
Preclinical Profile of AB-423, an Inhibitor of Hepatitis B Virus
Pregenomic RNA Encapsidation

Nagraj Mani,a Andrew G. Cole,a Janet R. Phelps,a Andrzej Ardzinski,a Kyle D. Cobarrubias,a* Andrea Cuconati,a

Bruce D. Dorsey,a Ellen Evangelista,a Kristi Fan,a Fang Guo,a Haitao Guo,c Ju-Tao Guo,b Troy O. Harasym,a Salam Kadhim,a

Steven G. Kultgen,a Amy C. H. Lee,a Alice H. L. Li,a Quanxin Long,c Sara A. Majeski,a Richeng Mao,c Kevin D. McClintock,a

Stephen P. Reid,a Rene Rijnbrand,a Nicholas M. Snead,a* Holly M. Micolochick Steuer,a Kim Stever,a Sunny Tang,a

Xiaohe Wang,a Qiong Zhao,b Michael J. Sofiaa

aArbutus Biopharma Inc., Warminster, Pennsylvania, USA, and Burnaby, British Columbia, Canada
bBaruch S. Blumberg Institute, Doylestown, Pennsylvania, USA
cIndiana University, Indianapolis, Indiana, USA

ABSTRACT AB-423 is a member of the sulfamoylbenzamide (SBA) class of hepatitis
B virus (HBV) capsid inhibitors in phase 1 clinical trials. In cell culture models, AB-423
showed potent inhibition of HBV replication (50% effective concentration [EC50] �

0.08 to 0.27 �M; EC90 � 0.33 to 1.32 �M) with no significant cytotoxicity (50% cyto-
toxic concentration � 10 �M). Addition of 40% human serum resulted in a 5-fold in-
crease in the EC50s. AB-423 inhibited HBV genotypes A through D and nucleos(t)ide-
resistant variants in vitro. Treatment of HepDES19 cells with AB-423 resulted in
capsid particles devoid of encapsidated pregenomic RNA and relaxed circular DNA
(rcDNA), indicating that it is a class II capsid inhibitor. In a de novo infection model,
AB-423 prevented the conversion of encapsidated rcDNA to covalently closed circu-
lar DNA, presumably by interfering with the capsid uncoating process. Molecular
docking of AB-423 into crystal structures of heteroaryldihydropyrimidines and an
SBA and biochemical studies suggest that AB-423 likely also binds to the dimer-
dimer interface of core protein. In vitro dual combination studies with AB-423 and
anti-HBV agents, such as nucleos(t)ide analogs, RNA interference agents, or inter-
feron alpha, resulted in additive to synergistic antiviral activity. Pharmacokinetic
studies with AB-423 in CD-1 mice showed significant systemic exposures and higher
levels of accumulation in the liver. A 7-day twice-daily administration of AB-423 in a
hydrodynamic injection mouse model of HBV infection resulted in a dose-dependent
reduction in serum HBV DNA levels, and combination with entecavir or ARB-1467 re-
sulted in a trend toward antiviral activity greater than that of either agent alone,
consistent with the results of the in vitro combination studies. The overall preclinical
profile of AB-423 supports its further evaluation for safety, pharmacokinetics, and an-
tiviral activity in patients with chronic hepatitis B.
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It is estimated that approximately 260 million people worldwide are suffering from a
chronic infection with the hepatitis B virus (HBV), most of whom are in Asia,

constituting a major public health problem (1, 2). A majority of the chronic hepatitis B
(CHB) patients are unaware of their condition, and if untreated, long-term HBV infection
can lead to cirrhosis, liver failure, or, eventually, hepatocellular carcinoma (HCC). It is
estimated that chronic HBV infection is implicated in 80% of all cases of HCC in Asia and
sub-Saharan Africa (3). In addition, 7.4% of the 36.5 million HIV-infected patients
worldwide are coinfected with HBV (2). CHB leads to �900,000 deaths each year
globally (2). In the United States, there are an estimated 2 million people who are

Received 17 January 2018 Returned for
modification 5 February 2018 Accepted 10
March 2018

Accepted manuscript posted online 19
March 2018

Citation Mani N, Cole AG, Phelps JR, Ardzinski
A, Cobarrubias KD, Cuconati A, Dorsey BD,
Evangelista E, Fan K, Guo F, Guo H, Guo J-T,
Harasym TO, Kadhim S, Kultgen SG, Lee ACH, Li
AHL, Long Q, Majeski SA, Mao R, McClintock
KD, Reid SP, Rijnbrand R, Snead NM,
Micolochick Steuer HM, Stever K, Tang S, Wang
X, Zhao Q, Sofia MJ. 2018. Preclinical profile of
AB-423, an inhibitor of hepatitis B virus
pregenomic RNA encapsidation. Antimicrob
Agents Chemother 62:e00082-18. https://doi
.org/10.1128/AAC.00082-18.

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Nagraj Mani,
nmani@arbutusbio.com.

* Present address: Kyle D. Cobarrubias, British
Columbia Centre for Excellence in HIV/AIDS,
Vancouver, British Columbia, Canada; Nicholas
M. Snead, Symic Bio, Emeryville, California, USA.

ANTIVIRAL AGENTS

crossm

June 2018 Volume 62 Issue 6 e00082-18 aac.asm.org 1Antimicrobial Agents and Chemotherapy

https://orcid.org/0000-0002-8446-2338
https://doi.org/10.1128/AAC.00082-18
https://doi.org/10.1128/AAC.00082-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:nmani@arbutusbio.com
http://crossmark.crossref.org/dialog/?doi=10.1128/AAC.00082-18&domain=pdf&date_stamp=2018-3-19
http://aac.asm.org


chronically infected with HBV, and according to the CDC, CHB is implicated in �2,000
deaths annually (4, 5).

HBV is a noncytopathic, small DNA virus of the Hepadnaviridae family, with related
viruses being found in woodchucks, ground/tree squirrels, Pekin ducks, and herons. On
the basis of sequence diversity, there are eight known HBV genotypes, categorized
from A to H, of which globally genotypes A to D are the most prevalent, while in the
United States, genotypes A and C predominate, with 31% and 35% prevalences,
respectively (6). The HBV genome is a 3.2-kb partially double-stranded circular DNA,
and the viral polymerase is covalently attached to the 5= end of the minus strand. Four
types of viral particles can be detected in the serum from HBV-infected patients and
include (i) 20-nm spherical structures, (ii) 22-nm-wide filaments of variable lengths
comprised of the HBV surface antigen (HBsAg) and host-derived lipids devoid of viral
nucleic acids, (iii) infectious virions (Dane particles) that are spherical, double-shelled
structures 42 nm in diameter comprised of a lipid envelope containing HBsAg that
surrounds an inner nucleocapsid composed of HBV core antigen (HBcAg) complexed
with virally encoded polymerase and the viral DNA genome, and (iv) HBV RNA con-
taining virus-like particles both in patient serum and in supernatants of HBV-infected
hepatocytes (7–10).

During the life cycle of the hepatitis B virus, the virion enters the hepatocytes
through Na� taurocholate-cotransporting polypeptide (NTCP)-mediated endocytosis.
Once inside the endocytic vesicle, the virus undergoes uncoating and is targeted to the
nuclear pore complex, where the viral relaxed circular DNA (rcDNA) is delivered into the
nucleus. In the nucleus, the rcDNA is converted to covalently closed circular DNA
(cccDNA), which serves as the template for transcription of pregenomic RNA (pgRNA)
and mRNAs for precore, envelope, and HBx proteins. Both the viral pgRNA and mRNAs
are exported into the cytoplasm, where the mRNAs are translated into viral proteins by
the host translation machinery and the pgRNA and newly synthesized viral proteins are
used to generate new virions. In a single infected cell, cccDNA itself can be amplified
only by reverse transcription of pgRNA to rcDNA in the cytoplasm and conversion of
that rcDNA into cccDNA (11).

