
activation and proliferation. In vitro, T-cells derived from Received: December 18, 2020 [~ ==
HPK1-deficient mice® and HPK1 kinase-dead mice™® showed AccePted‘ February 3, 2021
enhanced proliferation in response to TCR stimulation with Published: February 19, 2021
anti-CD3 relative to wild type mice. Furthermore, kinase-dead
mice were characterized by enhanced antitumor immunity in
syngeneic tumor models, both in the absence and presence of
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Figure 1. Evolution of kinome mining hit 1 to isofuranone lead 3.
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IRAK4 (9X), GLK (15X)
HGK (98X), MINK (122X)

potency against HPK1 (HPK1 IC, = 20 nM) and at least 100-
fold selectivity against 87.1% of the kinome (233 kinases
tested). Despite these advances, compound 2 required
additional optimization prior to advancement. Compound 2
retained potent IRAK4 inhibition (ICs, = 38 nM) and fell
short of our goal of 100-fold selectivity against >90% of the
kinome. Also, given the diverse roles that MAP4K kinases play
in immune cell signaling, immune responses, and inflamma-
tion,® we required high selectivity over other MAP4K family
members (MAP4K2—6) such that we would not diminish the
beneficial effects of HPKI inhibition and would increase
confidence that any observed in vivo effects were on-target.
Whereas selectivity against MAP4K2 (GCK; 240X) and
MAP4KS (KHS; 550X) was high, additional optimization of
family selectivity would be required as 2 exhibited low
selectivity against MAP4K3 (GLK; 19X) and modest
selectivity against MAP4K4 (HGK; 39%) and MAP4K6
(MINK; 85X).

At the time of this work, no X-ray crystal structures of HPK1
had been published, and we had not yet been able to generate
a construct of the protein that yielded crystals, either alone or
bound to a ligand.g_11 Instead, we relied on a homology model
based on an X-ray crystal structure of the structurally related
kinase, MST1 (PDB: 3COM; Figure 2). Docking of
compound 2 into that homology model suggested that the
pyrimidine, the aniline NH, and the amide NH formed
hydrogen bonds to the extended hinge region of HPKI,
consistent with the binding of this chemotype to IRAK4.”
Further examination of the homology model suggested the
possibility of an intramolecular hydrogen bond between the
amide oxygen and the phenylglycinol NH which may serve to
orient the phenyl and hydroxymethyl substituents. When so
oriented, the hydroxy substituent is well-positioned to form a
hydrogen bond with the side chain of Aspl01. Further, this
model suggested the potential for the nitrile to form hydrogen
bonds with Lys46 and/or the backbone NH of Asp15S5, placing
the ethyl substituent into a pocket created by Lys46, Val3l,
and Tyr28. Examination of this homology model revealed that
the ethyl substituent of 2 did not completely fill this pocket,
suggesting that a larger substituent might occupy it fully and
thereby confer selectivity against all kinases without the
capacity to accommodate larger substituents. This hypothesis
led to the design of 3 (Figure 1), a compound that fulfilled the
requirement of increased steric bulk in the targeted pocket and
featured a carbonyl in place of the nitrile. Surprisingly, despite
the different geometries associated with the carbonyl (trigonal)
and the nitrile (linear), molecular modeling suggested that the
nitrogen and oxygen atoms occupied nearly identical positions
and that both projected a lone pair of electrons capable of

444

satisfying the putitive hydrogen bonding interactions (Figure 2
overlay). We were delighted to find that 3 was characterized by
a 4-fold improvement in potency (HPK1 ICy, = S.1 nM).
While there was a slight erosion in GLK selectivity (15X vs
19x), selectivity against IRAK4, HGK, and MINK was
improved.

Our work in this new series began by surveying the effect of
amide substitution on HPK potency and selectivity (Table 1).
Extension of the nitrogen by one or two carbons (compounds
4, 6) gave a slight reduction in HPKI potency, as did a-
branching (5). Formation of the tertiary amide (7) led to
ablation of all kinase activity, suggesting the need for a
hydrogen bond donor. Deletion of the nitrogen substituent to
give the primary amide (8) also reduced potency slightly. This
brief survey of amide substituents gave no indication that
kinase selectivity could be significantly enhanced using this
approach. Therefore, amide bioisosteres were also examined.
Replacement of the amide with a carboxylic acid (9), which
would be deprotonated at physiologic pH, led to a dramatic
reduction in potency and, again, suggested the importance of a
hydrogen bond donor at this site. However, replacement of the
amide with an ethyl ester (10), an amide isostere which lacks a
hydrogen bond donor, was nearly equipotent to the parent N-
methylamide. This raises the possibility that the loss of activity
of tertiary amide 7 may not be due to the loss of its hydrogen
bond donor, but instead may be due to the increased steric
demand of that substituent. The ester improved selectivity
against IRAK4 (46X), but offered little selectivity against GLK
(11x). In contrast, replacement of the amide with an isoxazole
(11) retained all of the HPKI activity of 3 while increasing
selectivity against both IRAK4 (182%) and GLK (23X).

