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ARTICLE INFO ABSTRACT

Keywords: The HBV core protein is a druggable target of interest due to the multiple essential functions in the HBV life cycle
HBV_ to enable chronic HBV infection. The core protein oligomerizes to form the viral capsid, and modulation of the
Capsid HBV capsid assembly has shown efficacy in clinical trials. Herein is described the identification and hit to lead
Modulator . L .

Urea SAR of a novel series of pyrazolo piperidine HBV capsid assembly modulators.

Introduction addition, CAMs have been shown to block the production of both HBV

Globally, the Hepatitis B virus (HBV) remains the most common
cause of serious liver infection and disease. While highly effective vac-
cines are available, it has been estimated that there are >240 million
people chronically infected with HBV.! Progression to liver cirrhosis and
liver cancer, are common outcomes from chronic HBV infection, with an
estimated 78,000 deaths as a direct result. Unfortunately, the currently
available therapies are associated with very low cure rates (<10% of
treated chronic HBV patients show a functional cure with loss of HBV
surface antigen) and require chronic treatment.” As such, there is sig-
nificant need to identify new antivirals with novel mechanisms of action
aimed at intensifying HBV suppression and production to enable
improved treatment outcomes toward a cure.’

The HBV core protein contains 183 to 185 amino acids and has
multiple essential functions in the viral life cycle ranging from viral
capsid oligomerization/formation and facilitating viral replication® to
host interactions with cccDNA and with epigenetic regulation.”>° In light
of the fact there is no known human protein homolog, the HBV core
protein represents a promising target for the development of antiviral
molecules that can be selective, leading to safe and efficacious new
therapies.

Capsid assembly modulators (CAMs) represent a new class of anti-
virals targeting the HBV core protein to disrupt the assembly process.
CAMs interfere with normal assembly/viral DNA encapsidation by
accelerating or misdirecting capsid assembly, thus inhibiting viral
replication in vitro,”® and in vivo in infected mouse models.”'® In
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DNA- and RNA-containing particles,'""'* and the formation of cccDNA

during de novo HBV infection,'®'* differentiating from nucleoside ana-
logs which only inhibit HBV DNA particle production.

The first capsid assembly modulator to enter the clinic was com-
pound 1 (NVR 3-778, Fig. 1).!° In phase Ib studies in naive HBeAg
positive patients, treatment with 600 mg BID of NVR 3-778 provided
mean log;o reductions in serum HBV DNA (log;o [U/ml) of 1.7, showing
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Fig. 1. Previous series.
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proof of anti-viral activity with this novel CAM mechanism of action.'®
As a first-in-class CAM, the data were promising but there were areas for
improvement including modest potency and a significant shift in the
presence of 40% normal human serum (NHS). Subsequent SAR work led
to compound 2 that was considerably more potent and lessened the
magnitude of the NHS shift.'” However, the compounds were still in the
same chemical class with modest structural distinction generated, and it
was desired to identify a novel CAM chemotype. Described herein is the
identification of a pyrazolopiperidine class'® of CAM and subsequent hit
to lead endeavors.

High-throughput screening of the Novira compound collection
identified pyrazolopiperidine phenoxy acetamide 3 as a modestly potent
CAM with an HBV DNA ECsg = 2.8 pM in HepG2.2.15 cells (concen-
tration at which 50% of the HBV DNA replication is inhibited) with no
overt cytotoxicity (Fig. 2). The cLogP of 4.3 indicated a quite lipophilic
compound, but the pH 7 solubility was good (150 pM) and the molecular
weight was reasonably low representing a good starting point. Initial
SAR focused on the phenoxy acetamide region as summarized in Fig. 2.
Substitution of the phenyl provided very ‘flat” SAR with no meaningful
potency enhancement. The linking oxygen could be replaced with CHy,
but further substitution reduced activity considerably. Similarly, the
CHj, next to the carbonyl could not tolerate any R groups, but NH or O
retained activity. The C—=0O was essential as deletion of and replacement
with a sulfonamide led to largely inactive compounds. In the context of
the urea, removal of the CH; to generate phenyl urea 4a led to about a 7-
fold increase in cellular activity (IC5p = 0.39 pM) and maintained good
solubility (153 pM).