The current standard of care (SOC) for treating CHB patients falls into two classes: (i)
nucleoside(t)ide analogs (NAs), which are direct inhibitors of the viral reverse transcrip-
tase and DNA polymerase, and (ii) pegylated interferon alpha (PEG-IFN-�) (12, 13). While
these therapies suppress active viral replication, reduce cccDNA levels, and prevent
disease progression, they do not eliminate the nuclear pool of cccDNA (14–16). Due to
the persistence of cccDNA, lifelong treatments with the antiviral therapies are required
for a majority of patients to continuously suppress viral replication. Only a small
percentage (4 to 11%) of chronic HBV patients treated for a year with PEG-IFN-� show
HBsAg loss, which is similar to achieving a cure (17–20). Furthermore, some nucleoside
inhibitors, such as lamivudine (LAM) and entecavir (ETV), are prone to resistance
development, which could lead to treatment failures, while interferon therapy is poorly
tolerated.

The goal for novel CHB therapies is to increase cure rates and reduce the treatment
duration over that for the current SOC with treatment regimens that are safe and better
tolerated and that do not require lifelong treatment. Clinically, these therapies should
reduce a patient’s risk of death due to liver disease by bringing it down, ideally, to the
levels for individuals who have never been infected with HBV or to the levels for
individuals who have resolved their HBV infection (21). It is hoped that the next wave
of anti-HBV antivirals being developed will include direct-acting antivirals targeting
viral replication (e.g., capsid inhibitors), agents that reduce s-antigen levels (e.g.,
small-molecule inhibitors and RNA interference [RNAi] agents), and immune modula-
tors that stimulate host immune responses and that when these are administered in
combination with current SOC agents they will increase the cure rates for CHB patients.
Such a therapeutic transformation has been witnessed for hepatitis C virus infection,
against which novel treatment regimens now have �90% cure rates, with all-oral
interferon and ribavirin-free regimens achieving cures in 8 to 24 weeks (22).
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The replication of the HBV genome is strictly dependent upon the assembly of the
capsid structure around pregenomic RNA (pgRNA), and capsid assembly is emerging as
a novel target for therapeutic intervention for CHB patients (23–25). The process of HBV
capsid formation is shown schematically in Fig. 1. It starts with the binding of HBV DNA
polymerase to the epsilon stem-loop structure of pgRNA through a protein-based
priming mechanism. This initial binding step is then accompanied by the recruitment
of core protein dimers that associate with the priming complex of the viral polymerase
and pgRNA template, initiating the process of encapsidation. Capsid assembly is then
followed by synthesis of the HBV genomic rcDNA through reverse transcription of the
pgRNA, eventually leading to a fully encapsidated and enveloped infectious virion
decorated with s antigen and secreted into the bloodstream (26). In addition to the role
of core protein in forming the capsid structure, it has also been reported to interact
with cccDNA and regulate viral gene expression (27). A role for the nucleus-localized,
cccDNA-associated core protein in recruiting APOBEC3A, a cytidine deaminase, to
cccDNA, mediating its selective deamination, and promoting its degradation has been
suggested as the mechanism of specific and nonhepatotoxic degradation observed in
IFN-�-treated HBV-infected hepatocytes (28).

A number of small-molecule compounds that inhibit capsid function have been
reported (Fig. 1). These compounds mainly fall into two categories: class I capsid
inhibitors, represented by heteroaryldihydropyrimidines (HAPs), such as BAY-41-4109
(29) and GLS-4 (30), which lead to misassembled noncapsid core polymers, and class II
capsid inhibitors, such as the phenylpropenamides, represented by AT-130 (31, 32),
which form morphologically normal capsids that are devoid of viral nucleic acid. Capsid
inhibitors of both classes have shown antiviral activity in vitro in cell culture models as
well as in vivo in animal models of HBV infection. The first clinical proof of concept for
a capsid inhibitor was demonstrated by NVR-3-778, which produced a 1.7-log10 reduc-
tion in day 28 plasma HBV DNA levels when administered at 600 mg twice daily (BID)

FIG 1 Intracellular events of capsid biogenesis and examples of distinct classes of capsid inhibitors. Heteroaryldihydropyrimi-
dines (HAPs) are represented by BAY-41-4109 and GLS-4; pgRNA encapsidation inhibitors are represented by phenylpropen-
amides (PP), such as AT-130; and sulfamoylbenzamides (SBAs) are represented by AB-423. pol, polymerase.
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for 28 days in CHB patients (33). The chemical structure of NVR-3-778 has not been fully
disclosed, but the core chemical structure resembles that of published class II capsid
inhibitors belonging to the sulfamoylbenzamide (SBA) chemical class (34). More re-
cently, the antiviral activities of two other capsid inhibitors, JNJ-379 and GLS4JHS, were
reported in CHB patients (35, 36). Here we present the preclinical antiviral character-
ization of AB-423, an HBV capsid assembly inhibitor belonging to the SBA class (Fig. 1)
currently in phase 1 clinical trials. We also demonstrate the potential for combining
AB-423 with other mechanistic classes of HBV inhibitors, such as nucleos(t)ide analogs,
RNAi agents, and IFN-�, using in vitro and in vivo HBV models.

RESULTS
AB-423 is an inhibitor of HBV replication in HBV cell culture models. AB-423

belongs to the SBA class of capsid inhibitors, which have been described previously
(34). The antiviral activity of AB-423 was evaluated in several different cell culture
models of HBV infection, including models involving AML12-HBV10 (34), an immortal-
ized murine hepatocyte cell line that inducibly expresses genotype D HBV; HepDE19
(37) and HepBHAe82 (38), two human hepatoma cell lines that also inducibly express
genotype D HBV under the control of a cytomegalovirus (CMV) tetracycline (Tet)-off
promoter; HepG 2.2.15 (39), a cell line that constitutively expresses genotype D HBV;
and HBV-infected primary human hepatocytes (PHH). AB-423 showed inhibition of
rcDNA production in a concentration-dependent manner. The antiviral activity of
AB-423, as measured by rcDNA production, was comparable in the AML12-HBV10 and
HepDE19 cell culture systems, with 50% effective concentrations (EC50s) of �0.260 �M
(Table 1). AB-423 showed comparable inhibition of rcDNA production in the HepDE19
cell assay during incubation with AB-423 for 2, 3, 6, or 7 days (data not shown).
Consistent with these data, AB-423 also demonstrated inhibition of cccDNA formation-
dependent HBeAg production in the HepBHAe82 cell assay with an EC50 of 0.267 �M
and inhibited HBV DNA levels in culture supernatants of HepG 2.2.15 cells with an EC50

of 0.134 �M. No cytotoxicity was detected in any of the three cell lines, and thus, 50%
cytotoxic concentration (CC50) values are expressed in terms of the highest compound
concentrations tested. Assessing antiviral activity in an authentic primary cell infection
system is an important validation for potency, especially as the metabolic activity of
HBV cell culture models may differ from that of PHH. Therefore, the anti-HBV potency
of AB-423 was also determined in a PHH culture infection system. Treatment of infected
PHH with AB-423 reduced the amount of HBV DNA in the supernatant by 1 log10 with
an EC50 of 0.078 �M (Table 1). The addition of up to 40% human serum to the cell
culture medium caused a modest (5-fold) decrease in the potency of AB-423 in
AML12-HBV10 cells (Table 2).