While 11 represented a milestone in the optimization of the
series, a number of issues remained to be addressed (Table 2).
Antagonism of GLK is expected to be associated with
immunosuppression (a phenotype opposite that of HPKI
inhibition), and hence, minimal inhibition of this particular
kinase was desired (selectivity > 30X). Also, despite its potent
kinase inhibition in the caliper assay, 11 was 100 times less
potent in a T-cell SLP76 phosphorylation inhibition assay
(ECso pSLP76 = 400 nM). We reasoned that this modest level
of functional activity, coupled to its low free fraction in human
serum (0.9% free), would ultimately limit in vivo efficacy.
Finally, 11 was subject to moderate-to-high metabolic
clearance in NADPH-supplemented mouse liver microsomes
(63% remaining after a 10 min incubation) and was therefore
unlikely to give adequate exposure during prospective efficacy
studies in mice. It was against this backdrop that we sought to
balance potency, selectivity, and in vitro ADME properties to

https://dx.doi.org/10.1021/acsmedchemlett.0c00660
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Figure 2. Docking of 2 and 3 into HPK1 homology model.

deliver a compound suitable for advancement into efficacy
studies.

We began our optimization work with a brief survey of
substitutions at C3 of the oxadiazole. It was found that
lengthening/substitution of the methyl group (12—14) led to
small increases in biochemical potency in the biochemical
assay but adversely impacted stability in mouse liver micro-
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Table 1. Structure—Activity Relationship of Amides and
Amide Bioisosteres

HN OH o
R | Sn
o)
N/)\N
H
Crmpd R HPK11ICso IRAK4ICso GLK ICso
(»M) (1M) (1M)
3 j\ 0.0051 0.047 0.080
Y ¥ ' (9X) (16X)
H
Q 0.19 0.20
4 0.014 : :
/\NJ\; (14X) (14X)
H
(@]
s )\ . oo 0.46 047
N™ Y (16X) (16X)
H
0 0.17 0.13
6 0.0093 : :
\/\NJ\ (18X) (14X)
¥
H
(0]
7 >2 >2 >2
(6]
s 0.015 0.16 0.24
HNT X (16X
9 j\ 0.73 14 36
HO ; (19X) (8X)
Q 0.34 0.079
10 0.0073 : :
/\OJ\; (47X) (11X)
>\N 0.74 0.094
11 NS 0.0040
\0)\; (185X) (24X)

somes. Replacement of the methyl with a cyclopropyl gave 15,
which was essentially equipotent to 11 but offered improved
microsomal stability. Substitution with a 4-fluorophenyl (16)
eroded biochemical potency by 7-fold, whereas the 4-pyridyl
oxadiazole 17 exhibited improved biochemical inhibition of
HPKI. Unfortunately, despite the incorporation of the more
polar pyridine, neither protein binding nor pSLP76 potency
was improved. Our binding model indicated that this
substituent would be projected toward solvent and therefore
could not be used to rationalize the origin of this potency
increase. We hypothesized that the basic nitrogen was making
a favorable interaction with the solvent-exposed surface of the
kinase, a hypothesis that we sought to explore further with
additional basic functional groups in this region. This approach
led to the identification of N-methylpiperidine 18, which
demonstrated subnanomolar potency and an improved free
fraction. Importantly, these attributes translated into improved
cellular potency (pSLP76 ICs, = 31 nM) but further eroded
mouse microsomal stability and selectivity against GLK.

https://dx.doi.org/10.1021/acsmedchemlett.0c00660
ACS Med. Chem. Lett. 2021, 12, 443—450
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Table 2. Structure—Activity Relationship of 1,2,4-Oxadiazole Substitution

N-o0 HN

R4 _

OH

N | SN o
~
N)\ N
H
HPK] IC RAK4 GLK IC T-cell Protein Microsomal
Cmpd R s % Coa) (M) * pSLP76  Binding Stability*
H 0 # (uM) (h, % free) ~ (ms, %remain)
0.74 0.094
1 0.0040 0.40 0.9 63
— (185X)  (24X)
12 4 0.0015 15 0.068 0.46 03 0
(1000X)  (45X)
13 >—§ 0.0013 2 0.043 0.15 <0.1 1
>1500X)  (33X)
14 %—% 0.0014 ~2 0.043 0.47 <0.1 28
>1400X)  (31X)
15 >3 00026 07 0046 0.53 <0.1 85
20%)  (18X)
16 F@—% 0.026 -2 2 NA <0.1 92
CIIX) (77X)
2
17 N A 0.0012 1.7 0.041 0.55 <0.1 62
— (1400X)  (34X)
18 fNDfE 000022 02 00015 2.0 36
(1000X)  (7X)
19 N@—E 000028 013 000046, 0 32 79
460X)  (2X)

“Percentage remaining after 10 min incubation with mouse liver microsomes.