Encouraged by urea 4a, the SAR of the aryl group was explored and
select compounds are shown in Table 1.'° Placement of a chloro at the
para (4b) or ortho (4c) positions lost > 3-fold potency while a meta
analog 4d was highly potent with an ICs5¢ = 0.064 pM. Adding a fluoro at
the para position (4e) had a modest improvement (ICsyo = 0.059 pM)
while ‘capping’ the N—H with an N-Me (4f) led to an ~ 8-fold loss of
activity. Unfortunately, the 3-Cl pyridine 4g gave a weak ICso = 0.69
pM, but did return much of the solubility (136 pM) that was lost for the
Cl phenyl analogs 4b-e. Moreover, this SAR was reminiscent of the
sulfonyl carboxamide series (i.e., compound 2) where the 3-Cl-4-F
phenyl was an optimal group suggesting similar overlap in the binding
site.

Given the similarity of the SAR, a co-crystal structure of 4e bound at
the HBV capsid dimer-dimer interface was obtained (Fig. 3). Atomic
coordinates of Y132A capsid protein complexed to compound 4e
(7K5M) have been deposited in the PDB. Hydrogen bonds are observed
between the amide oxygen of 4e and the sidechain of Trp-102, the amide
nitrogen of 4e and the sidechain of Thr-128 from the adjacent capsid
dimer, and a pyrazole nitrogen of 4e and the backbone nitrogen of Leu-
140. The fluoro-chloro-phenyl group is located in a pocket defined by
residues Pro-25, Asp-29, Leu-30, Trp-102, 1le105, and Ser-106 from one
dimer and Val-124, Arg-127, and Thr128 of an adjacent dimer. A com-
parison to the crystal structure of compound 1 reported previously?’
shows a similar binding mode. The trifluoro-phenyl group in compound
1 is located in the same pocket as the chloro-phenyl group found in
compound 4e.

Next, the nature of the piperidine moiety was examined as shown in
Fig. 4. Expansion from piperidine 4d to azepane 5a led to ~ 10-fold loss
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# Values represent the average of n > 2 experiments. Inter-assay variability <
30%.

Fig. 3. Structure of the compound 4e (yellow) Y132A HBV capsid protein
(cyan) complex denoting hydrogen bonds. An adjacent dimer is colored in
green (left). Superposition of compound 1 (magenta, PDB code (5t2p) on the
coordinates of the compound 4e HBV capsid protein complex. The relative
orientation of the halogenated-phenyl ring as well as amide hydrogen bonds are
conserved between the two structures (right).

in cellular activity. Truncation from piperidine to pyrrolidine 5b was
even worse with an ~ 100-fold reduction. A two-carbon bridge in the
context of the piperidine (5¢) was also not tolerated. Lastly, replacing
the piperidine with a phenyl in the form of benzamide 5d gave an HBV
DNA ICs¢ = 0.68 pM, showing the 6-membered piperidinyl urea was a
vital feature for cellular activity.
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Fig. 2. Initial SAR.
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Fig. 4. Central ring SAR.

Modeling of bridged compound 5¢ (not shown) indicated the binding
site was too tight for the ethyl bridge, but a single methyl group at the 3-
or 6-positions should be tolerated. On that basis, these compounds were
prepared and profiled as shown in Fig. 5. The 6-methyl piperidines
showed a notable increase in potency, with the S enantiomer (6a, IC5y =
0.02 pM), favored over the R (6b, ICso = 0.11 pM). Thus 6a, represents
about a 3-fold improvement in potency relative to des-methyl progenitor
4d. Moreover, The Human Microsomal Stability (HMS) Clint was
dramatically reduced (15 mL/min/kg) relative to 4d (192 mL/min/kg).
In addition, the solubility was not negatively impacted by the methyl
addition. The corresponding 3-methyl derivatives 6¢ and 6d were about
5-7 fold less potent.

A narrow SAR examination of the methyl group was conducted as
shown in Table 2. Only compounds with the S-configuration are shown.
The ethyl 7 was equipotent compared to methyl 6a, with a slight
decrease in solubility and microsomal stability. Vinyl 8 was the most
potent amongst the group with an HBV DNA ICsp = 0.011 pM, but sol-
ubility and Clint continued to decrease relative to the methyl group.
Lastly, the hydroxy methyl 9 lost considerable cellular potency (ICso =
0.36 pM), and although solubility was dramatically improved, the Clint
was the highest amongst the group. Overall, a Me group at the 6-position
provided the best balance of potency, solubility, and metabolic stability.