AB-423 inhibits capsid assembly at the pgRNA encapsidation stage in an HBV
cell culture model. It has been shown that compounds belonging to the SBA class of
encapsidation inhibitors allow the production of normal amounts of capsid in cells but
that these capsids are predominantly empty (i.e., they lack capsid-associated pgRNA
and HBV DNA) (34). In contrast, treatment with the capsid assembly modulator BAY
41-4109, a member of the HAP class of compounds, results in a strong reduction in
capsid particle formation. To pinpoint the specific stage of capsid assembly that is
inhibited by AB-423, HepDES19 cells were treated with AB-423 at a concentration of 3

TABLE 1 Potency evaluation of AB-423 in various in vitro HBV assay systemsa

Assay Readout EC50 (�M) EC90 (�M) CC50 (�M)

AML12-HBV10 cells rcDNA 0.263 � 0.177 1.319 � 1.076 �10
HepDE19 cells rcDNA 0.262 � 0.127 0.905 � 0.332 �10
HepBHAe82 cells (ELISA) HBeAg 0.267 � 0.135 1.246 � 0.466 �10
HepG 2.2.15 cells (qPCR) HBV DNA 0.134 � 0.022 0.348 � 0.080 �10
HBV-infected PHH HBV DNA 0.078 � 0.031 0.332 � 0.235 ND
aThe EC50 and EC90 values are the averages and standard deviations derived from at least three independent
determinations. ND, not determined.
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�M for 6 days and various viral replication intermediates were extracted and analyzed
(Fig. 2) by comparison to the untreated controls (i.e., cells treated with the dimethyl
sulfoxide [DMSO] vehicle). Treatment of HepDES19 cells with AB-423 showed a strong
inhibition of capsid-associated RNA and DNA (Fig. 2E and F, lanes 2) but no effect on
the total amount of pgRNA (Fig. 2A, lane 2) or capsid particles (Fig. 2D, lane 2) in
comparison to that in untreated control cells, indicating that AB-423 inhibited HBV
replication at the step of pgRNA encapsidation, thus impacting the levels of down-
stream replication intermediates (capsid-associated RNA, capsid-associated DNA,
rcDNA, and single-stranded DNA [ssDNA]). Consistent with this mechanism, there was
little to no reduction in the amount of core protein or capsid particles produced in the

TABLE 2 Effect of human serum on in vitro potency of AB-423

Human seruma (%)

AB-423 ETV

EC50 (�M) Serum shift ratiob EC50 (�M) Serum shift ratio

0 0.363 1.0 0.007 1.0
10 0.606 1.7 0.007 1.0
20 1.231 3.4 0.024 3.4
40 1.813 5.0 0.029 4.0
aHuman serum was used with standard medium, which contains 10% fetal bovine serum.
bThe serum shift ratio was calculated by dividing the EC50 observed in the presence of human serum by the
EC50 observed in the absence of human serum. This evaluation was performed using the AML12-HBV10 cell
culture system described in the Materials and Methods section.

FIG 2 AB-423 inhibits pgRNA encapsidation in HepDES19 cells. HepDES19 cells were treated with AB-423
(3 �M), the vehicle control (DMSO), GLS-4 (a member of the HAP class of capsid inhibitors), or 3TC (a
nucleoside inhibitor) for 6 days, and various viral replication intermediates were extracted and visualized
by HBV RNA analysis and particle gel assays, which were performed as described in Materials and
Methods. Intracellular viral RNA (A) and encapsidated pgRNA (E) were extracted and detected by
Northern blotting hybridization with an HBV-specific 32P-labeled riboprobe. (B) rRNAs (18S and 28S)
served as loading controls. (C) Intracellular HBV core protein was detected by Western blotting (WB)
using specific antibodies. (D) The total amounts of nucleocapsids were determined by a particle gel assay.
(F) HBV DNA replication intermediates (rcDNA and ssDNA) were extracted and detected by Southern
blotting hybridizations.
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cells (Fig. 2C and D, lanes 2). In comparison, GLS-4, a HAP related to BAY 41-4109,
showed a strong reduction of capsid particle formation (Fig. 2D, lane 3), while the
nucleoside inhibitor lamivudine (3TC) showed no significant effect on core protein or
the levels of capsid (Fig. 2C and D, lanes 4). Moreover, 3TC enhanced the levels of
encapsidated pgRNA (Fig. 2E, lane 4), in contrast to AB-423 and GLS-4, as it prevented
the conversion of encapsidated pgRNA to rcDNA (Fig. 2F, lane 4). These data demon-
strate that AB-423 is a specific inhibitor of viral pgRNA encapsidation in an HBV cell
culture system and distinguish its mechanism of action from that of capsid assembly
modulators, such as BAY 41-4109 and GLS-4, which are class I capsid inhibitors, and the
nucleos(t)ide class of inhibitors, represented by 3TC.

AB-423 modulates HBV capsid assembly in a biochemical assay. An in vitro
biochemical assay of HBV capsid assembly (40) was used to demonstrate the direct
interaction of AB-423 with HBV core protein and its activity on capsid assembly. The
assay utilizes a mutant capsid protein that comprises the first 149 amino acids (the
assembly domain) of the HBV core protein (lacking the RNA binding domain) and that
is modified by the addition of a terminal cysteine and the fluorescent dye Bodipy-FL to
form C150Bo. In solution, the capsid protein spontaneously reassembles as a function
of protein concentration, temperature, and ionic strength. In nonassembled capsid
dimer form, the C150Bo dye is fluorescent, whereas the assembly of capsid dimers
quenches the fluorescence (Fig. 3). In this assay, AB-423 accelerated capsid assembly in
a dose-responsive manner with a 50% inhibitory concentration (IC50) of 2.859 � 0.430
�M (average � standard deviation [SD]). These results support a direct role of AB-423
on capsid assembly, in agreement with the results observed in HBV tissue culture
models.

AB-423 inhibits conversion of encapsidated rcDNA to cccDNA in an infectious
virus system. In addition to preventing rcDNA synthesis through capsid inhibition,
both class I and class II HBV capsid inhibitors can alter the stability of the preassembled
rcDNA-containing nucleocapsid, exerting an additional activity on cccDNA formation
that is distinct from inhibition of pgRNA encapsidation (41). This is likely due to
interference with the normal uncoating of the nucleocapsid before rcDNA can be
delivered to the nucleus for conversion to cccDNA and results in the reduction of
cccDNA levels when compound exposure occurs after pgRNA encapsidation and during
de novo infection. To confirm that AB-423 exhibits this activity, cells of the HBV
infection-permissive cell line C3AhNTCP were treated with AB-423, the HBV entry inhib-
itor myrcludex B, and IFN-� starting 24 h before HBV infection was initiated and

FIG 3 AB-423 modulates HBV capsid assembly in a biochemical assay. The activity of AB-423 was tested
in an HBV capsid assembly assay using a protocol described in Materials and Methods. AB-423 was tested
in a dose range format starting at the highest concentration of 30 �M and then at a serial, 1/2-log,
8-point dilution series in triplicate. The average dose-response curve and standard deviations for
triplicate samples from one representative experiment are shown.
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continuing to 6 days postinfection. At that time, cell monolayers were harvested and
analyzed for pgRNA and cccDNA levels. As expected, by acting to prevent viral entry
and cccDNA establishment from the infecting rcDNA, myrcludex B effectively reduced
the levels of both cccDNA and its transcription product, pgRNA. IFN-� reduced the
levels of cccDNA only slightly but exhibited a stronger effect on pgRNA, owing to its
recognized activity in specific inhibition of HBV transcription but not cccDNA formation
(42). In contrast, AB-423 exhibited a measurable and reproducible inhibition of cccDNA
levels and the resulting expression of pgRNA. These data are consistent with inhibition
of cccDNA formation by AB-423 at a step distinct from rcDNA synthesis (Fig. 4). While
we cannot exclude the possibility that the inhibition of cccDNA levels after infection
may have been at least partly due to the inhibition of rcDNA synthesis, which may
contribute to the cccDNA pool in these cells postinfection, in both NTCP-expressing
cells and primary human hepatocytes, the postinfection levels of cccDNA did not
change after the initial establishment of cccDNA with or without treatment with a
nucleoside analog, and thus, it is generally accepted that rcDNA synthesis and the
subsequent conversion to cccDNA do not contribute to the cccDNA pool within the first
several days after infection (41, 43). Based on these observations, we conclude that the
inhibition of AB-423 on cccDNA formation during initial infection occurs independently
of pgRNA encapsidation and rcDNA synthesis. It should be noted that the apparent
potency of AB-423 on the reduction of the level of cccDNA is lower than that on the
inhibition of pgRNA encapsidation (Fig. 2) and may represent a true difference in the
potency between inhibition of uncoating of the nucleocapsid structure, such as during
a de novo infection, and inhibition of pgRNA encapsidation by core protein dimers
during nucleocapsid biogenesis. This appears to be a property common to different
classes of HBV capsid inhibitors (43).