Suspecting that 18 might be subject to N-demethylation in
liver microsomes, we designed quinuclidine 19 to mitigate this
issue. Gratifyingly, this compound retained the exquisite
potency of 18 and offered improved metabolic stability, but
unfortunately, it was nearly equipotent against GLK. In
addition to losses in GLK selectivity, both 18 and 19
demonstrated substantial inhibition in a hERG binding assay
(ICso = 2.5 and 0.57 uM, respectively). Due to the loss of GLK
selectivity and the introduction of hERG inhibition associated
with incorporation of basic amines at C3, we sought alternative
strategies to drive increases in potency and free fraction.
Matched pair analysis has shown that 1,3,4-oxadiazoles show
decreased lipophilicity relative to otherwise identical 1,2,4-
oxadiazoles due to their increased dipole moments.'” There-
fore, we opted to employ them in this series and were pleased
to find that the methyl-substituted 1,3,4-oxadiazole 20 retained
the potency of the identically substituted 1,2,4-oxadiazole 11
(Table 3). As hoped, the reduced lipophilicity led to an
increase in free fraction from 0.9% to 2.0% free in human.
While there was some loss in IRAK4 selectivity, GLK
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selectivity was nearly double that observed for the correspond-
ing 1,2,4-oxadiazole. We incorporated many of the preferred
fragments from our work in the 1,2,4-oxadiazole series and
were surprised that earlier structure—activity relationship
(SAR) trends were not recapitulated in this closely related
set of analogues. Whereas larger substituents had led to slight
potency increases in the earlier series, the opposite trend was
apparent among the 1,3,4-oxadiazoles. For instance, cyclo-
propane 21 was about half as potent as methyl 20. It was also
surprising that incorporation of a basic piperidine (22) or
quinuclidine (23) reduced potency, again opposite to what had
been observed in the 1,2,4-oxadiazole series. For instance,
incorporation of the quinuclidine gave a 7-fold reduction in
potency (vs a 20-fold increase for the analogous change in the
1,2,4-oxadiazole). Given the apparent inverse correlation
between size and biochemical potency, we prepared unsub-
stituted oxadiazole 24. While this compound did not further
increase biochemical potency, it did retain the potency of 20
while offering a modest increase in selectivity against GLK
(54x). This compound demonstrated appreciable human free

https://dx.doi.org/10.1021/acsmedchemlett.0c00660
ACS Med. Chem. Lett. 2021, 12, 443—450
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Table 3. Structure—Activity Relationship of 1,3,4-Oxadiazole Substitution

OH
N-N HN
4 | 0o
R’Ho)\’\/gN .
N/)\N
H

HPKI IC RAKA  GLK IC T-cell Protein Microsomal
Cmpd R %0 © “ * p-SLP76 Binding Stability*
(M) WM M) M) (s, %free) (W, Y%remain)
0.044
20 —3 0.0022 0.085 (39X)  0.63 20/23 92/53
(20X)
0.14 0.14
21 %g 0.0040 0.61 08/0.8 89/80
(35%X)  (35%)
0.17 0.20
22 —N/\:>»§ 0.010 0.38 57/33 37/62
(17X)  (20X)
036 0.28
23 N@‘E 0.016 0.93 6.0/42 62/74
@23X)  (18X)
0.0026 0.29
0.059 0.14
24 H—% +0.0002 +0.04 26/2.1 80/83
23X)  (54X%)
) ®=7)

“Percentage remaining after 10 min incubation with human or mouse liver microsomes.

fraction (2.6% free), moderate metabolic clearance in human
and mouse liver microsomes, and the most potent inhibition of
T-cell SLP76 phosphorylation of any compound in this series.
Selectivity was improved against all MAP4K family members,
including GCK (390%), GLK (54x), HGK (466x), KHS
(395%), and MINK (577x). Furthermore, when tested in a
panel of >300 kinase inhibition assays, 24 was >100-fold
selective against 92% of kinases evaluated.