In parallel with the examination of the piperidine SAR, replacements
for the phenyl were examined. A significant number of substituted
phenyl analogs adding halogen, alkyl, CN, methoxy, and hydroxymethyl

Me” "N Me" N N "Me N” "Me

Hl‘\l/&o Hl‘\l/&o Hl‘\l/&o Hl\‘l/&o

R R R R
6a (S) 6b (R) 6c 6d
DNAIC5p=0.02uM DNAICs,=0.11 uM DNAICs5= 0.43 uM DNA IC50 = 0.31 uM

Sol 19 uM
HMS 15 mL/min/kg

Sol 20 uM

HMS 43 mL/min/kg R = 3-Clphenyl

Fig. 5. Piperidine Me SAR.

Table 2
HN—N
\
R
6-Position SAR" oA
-Position o
HNAO
Cl
Cmpd R DNA ECsg pH 7 Solubility HMS Clint (ml/min/
(uM) (uM) kg)
6a Me 0.02 19 15
7 Et 0.021 9 22
8 Vinyl 0.011 4 33
9 CH,OH  0.36 163 163

substituents were examined (not shown) but the SAR proved very flat
with little gains in activity. However, replacement with a range of het-
erocycles provided more compelling results (Table 3). Replacement of
phenyl with a thiophene at the 2- (10a, IC5o = 0.016 pM) or 3-position
(10b, ICsp = 0.028 pM) improved potency 2-4 fold, but significantly
increased the Clint. Adding a nitrogen to 10b to generate thiazole 10c
maintained this excellent potency profile, and also reduced the Clint.
Thiazoles attached to the pyrazole at the 2- (10d) or 5-positions (10e)
were less active. Isothiazole 10f was 10-fold less potent compared to

Table 3
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@ Values represent the average of n > 2 experiments. Inter-assay variability <
30.

@ Values represent the average of n > 2 experiments. Inter-assay variability <
30%.
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thiazole 10c, highlighting the importance of the position of the nitrogen
heteroatom in the ring, Replacing the S of 10c with an N-Me in the form
of imidazole 10g led to a complete ablation of activity, while insertion of
an O atom at this position to oxazole 10h led to a compound with similar
activity (ICsp = 0.025 pM) and modestly higher Clint. The isomeric
oxazoles (10i-j) were less active which is consistent with the corre-
sponding thiazole compounds 10c-e. Lastly, an N-linked pyrazole (10k)
was about 6-fold less potent compared to phenyl.

The incorporation of the 6-Me with the S-configuration was subse-
quently merged with the promising phenyl replacements from Table 3.
The first combination was made with highly potent thiophene 10a to
produce 11 with an HBV DNA ICs¢ = 0.007 pM (Fig. 6). While this is
about a 2-fold improvement in potency, the metabolic stability was
dramatically improved over des-Me 10a, and is quite similar to the
phenyl variant 6a. In addition, methylation of the pyrazole was carried
out in the context of thiophene 11. Both isomers were prepared and
methylation at the 1-position of the pyrazole (12) lost around 10-fold in
potency, while the 2-position (13) lost > 25-fold highlighting the
importance of the NH to H-bond with Leul40.

While it was gratifying to see the addition of the 6-Me could improve
potency and the metabolic stability of the thiophene, additional SAR
around the thiophene ring (not shown) did not provide any improve-
ment in compound potency. Moreover, thiophene 11 was very lipophilic
(LogD > 4.5) and replacement of the potentially bioreactive thiophene
moiety was desired. Accordingly, thiazole 10c was selected for subse-
quent profiling via addition of the 6-Me group.

As shown in Table 4, addition of the 6-Me to 10c in the form of
thiazole 14a did not have a notable effect on potency, but the Clint was
moderately improved relative to the des-Me variant. Moreover, the pH 7
solubility was markedly improved at 90 pM. Additional SAR on the aryl
urea was then examined leveraging the learnings from Table 1. Addition
of a fluorine at the 4-position of the phenyl (14b) led to an approximate
2-fold increase in cellular potency, but at the expense of the solubility.
Interestingly, the 3-Br congener (14c¢) gave a similar profile as the Cl,
but the solubility appeared to be improved despite the addition of the
more lipophilic halogen. Building upon this, moving the fluorine to the
2-position and adding a nitrogen at the 4-position provided pyridine
14d. This pyridine did have some reduced potency (ICso = 0.036 pM),
but had significant improvements in terms of stability and solubility.
The 3-CN analog 14e proved to be equipotent compared to the 3-halo
substituents with similar stability and modestly improved solubility
relative to 14c. Lastly, the 3-Me variant (14f) was quite comparable to
the 3-CN compound, albeit with apparent higher solubility.