AB-423 possesses pan-genotypic activity against HBV. Hepatitis B virus is clas-
sified into genotypes A through H, of which genotypes A through D are the most

FIG 4 AB-423 inhibits conversion of encapsidated rcDNA to cccDNA in an infectious virus system.
Inhibition of cccDNA formation by AB-423 in de novo infection was tested in C3AhNTCP cells through
treatment starting at 24 h preinfection and continuing to day 6 postinfection. On day 6, cells were
harvested and processed for cccDNA and pgRNA analysis by qPCR and quantitative RT-PCR, respectively,
as described in Materials and Methods. Treatment was with DMSO only, myrcludex B (100 nM), IFN-�
(1000 IU/ml), and AB-423 (3 �M). (A) The cccDNA copy number per cell compared to that in DMSO-
treated infected samples. (B) pgRNA levels relative to those in DMSO-treated infected samples. The
experiment was conducted with triplicate samples (n � 2). The bars represent the averages for triplicate
samples from one trial, and the error bars represent the standard deviations.
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prevalent genotypes globally. It is important that any new therapy for the treatment of
CHB have broad genotype coverage. Since the HBV cell culture model systems used are
based on genotype D, the activity of AB-423 against representatives of the other most
prevalent HBV genotypes was evaluated. Using an HepG2 cell transient-transfection
system, the antiviral activity of AB-423 against two cloned sequences each of genotypes
A, B, and C and one sequence of genotype D was evaluated (Table 3). In this system,
AB-423 showed inhibition of replication of HBV genotypes A, B, C, and D with EC50s
of between 0.044 �M and 0.185 �M, which were comparable to or better than
those observed in the standard laboratory HBV cell culture models (the HepDE19,
HepBHAe82, AML12-HBV10, and HepG 2.2.15 cell models) described above. These data
indicate that AB-423 has equivalent activity against representative clones of the most
prevalent genotypes of HBV. While these results are consistent with the high level of
conservation of the core protein dimer-dimer interface, we cannot exclude the possi-
bility that there may be changes in the larger population of sequences that might
impact the susceptibility to AB-423. The antiviral activity of AB-423 against HBV
genotypes E through H has not been evaluated. Consistent with the understood
mechanism of action of AB-423 on pgRNA encapsidation, AB-423 did not show any
effect on the levels of HBsAg (data not shown), which in this transfection system is
independent of viral encapsidation and replication.

AB-423 inhibits replication of HBV nucleoside-resistant variants. Chronic hep-
atitis B patients undergoing nucleos(t)ide therapy may develop resistance leading to
treatment failure. Significant activity against HBV polymerase variants is needed to
avoid cross-resistance with the new therapies. We therefore evaluated the activity of
AB-423 against HBV polymerase variants known to confer resistance to nucleoside
inhibitors (Table 4). AB-423 maintained activity against wild-type and single, double,
and triple mutant HBV polymerase variants known to confer resistance to ETV or
lamivudine with EC50s that were within 2-fold of the EC50 for the wild-type virus. These
data are consistent with AB-423 having a mechanism of action distinct from that of the
nucleos(t)ide class of HBV inhibitors.

TABLE 3 Activity of AB-423 against HBV by genotypea

HBV genotype Avg EC50 � SD (�M)b GenBank accession no.

A 0.050 � 0.015 AP007263
A2 0.092 � 0.017 HE974371
C 0.044 � 0.010 AB246345
C 0.046 � 0.012 AB246346
B 0.056 � 0.015 JN406371
B 0.098 � 0.006 AB033554
D 0.185 � 0.011 U95551
aThis evaluation was performed using the HepG2 transient-transfection cell culture system, as described in
the Materials and Methods section.

bAverage EC50s and standard deviations from 3 independent determinations are shown.

TABLE 4 Activity of AB-423 against nucleoside-resistant variants of HBVa

HBV variant

Avg EC50 � SD (�M)b

AB-423 ETV LAM

rtM204I 0.226 � 0.031 ND �100
rtM204I � V173L 0.149 � 0.004 ND �100
rtM204I � S202G 0.223 � 0.032 10.236 � 1.172 ND
rtM204V � L180M 0.197 � 0.019 ND �100
rtM204I � S202G � M250V 0.239 � 0.006 13.940 � 4.493 ND
U95551c 0.168 � 0.054 0.002 � 0.0002 0.079 � 0.056
aETV, entecavir; ND, not determined; LAM, lamivudine; rt, reverse transcriptase (HBV polymerase). This
evaluation was performed using the HepG2 cell transient-transfection cell culture system, as described in
the Materials and Methods section.

bAverage EC50s and standard deviations from 3 independent determinations are shown.
cU95551 is the wild-type genotype D strain used as the vector background for all variants.
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AB-423 shows additive to synergistic antiviral activity in vitro with nucleoside
analogs and experimental RNAi agents. The use of multiple antiviral agents in clinical
combination regimens is often beneficial when the net effect of inhibiting several
targets simultaneously is enhanced viral suppression, which can prevent the onset of
resistance to any one agent or even hasten clearance of the infection. Conversely,
combination use may be precluded due to antagonistic effects that reduce viral
suppression. To guide clinical combination studies, the possibility of mechanistic
antagonism may be assessed using in vitro viral culture models. In vitro combination
studies were conducted using the method of Prichard and Shipman (44), wherein a
checkerboard design was used to generate a 3-dimensional model of drug-drug
interactions. In several cell culture models of HBV replication, cells were treated with
AB-423, the nucleoside inhibitors ETV and tenofovir disoproxil fumarate (TDF), and an
anti-HBV RNAi agent, ARB-1467 or ARB-1740, at concentration ranges spanning doses
both above and below their respective EC50s. The two inhibitors were tested both
singly and in combinations such that each concentration of inhibitor A was combined
with each concentration of inhibitor B to determine the pharmacologic effect of the
combination on HBV replication. Based on the MacSynergy II program and the estab-
lished guidelines of Prichard and Shipman (44), all combinations tested were found to
be additive to strongly synergistic (Fig. 5; see also Tables S1 to S6 in the supplemental
material). Importantly, no significant antagonism was observed. These results under-
score the mechanistic distinction between AB-423 and these other agents and confirm
the potential utility of AB-423 for use in combination treatment regimens with varied
classes of inhibitors.

Pharmacokinetic profile of AB-423 in mice. The plasma concentration of AB-423
over time was profiled in CD-1 mice to capture its pharmacokinetic (PK) properties

FIG 5 In vitro combination of AB-423 with nucleos(t)ide analogs and RNAi agents. Panels I, checkerboard synergy plots based on MacSynergy II analysis; panels
II, antiviral dose-responses of each agent tested singly and in combination. (A) In vitro combination of AB-423 and ETV (AML12-HBV10 cell rcDNA/bDNA assay);
(B) in vitro combination of AB-423 with the RNAi agent ARB-1467 (AML12-HBV10 cell rcDNA/bDNA assay); (C) in vitro combination of AB-423 with the RNAi agent
ARB-1740 (AML12-HBV10 cell rcDNA/bDNA assay); (D) in vitro combination of AB-423 with TDF (HepDE19 cell rcDNA/bDNA assay); (E) in vitro combination of
AB-423 with ETV (HepBHAe82 cell pcRNA/cccDNA assay); (F) in vitro combination of AB-423 with ARB-1740 (HepBHAe82 cell pcRNA/cccDNA assay). The results
shown are the averages for quadruplicate samples.
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in vivo (Fig. 6). Following intravenous (i.v.) administration, AB-423 displayed a systemic
clearance of 31 ml/min/kg with a volume of distribution of 2 liters/kg (Table 5). When
AB-423 was dosed orally (p.o.) at 10 mg/kg of body weight in mice, it reached a maximum
concentration (Cmax) of between 0.25 to 0.5 h and produced a Cmax and a level of exposure
(area under the concentration-time curve) of 490 ng/ml and 2,238 ng · h/ml, respectively
(Table 5). The oral bioavailability of AB-423 was estimated to be approximately 40% in
mice. A dose-dependent gain in AB-423 exposure could be observed up to a dose of
100 mg/kg, as evident by the dose-proportional increase in exposure among the 10-,
30-, and 100-mg/kg doses. Following a single oral dose at 100 mg/kg, the liver
concentration/plasma concentration ratio of AB-423 at 24 h was measured to be 2.9,
while a 7-day multidosing regimen in the mouse hydrodynamic injection (HDI) study
gave higher liver concentration/plasma concentration ratio of 11 (see below), suggest-
ing favorable drug accumulation in the target organ to potentially achieve the desired
pharmacological effect.