Binding of 24 to HPK1 was confirmed by cocrystallization."?
The X-ray crystal structure was remarkably similar to that
predicted by the homology model, showing the predicted
hinge contacts between N3 of the pyrimidine and the aniline
NH (Figure 3). Homology modeling of secondary amide 3 had
predicted a third hydrogen bond with Gly9S on the extended
hinge. It is interesting to note that the oxadiazole of 24, which
lacks a hydrogen bond donor, was found to reside in very close
proximity to Gly9S, suggesting that it retains significant van der
Waals contacts with that residue. Additionally, it was found
that the carbonyl of the isofuranone formed a hydrogen bond
with AsplSS, but not with Lys46.

Following intravenous administration (1 mg/kg) to mice, 24
was characterized by moderate plasma clearance (43 mL/min/
kg) and a large volume of distribution (4.4 L/kg). After oral
administration (20 mg/kg), the C,, was 5.3 uM and the
AUC_,4, was 19 uM-h. The calculated oral bioavailability
based on these pharmacokinetics studies was approximately
100%. Supported by these favorable properties, 24 was
advanced into a colorectal syngeneic tumor model (MC38,
murine colon adenocarcinoma). An oral dosing regimen (100
mg/kg twice daily) was selected to approach coverage of the
mouse whole blood pSLP76 ICs, (6 uM) at 24 h. Previous
studies using HPK1 kinase-dead mice had demonstrated only a

447

\\ |
L

Figure 3. X-ray crystal structure of 24 bound to HPK1 (PDB:
7KAC).

modest effect on tumor growth inhibition (relative to wild-type
controls) in the absence of anti-PD1 but showed enhanced
efficacy in combination with PD-1 blockade.” Therefore, this
study compared three groups: 24 in combination with anti-
PD1, anti-PD1 alone, and an isotype control antibody (Figure
4). In this study, 24 enhanced the efficacy of anti-PDI
treatment, garnering a 100% cure rate vs a 20% cure rate with
anti-PD1 alone.'* Importantly, 24 was well-tolerated and did
not produce any significant changes in body weight.
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Figure 4. Efficacy in the MC38 syngeneic tumor model. Compound
24 was administered orally (100 mg/kg twice daily) through day 28.
Tumor volumes were monitored for 58 days.

All HPK1 inhibitors disclosed herein can be prepared as
outlined in Scheme 1."° The convergent synthesis begins with
a Suzuki—Miyaura coupling of bromide 25 with the pinacol
ester of 2-isopropenyl boronic acid to afford styrene 26.
Mukaiyama hydration of 26 proceeded smoothly in the
presence of oxygen and tris(dipivaloylmethanato)manganese-
(III) to give the semistable acyclic tertiary alcohol, which upon
treatment with sodium bicarbonate underwent smooth
cyclization onto the pendant nitrile to give isofuranone 27.
Installation of the amino alcohol was accomplished through a
highly regioselective SyAr reaction of (S)-phenylglycinol with
commercially available dichloropyrimidine 28 under basic
conditions. Replacement of the remaining chloride with
amino-isofuranone 27 proceeded smoothly using acid catalysis
to afford intermediate 10 in 91% yield.

Selection of appropriate conditions allowed diversion of
ethyl ester 10 into a variety of amides and amide bioisosteres.
Basic saponification afforded the carboxylic acid in quantitative
yield. BOP-mediated coupling of the acid to a variety of amines
gave the corresponding amides (30) in high yields. Alternately,
treatment of ethyl ester 10 with an appropriately substituted
N-hydroxyimidamide in the presence of sodium ethoxide led
directly to the corresponding 1,2,4-oxadiazole (31) in a single
chemical step. To access 1,3,4-oxadiazoles, ester 10 could be
directly converted to the hydrazide by treatment with
hydrazine in ethanol. EDC-mediated condensation of the
hydrazide with a variety of carboxylic acids, followed by

dehydration using tosyl chloride, afforded the corresponding
1,3,4-oxadiazoles (32).

In conclusion, the development of an HPKI1 homology
model enabled the structure-based discovery of a series of
potent and selective HPK1 inhibitors. This homology model
suggested that an isofuranone could serve as a bioisostere for a
cyanophenyl ring and led to the identification of 3.
Diversification of a late-stage intermediate permitted the
exploration of SAR to assist in optimizing the series for
potency, selectivity, plasma protein binding, and metabolic
stability. These studies culminated in the identification of 24, a
potent HPK1 inhibitor with excellent family and kinome
selectivity. The high oral bioavailability of this compound
facilitated its advancement into an MC38 syngeneic tumor
model where it demonstrated robust efficacy in combination
with anti-PD1.
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