The compounds were further profiled in additional selectivity
assays/counter-screens and thiazole 14e emerged as a leading com-
pound.?! Subsequent pharmacokinetic profiling in rat and dog was
conducted (Table 5). The rat clearance was moderate, around 42% of
liver blood flow with a 2.28 h half-life and 38% oral bioavailability. The
liver to plasma ratio was high, ~17:1. The dog clearance was higher
than rat, around 63% of liver blood flow, but with good oral bioavail-
ability (73%) at a 2.5 mpk dose. Overall, 14e appeared to have a good
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Table 4

I
R
Cmpd R DNA ECso HMS Clint (ml/ PH 7 Solubility
(M) min/kg) (1M)
14a ;EF; 0.028 20 90
Cl
14b 0.013 21 5
Cl
F
14c 0.014 24 45
Br
F
14d 0.036 12 183
F
»
N° Br
14e 0.012 13 73
CN
14f 0.014 14 161

@ Values represent the average of n > 2 experiments. Inter-assay variability <

30%.

Table 5
Rat and dog Pharmacokinetics of 14e.™"

Parameter Rat PK

Dog PK

CL, (mL/min/kg) 30.7 (42% LBF)

Vss (L/kg) 2.97
ty, (h) 2.28
Cmax PO (ng/mL) 73
Tmax PO (h) 6
AUCg.inf) PO (ng.h/mL) 1030
L/P (AUCy.24) 17

F (%) 38

19.5 (63% LBF)
3

2.17

472

1

1620

nd

73

@ Sprague-Dawley rats (n = 3). Oral dose 5 mg/kg, 70% PEG400 vehicle; IV

dose = 1.25 mg/kg, saline vehicle.

b Beagle dogs (n = 3). Oral dose 2.5 mg/kg, IV dose = 1 mg/kg. Inter-animal

variability was <20% for all values.

HN\'I\{ HN-N p Me\N/N Me
W Y ad ad
S
Me' N Ve S S
M N M N
o —> o © B e L
HN (o] HN (6]
c i “Cl ©\CI o
6a(S) 11 12 13

DNA IC5j = 0.02 uM
HMS 15 mL/min/kg
Sol 19 uM

H PPB: 99.3%
LogD>4.5

DNA IC5; = 0.007 uM
HMS 17 mL/min/kg
Sol 20 uM

H PPB: 99.5%

DNA IC5p = 0.077 uM
HMS 146 mL/min/kg
Sol 12 uM

Fig. 6. Pyrazole alkylation.
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balance of pH solubility (73 uM), lipophilicity (clogP 2.3), and perme-
ability in MDR1 cells.

Lastly, the plasma shift of 14e in the presense of 40% NHS was
determined in HepG2.2.15 cells. As noted previously, NVR 3-778 has a
substantial shift of ~ 13-fold. By way of comparison, thiazole 14e had
markedly reduced protein shift of ~ 3.4-fold in the presence of 40%
NHS, a further improvement of this novel class of CAM.

In summary, a novel HBV CAM series has been identified via
screening and H2L SAR was conducted. A urea group was found to be
optimal in lieu of the initial piperidinyl amide, and a co-crystal structure
with the HBV capsid indicated similar binding for the aryl urea as the
earlier described sulfonyl carboxamide class of CAM. Of note, SAR on
the piperidine ring led to the discovery of the addition of a 6-Me group
(S-configuration) that not only drove potency, but had a significant
improvement on metabolic stability. Further SAR of the phenyl ring
extending off the pyrazole led to a number of heterocycles with
improved profiles. Of note, thiazole 14e showed excellent cellular po-
tency compared to the sulfonyl carboxamides, a clean off-target profile,
and a promising pharmacokinetic and liver exposure profile. Further
optimization and exploration of this novel series of HBV CAM is ongoing
to identify an optimal candidate for development.
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