AB-423 inhibits HBV replication in a mouse model of HBV. A hydrodynamic
injection (HDI) model in immunodeficient NOD-SCID mice was used to determine
whether AB-423 is effectively delivered via oral administration to the relevant target
organ of HBV infection, the liver, to exert an antiviral effect on HBV-expressing hepa-
tocytes in vivo. A 7-day treatment regimen with AB-423 in this model resulted in a
dose-responsive reduction of the serum HBV DNA level of up to 1.4 log10 compared to
that in the vehicle-treated control mice (Fig. 7). After 7 days of twice daily oral
administration, the preferential accumulation of AB-423 occurred in the liver, the target
organ for therapy, with a liver concentration-to-plasma concentration ratio of 11. At the
dosages of 30 and 100 mg/kg BID tested, the plasma and liver concentrations of AB-423
at 1 h after the last dose were also found to be dose responsive, consistent with the
observed effects on serum HBV DNA levels. Examination of other HBV markers in blood
and liver showed AB-423 effects consistent with its known mechanism of action.

FIG 6 Pharmacokinetic profile of AB-423 in CD-1 mice. The plasma concentrations of AB-423 following
a single i.v. or p.o. administration of AB-423 in mice are shown as the mean � SD (n � 3 per group).

TABLE 5 Pharmacokinetic properties of AB-423 in CD-1 micea

Route of
administration

Dose
(mg/kg)

CLobs

(ml/min/kg)
t1/2

(h)
Tmax

(h)
Cmax

(ng/ml)

AUClast

(ng ·
h/ml)

AUCinf

(ng ·
h/ml)

AUCextrap

(%)
Vss,obs

(liters/kg) F (%)
24-h liver concn/
plasma concn ratio

i.v. 2 31 1.1 NA 930 1,120 1,122 0 2 �LLOQ
p.o. 10 3.4 0.33 490 1,994 2,238 10 40 �LLOQ
p.o. 30 3.2 1.67 1,028 5,832 6,174 5 37 �LLOQ
p.o. 100 5.9 0.50 2,709 23,024 25,232 8 45 2.9
aValues are means (n � 3 per group). CLobs, observed clearance; t1/2, half-life; Tmax, time to maximum concentration; Cmax, maximum concentration; AUClast, area
under the concentration-time curve at 1 h after the last dose; AUCinf, area under the concentration-time curve from 0 h to infinity; AUCextrap, extrapolated area under
the concentration-time curve; Vss,obs, observed volume of distribution at steady state; F, bioavailability; NA, not applicable; LLOQ, lower limit of quantitation.
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Formation of cccDNA is understood not to occur in mouse cells (45), and in this animal
model of HBV infection, the expression of HBsAg is solely driven from the incoming
plasmid; therefore, AB-423 is not expected to impact serum HBsAg levels in this system.
At 100 mg/kg, an HBV DNA reduction of 1.4 log10 in serum correlated with a 0.92-log10

reduction in the liver, the site of drug action where AB-423 inhibits functional capsid
particle formation and the production of intact viral particles containing rcDNA. In total,
these data demonstrate that oral administration of AB-423 results in anti-HBV activity
in vivo and in a manner consistent with its mechanism of action.

In vivo combination studies. While it is not feasible to evaluate many dose levels
or treatment variants of compound combinations in vivo, even limited testing of dose
combinations is of value, in that it allows evaluation of many more factors of drug-drug
interactions than the number of factors that may be evaluated in cell culture models.
In an HDI model of HBV infection in immunodeficient NOD-SCID mice, 100 mg/kg of
AB-423 given orally BID for 7 days in combination with 100 ng/kg of ETV given orally
once a day (QD) for 7 days resulted in a trend toward the inhibition of serum HBV DNA
greater than that by either monotherapy arm alone (Fig. 8). While the serum HBV DNA
reductions as a percentage of the day 0 baseline values at day 7 were statistically
significant for all compound treatment groups compared to the values for the saline-
treated controls (one-way analysis of variance [ANOVA], P � 0.05), the reductions for
the compound treatment groups did not reach statistical significance compared to
those for the vehicle-treated control group. A combination of 100 mg/kg of AB-423
given orally for 7 days with a single 0.1 mg/kg dose of ARB-1467 (an investigational
RNAi agent) given i.v. resulted in a trend toward the inhibition of serum HBV DNA
greater than that by either monotherapy arm alone (Fig. 8). In this case, the serum HBV
DNA reductions as a percentage of the day 0 baseline values were statistically signif-
icant for all compound treatment groups versus the saline- and vehicle-treated control
groups (one-way ANOVA, P � 0.05). In agreement with the in vitro findings, greater
levels of inhibition were observed from liver HBV DNA assessment for both drug
combinations (data not shown). As the primary function of ARB-1467 is intended to be
inhibition of HBsAg, it was also verified that the addition of AB-423 did not affect
ARB-1467’s reduction of HBsAg in a whole-body system (Fig. 8). In summary, no
antagonism was detected from in vivo investigations of AB-423 in combination with
drugs from two other anti-HBV drug classes. These data were in agreement with the in
vitro findings described above.

DISCUSSION

Hepatitis B virus replication is closely linked to the assembly of 120 core protein
dimers to form the virion capsid structure around the pgRNA (26). Mutations in the core
protein sequence or small-molecule modulators of the capsid assembly process can be
detrimental to the proper assembly of the nucleocapsid structure and have a negative
impact on viral replication and infectious virus production, providing an attractive

FIG 7 In vivo antiviral activity of AB-423 in a mouse model of HBV infection. HDI mice were administered
AB-423 twice daily for 7 consecutive days. Antiviral effects are expressed as a percentage of those for the
vehicle-only control group on day 7. Data are shown as the mean � SEM. The number of animals per
group for data analysis was 5 or 6.
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target for the development of anti-HBV therapies (23–25). Capsid inhibitors are an
emerging class of anti-HBV agents for which a demonstrated proof of concept has been
shown in early-stage clinical trials in chronic hepatitis B patients (33, 35, 36, 46, 47).

AB-423, a member of the SBA class of HBV capsid inhibitors, was evaluated in
multiple preclinical studies to determine its in vitro anti-HBV potency, genotype spec-
trum, selectivity, mode of action, and in vitro and in vivo activity both as a single agent and
in combination with anti-HBV agents belonging to other mechanistic classes, such as the
nucleos(t)ide analogs and RNAi agents. In HBV cell culture models, AB-423 inhibited HBV
replication (reduced rcDNA levels) and HBeAg production in HepBHAe82 cells, which suggests
inhibition of cccDNA formation in this cell culture system (Table 1) (38). Furthermore, in two
infectious virus systems, HBV-infected PHH and HBV-infected NTCP-expressing HepG2

FIG 8 In vivo antiviral activity of combination treatment with AB-423 and a nucleoside analog or an RNA
interference agent. (A) Serum HBV DNA level after treatment with the AB-423 and ETV combination; (B)
serum HBV DNA level after treatment with the AB-423 and ARB-1467 combination; (C) serum HBsAg level
after treatment with the AB-423 and ARB-1467 combination. AB-423 was administered via oral gavage
twice daily for 7 consecutive days, starting on day 0. ETV was administered via oral gavage once daily for
7 consecutive days, starting on day 0. ARB-1467 was administered as a single intravenous bolus tail vein
injection on day 0. The antiviral treatment effect in HDI mice was expressed as a percentage of the
individual animal’s day 0 (predose) value. Data are shown as the mean � standard error of the mean
(SEM). The number of animals per group for data analysis ranged from 4 to 8.
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cells, AB-423 inhibited viral replication and reduced cccDNA levels presumably through
the interaction with nucleocapsid particles, disrupting the process of uncoating and
release of rcDNA. These data indicate that AB-423 has the potential to reduce the
production of infectious virus particles, inhibit the formation of new cccDNA through
the intracellular replenishment pathway, and prevent cccDNA establishment during
infection of a naive hepatocyte. Such a dual mode of action of AB-423 appears to be
consistent among capsid inhibitors and differentiates them from the nucleos(t)ide class
of inhibitors (43, 48). In a therapeutic setting, a drug’s pharmacological activity can be
impacted due to its sequestration by proteins present in human serum. Therefore, it is
imperative to assess the potency of an antiviral in the presence of human serum or
serum proteins. The presence of 40% human serum caused a modest 5-fold decrease
in the in vitro potency of AB-423.

Mechanism-of-action studies in an HBV cell culture system showed that AB-423 is a
class II capsid inhibitor. Treatment of HepDES19 cells with AB-423 resulted in the
formation of normal amounts of capsid particles, but these capsids were devoid of
pgRNA or rcDNA (Fig. 2). In a biochemical assay, AB-423 directly interacted with HBV
core protein and accelerated capsid assembly, a property shared by both classes of
capsid inhibitors. Further insight into the binding and antiviral mechanism of capsid
inhibitors has been obtained through the availability of several high-resolution X-ray
structures of core protein bound to capsid inhibitors, including several HAPs and,
recently, an SBA (49–51). In all these published X-ray structures, the capsid inhibitors
bound to the core protein dimer-dimer interface. Making the assumption that AB-423
also bound to the same site, we used a computational approach to predict the mode
of AB-423 binding to core protein Cp-Y132A. The docked model of the AB-423 chemical
structure was superimposed with the X-ray structures of SBA_R01 (51), representing the
binding mode of a member of the SBA class of capsid inhibitors (Fig. 9A), and
NVR10-001E2 (49), representing the HAP binding mode (Fig. 9B). Docking studies
showed a closed binding interaction pattern between AB-423 and SBA_R01 (Fig. 9A).
The central amide of the class II capsid inhibitors AB-423 and SBA_R01 forms essential
hydrogen bonds with the side chains of Trp102 (chain B) and Thr128 (chain C), while the
class I HAP capsid inhibitor NVR10-001E2 forms a hydrogen bond only with Trp102
(chain B) through one of its dihydropyrimidine nitrogens. While one of the sulfonamide
oxygens of both class II inhibitors hydrogen bonded to the backbone NH of Ser121 of
chain C through a water bridge, the sulfonamide NH of AB-423 could form an additional
hydrogen bond interaction with the backbone of Leu140 of chain B (Fig. 9A). It is worth
noting the two regions in the binding site occupied only by NVR10-001E2, a class I HAP
capsid inhibitor: (i) a hydrophobic pocket created by aromatic residues like Trp102,
Phe23, and Tyr118 of chain B (Fig. 9B) and (ii) the solvent-exposed region near Thr33
of chain B. The former pocket is occupied by the thiazole moiety of NVR10-001E2, while
the latter is where the ester moiety sits. The structural difference between class I and
class II capsid inhibitor-bound complexes could further aid our understanding and
suggest potential differences in terms of the mechanism of action. By binding to the
dimer-dimer interface of the core protein, the capsid inhibitors create additional
interaction sites that lead to accelerated assembly kinetics, which can lead to the
formation of noncapsid polymers (class I inhibitors) or the formation of morphologically
normal capsid structures that are devoid of pgRNA or rcDNA (class II inhibitors).

Hepatitis B virus has eight recognized genotypes (genotypes A to H) that are
geographically widely distributed, and genotypes A to D are the most prevalent
genotypes globally (52). Our analysis of the core protein binding site within 4 Å of a
bound SBA (51), including amino acids that form hydrogen bonds with the compound,
using publicly available sequences (https://hbvdb.ibcp.fr/HBVdb/HBVdbIndex) revealed a
high level of conservation of these amino acids both within and across HBV genotypes
A to H (�99% for wild-type strains), with one exception being I105 (94.1% to 100%
conservation). With the amino acids involved in hydrogen bond interactions, the level
of conservation was �99.2%. Consistent with the high level of conservation of the
binding site, AB-423 showed pan-genotypic activity in vitro against HBV genotypes A
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through D. Furthermore, because of its distinct mechanism of action from the nucle-
os(t)ide class of inhibitors, AB-423 maintained potency against nucleos(t)ide-resistant
variants of HBV. The antiviral activity of AB-423 was specific for HBV, with AB-423
showing little to no specific activity against woodchuck hepatitis virus or a diverse
panel of viruses belonging to other virus families (data not shown).

Hepatitis B virus has a highly limited host range, and a complete infective replication
cycle has been documented to occur only in the livers of humans, chimpanzees, and
tree shrews (53, 54). As the nonhuman models are relatively inaccessible, candidate
therapeutics are often evaluated in a variety of other in vivo models that are artificial in
one or more regards, such as having a liver engraftment with human hepatocytes.
Murine cells are uninfectable due to the presence of the nonpermissive mouse sodium
taurocholate cotransporting polypeptide (NTCP); in contrast, the human receptor is
permissive (55–57). Mice, however, can express viral markers upon in vivo hepatocyte
transfection following high-volume hydrodynamic injection (HDI) of a plasmid express-
ing a 1.3-fold-overlength HBV genome (58, 59). Pharmacokinetic studies in mice
suggested that oral administration of AB-423 resulted in plasma and liver exposures

FIG 9 In silico docking of AB-423 into the X-ray structure of core protein. (A) Comparison of the predicted binding model
of AB-423 and the X-ray structure of SBA_R01 (PDB accession number 5T2P; resolution, 1.69 Å) bound to the dimer-dimer
interface of the Cp-Y132A viral core protein. Key residues in the vicinity of the ligand binding site are shown (the carbon
of the capsid protein is in orange for chain B and pink for chain C, the carbon of the ligands is in magenta for AB-423 and
green for SBA_R01, with nitrogen in blue, sulfur in yellow, oxygen in red, and fluorine in light green). The other residues
within contact distance were not displayed for clarity. (B) Comparison of the predicted binding model of AB-423 and the
X-ray structure of NVR10-001E2 (PDB accession number 5E0I; resolution, 1.95 Å) bound to the dimer-dimer interface of the
Cp-Y132A viral core protein. Key residues in the vicinity of the ligand binding site are shown (the carbon of the capsid
protein is in orange for chain B and pink for chain C, the carbon of the ligands is in magenta for AB-423 and cyan for
NVR10-001E2, with nitrogen in blue, sulfur in yellow, oxygen in red, fluorine in light green, and bromine in dark brown).
The other residues within contact distance are not displayed for clarity. (C to E) Chemical structures of AB-423 {(R)-5-[N-(sec-
butyl)sulfamoyl]-N-(3,4-difluorophenyl)-2-fluorobenzamide} (C), SBA_R01 {4-fluoro-3-[(4-hydroxypiperidin-1-yl)sulfonyl]-N-
(3,4,5-trifluorophenyl)benzamide} (D), and NVR10-001E2 [methyl 6-(2-bromo-4-fluorophenyl)-4-(morpholinomethyl)-2-
(thiazol-2-yl)-1,6-dihydropyrimidine-5-carboxylate] (E).
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that were in the range (concentrations greater than the EC90) required for antiviral
activity. In an HDI mouse model of HBV infection, oral administration of AB-423 resulted
in higher drug concentrations in the liver than in plasma and reduced serum HBV DNA
levels.

The presence of cccDNA in the nucleus of HBV-infected hepatocytes in chronically
infected patients is the underlying factor responsible for the persistence of HBV, and
current therapies do not significantly reduce or eliminate cccDNA. Members of the
nucleoside class of approved therapies are administered for prolonged periods and
often lifelong to keep the patient virally suppressed. Moreover, they are leaky in their
ability to completely shut down viral replication, which could lead to the replenishment
of the nuclear cccDNA pool. Future combination regimens that are aimed at improving
cure rates in CHB patients would comprise agents with different properties that would
work together to bring about a comprehensive assault on different aspects of the HBV
life cycle. These would likely involve a combination of agents that have more pro-
nounced effects on blocking viral replication, reducing HBsAg levels, eliminating/
reducing cccDNA levels, and reactivating the patient’s immune system by breaking
immune tolerance. It is therefore important that new agents, when combined, do not
interfere/diminish each other’s activity when coadministered. The capsid inhibitors are
an emerging class of directly acting antiviral agents that could complement the current
therapies by bringing about a stronger inhibition of viral replication in a combination
regimen. Furthermore, the ability of AB-423 to interact with fully formed capsid
particles and prevent the uncoating of the capsid and cccDNA establishment in the
nucleus is a key differentiating property that could play a role in protecting naive
hepatocytes from getting infected or hepatocytes that have been cleared of cccDNA
from getting reinfected. We therefore evaluated the potential for combining AB-423
with members of the nucleos(t)ide class of anti-HBV compounds (ETV, TDF, and
tenofovir alafenamide [TAF]) and with experimental RNAi agents (ARB-1467 and ARB-
1740) in vitro and subsequently obtained in vivo confirmation of the potential for
combination in the mouse HDI model of HBV. The results from in vitro and in vivo
combination studies with nucleos(t)ide analogs and RNAi agents showed additive to
synergistic inhibition of HBV replication with no antagonism, confirming that neither
the NAs nor the RNAi agents tested interfered with the functionality of the other. The
overall preclinical profile of AB-423 supports further evaluation for safety, pharmaco-
kinetics, and antiviral activity in CHB patients.

MATERIALS AND METHODS
Dulbecco modified Eagle medium (DMEM)–F-12 medium was purchased from Lonza (Allendale, NJ).

Fetal bovine serum (FBS) and penicillin-streptomycin were purchased from Gemini Bio-Products (West
Sacramento, CA). The ETV and tenofovir disoproxil fumarate (TDF) used for the in vitro studies were
purchased from SelleckChem (Houston, TX). The ETV used for the in vivo studies was purchased from LKT
Laboratories (St. Paul, MN). Tetracycline, G418, and DMSO were purchased from Sigma-Aldrich (St. Louis,
MO). AB-423 and reference compound GLS-4 were synthesized at Arbutus Biopharma, dissolved in 100%
DMSO at a stock concentration of 10 mM or 50 mM, and stored at �20°C until use. The RNAi agents
ARB-1467 and ARB-1740 were synthesized at Arbutus Biopharma as lipid nanoparticle (LNP) formulations
and diluted serially in cell culture medium. AB-423, ETV, and TDF were serially diluted in 100% DMSO and
added to assay plates. IFN-� was purchased from either PBL Assay Science (Piscataway, NJ) or BPS
Bioscience (San Diego, CA). Myrcludex B was purchased from GenScript (Piscataway, NJ). Plateable,
cryopreserved primary human hepatocytes (PHH) were purchased from BioreclamationIVT (Westbury,
NY). Hepatocyte thawing medium (HTM), Williams medium E, an hepatocyte plating supplement pack,
an hepatocyte maintenance supplement pack, and 96-well collagen-coated plates were purchased from
Thermo Fisher Scientific (Waltham, MA). PHH plating medium (HPM) and PHH maintenance medium
(HMM) were reconstituted per the manufacturer’s instruction prior to use. Phosphate-buffered saline
(PBS) without calcium and magnesium was purchased from Corning (Corning, NY). For the infection of
PHH, polyethylene glycol 8000 was purchased from Promega (Madison, WI). Concentrated HBV particles
(genotype D) isolated from HepG2-AD38 cells were used for infection of PHH and were purchased from
ImQuest BioSciences (Frederick, MD). For in vitro combination studies with PHH, animals were purchased
from Yecuris (Tualatin, OR). PEG-IFN-�-2a (360 �g/ml) was purchased from Roche (Shanghai, China). TAF
was purchased from SelleckChem and solubilized in 100% DMSO. Genotype D HBV was concentrated
from HepG 2.2.15 cell culture supernatants.

Capsid assembly assay. The activity of AB-423 was tested in an HBV capsid assembly assay under
contract by Wuxi Apptec (Shanghai, China) using a protocol described previously (40). The assay utilizes
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a mutant capsid protein, expressed and purified from Escherichia coli, comprising the first 149 amino
acids of the HBV core protein (lacking the RNA binding domain) in which the native cysteines are
mutated to alanine and a C-terminal cysteine has been added and modified by conjugation with the
self-quenching fluorescent dye Bodipy-FL (C150Bo). In vitro, the capsid protein spontaneously assembles
as a function of protein concentration, temperature, and ionic strength. In its nonassembled dimer form,
the Bodipy-FL dye is fluorescent, and in its assembled form, the fluorescence is quenched. Capsid
assembly is initiated by the addition of NaCl (0.15 M), which results in the quenching of the Bodipy-FL
fluorescence signal. The no-NaCl condition was used as a no-assembly control, and 1 M NaCl was used
as the 100% assembly control. If a compound binds to the HBV core protein and alters assembly kinetics,
it can be detected by measuring the fluorescence changes of C150Bo in solution. AB-423 was serially
diluted in DMSO and tested in this assay to determine its IC50 (the concentration of compound that
results in 50% assembly). The final concentration of the C150Bo-labeled protein in the reaction was
1.5 �M.

AML12-HBV10 cell assay with bDNA quantitation of HBV rcDNA. AML12-HBV10 is a stably
transfected cell line of a mouse hepatocyte lineage which can inducibly express HBV (genotype D,
serotype ayw) pgRNA and support HBV rcDNA synthesis under the control of a CMV Tet-off promoter
system (34). The cell line was maintained in the presence of tetracycline to shut off HBV expression. Cells
were plated in 96-well tissue culture-treated microtiter plates (20,000 cells/well) in DMEM–F-12 medium
supplemented with 10% fetal bovine serum (FBS) plus 1% penicillin-streptomycin without tetracycline
and incubated in a humidified incubator at 37°C with 5% CO2 overnight. On the next day, the cells were
switched to fresh medium and treated with AB-423 at concentrations starting at 10 �M and then at a
serial, 1/2-log, 8-point titration series in duplicate. Each plate included wells of mock-treated (0.5%
DMSO) cells that served as controls. The plates were incubated for 48 h in a humidified incubator at 37°C
with 5% CO2, after which the level of rcDNA present in the untreated and inhibitor-treated wells was
measured using a QuantiGene (version 2.0) branched DNA (bDNA) assay kit (Affymetrix, Santa Clara, CA)
with an HBV-specific custom probe set (genotype D, serotype ayw) according to the manufacturer’s
instructions. Concurrently, the effect of AB-423 on cell viability was assessed on replicate plates by
measuring the intracellular ATP content using the Cell-Titer Glo reagent (CTG; Promega, Madison, WI) per
the manufacturer’s instruction. The plates were read using a Victor luminescence plate reader (Perkin-
Elmer model 1420 multilabel counter), and the relative luminescence unit (RLU) data generated from
each well were calculated to determine the percent inhibition of viral replication relative to that of the
untreated control wells and analyzed using the XL-Fit module (IDBS, Boston, MA) in Microsoft Excel
software to determine the 50% effective concentration (EC50) and EC90 (bDNA) as well as the 50%
cytotoxic concentration (CC50) (CTG) values using a 4-parameter curve-fitting algorithm.

Serum shift assay. The effect of human serum on the potency of AB-423 was assessed using the
AML12-HBV10 cell (rcDNA/bDNA) assay described above with the following modifications in the growth
medium. AML12-HBV10 cells were plated in 96-well, tissue culture-treated microtiter plates (20,000
cells/well) in DMEM–F-12 medium supplemented with 10% FBS plus 1% penicillin-streptomycin without
tetracycline and incubated in a humidified incubator at 37°C with 5% CO2 overnight. On the next day,
the cells were switched to fresh medium supplemented with increasing amounts of heat-inactivated
normal human serum (0%, 10%, 20%, and 40%) and treated with AB-423 at concentrations starting at 10
�M and then at a serial, 1/2-log, 8-point titration series in duplicate. The final DMSO concentration in the
assay was 0.5%. The plates were incubated for 48 h in a humidified incubator at 37°C with 5% CO2, after
which the level of rcDNA present in the cells was measured using a bDNA assay, as described above.

HepDE19 cell assay with bDNA quantitation of HBV rcDNA. The HepDE19 cell culture system uses
an HepG2 (human hepatoma)-derived cell line that supports HBV (genotype D, serotype ayw) DNA
replication and cccDNA formation under the control of a CMV Tet-off promoter system (37). HepDE19
cells were plated in 96-well collagen-coated tissue culture-treated microtiter plates (50,000 cells/well) in
DMEM–F-12 medium supplemented with 10% fetal bovine serum plus 1% penicillin-streptomycin with
tetracycline (1 �g/ml) and incubated in a humidified incubator at 37°C with 5% CO2 overnight. On the
next day, the cells were switched to fresh medium without tetracycline and incubated for 4 h at 37°C with
5% CO2. The cells were switched to fresh Tet-free medium containing AB-423 at concentrations starting
at 10 �M and then at a serial, 1/2-log, 8-point titration series in duplicate. The plates also included wells
of untreated (DMSO) cells that served as controls. The final DMSO concentration in the assay was 0.5%.
The plates were incubated for 3 to 7 days in a humidified incubator at 37°C with 5% CO2. The level of
rcDNA present in the cells was measured using a QuantiGene (version 2.0) bDNA assay kit (Affymetrix,
Santa Clara, CA) with an HBV-specific custom probe set (genotype D, serotype ayw), and the effect of
AB-423 on cell viability was assessed as detailed above.

HepBHAe82 cell assay with cccDNA-dependent HBeAg quantitation using ELISA. The HepBHAe82
cell line is an inducible HBV cell culture system similar to the HepDE19 system described above, but it
has an in-frame hemagglutinin (HA) epitope tag in the N-terminal coding sequence of the HBV e antigen
(HBeAg) in the HBV transgene (38). In this cell culture system, the reporters are the precore RNA (pcRNA)
and its cognate protein product, and the secreted HA-tagged HBeAg is produced only upon the
formation and expression of cccDNA and is detected by a chemiluminescence enzyme-linked immu-
nosorbent assay (ELISA) (CLIA). The HepBHAe82 cell line exhibits high levels of cccDNA synthesis and
HA-HBeAg production and secretion and provides a highly cccDNA-specific readout signal with low noise
in a microtiter-format assay. To test the effect of AB-423 on cccDNA formation and expression,
HepBHAe82 cells were plated in 96-well, tissue culture-treated microtiter plates (50,000 cells/well) in
DMEM–F-12 medium supplemented with 10% FBS plus 1% penicillin-streptomycin and tetracycline (1
�g/ml) and incubated in a humidified incubator at 37°C with 5% CO2 overnight. On the next day, the cells
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were switched to fresh medium without tetracycline and treated with AB-423 at concentrations starting
at 10 �M and then at a serial, 1/2-log, 8-point titration series in duplicate. The final DMSO concentration
in the assay was 0.5%. The plates were incubated for 9 days in a humidified incubator at 37°C with 5%
CO2. Following incubation, the supernatants were subjected to CLIA as described previously (38). The
luminescence signal was read using an EnVision multilabel plate reader (PerkinElmer, Waltham, MA).
Concurrently, the effect of inhibitor concentrations on cell viability and proliferation was assessed using
replicate plates seeded at a 10 to 20% cell density, and after 4 days, the cells were assayed for the
intracellular ATP content with the Cell-Titer Glo reagent as described above. Cell viability was calculated
as a percentage of that of the untreated negative-control wells. The relative luminescence unit (RLU) data
generated from each well were calculated to determine the percent inhibition of the untreated control
wells and analyzed using the XL-Fit module in Microsoft Excel software to determine the EC50 and EC90

(HA-HBeAg ELISA) as well as the CC50 (CTG) values using a 4-parameter curve-fitting algorithm.
HepG 2.2.15 cell assay with HBV DNA quantitation using qPCR. The HepG 2.2.15 cell line, which

constitutively expresses HBV (genotype D, serotype ayw), was derived from the HepG2 cell line (39). Cells
were seeded in 96-well tissue culture plates (40,000 cells/well) in 100 �l of DMEM–F-12 medium
supplemented with FBS, penicillin-streptomycin, minimal essential medium nonessential amino acids,
and L-glutamine medium supplemented with 2% FBS and incubated overnight in a humidified incubator
at 37°C with 5% CO2. On the next day, the cells were switched to fresh medium and treated with AB-423
at concentrations starting at 10 �M and then at a serial, 1/2-log, 8-point titration series in duplicate. The
plates also included wells of mock-treated (0.5% DMSO) cells that served as untreated controls. The
plates were incubated for 3 days in a humidified incubator at 37°C with 5% CO2. On day 4, the medium
and compound were replenished and the plates were incubated for an additional 3 days in a humidified
incubator at 37°C with 5% CO2. On day 7, 150 �l of the culture supernatant from each well was collected
for DNA isolation using a QIAamp 96 DNA blood kit per the manufacturer’s instruction. The extracted
DNA was quantified by a quantitative PCR (qPCR) assay with HBV-specific forward and reverse primers
and a TaqMan probe, using the FastStart universal probe master mix (Roche, China) and an ABI 7500
real-time PCR system with 40 cycles under the following conditions: 95°C for 10 min, followed by 40
cycles of 95°C for 15 s and 60°C for 1 min. A standard curve generated using a plasmid carrying HBV DNA
was used to determine the copy number of HBV DNA in the samples. Dose-response curves and the EC50

and EC90 were generated using GraphPad Prism software’s nonlinear regression log(inhibitor)-versus-
response variable slope (4-parameter) function. The effect of the compound on cell viability was assessed
using the Cell-Titer Glo reagent. The relative luminescence unit (RLU) data generated from each well were
calculated to determine the percent inhibition of viral replication relative to that of the untreated control
wells, and the 50% cytotoxic concentration (CC50) was generated using GraphPad Prism software’s
nonlinear regression log(inhibitor)-versus-response variable slope (4-parameter) function. These studies
were conducted under contract by Wuxi Apptec (Shanghai, China).

HBV-infected PHH assay. Plateable, cryopreserved PHH (BioreclamationIVT, Westbury, NY), were
thawed at 37°C, poured into HTM, and centrifuged at room temperature for 10 min at 100 	 g. Cells were
plated at 65,000 cells/well in collagen-coated 96-well plates in 100 �l HPM and incubated overnight in
a humidified incubator at 37°C with 5% CO2. On the following day, the cells were washed 3 times with
room temperature PBS, the medium was replaced with 100 �l of HMM, and the cells were incubated in
a humidified incubator at 37°C with 5% CO2 while the inoculum was prepared.

Inoculation of cultured PHH with virus was done by a method modified from methods reported by
Gripon et al. (60). To inoculate PHH with HBV, on day 1 the medium was gently removed, 70 �l of
inoculum was added to each well, and the plate was incubated overnight in a humidified incubator at
37°C with 5% CO2. On the next day, the inoculated cells were washed 3 times with room temperature
PBS and the medium was replaced with 100 �l of HMM, and the cells were incubated inside a humidified
incubator at 37°C with 5% CO2. On day 3, infected cells were washed 3 times with PBS and the medium
was replaced with 100 �l of HMM. A final wash was performed on day 4 and the medium was replaced
with 50 �l of HMM in each well prior to compound addition. The compounds were diluted at a 2	
concentration in HMM, and six 10-fold dilutions were prepared starting at 10 �M for AB-423 and 100 nM
for ETV. Wells containing HMM only were used as infected controls that did not contain any compound
treatments.

HBV DNA was extracted with a Qiagen DNeasy 96 blood and tissue kit (Qiagen Inc., Germantown, MD)
using the animal tissues protocol per the manufacturer’s instructions with some modification. For
extraction of HBV DNA, 50 �l of culture supernatants was treated with 180 �l of buffer ATL plus
proteinase K for 15 min at 55°C, and then the capsids were lysed with 410 �l of buffer AL mixed with
200-proof ethanol. Extracted DNA was eluted in a total of 100 �l buffer AE. The extracted DNA (5 �l) was
subjected to a qPCR assay to determine the HBV DNA copy number using TaqMan Universal master mix
II with UNG (Thermo Fisher Scientific, Waltham, MA) on an ABI 7500 real-time PCR system (Thermo Fisher
Scientific, Waltham, MA) per the manufacturer’s instruction. Primer and probe oligonucleotides with
sequences annealing to the s-antigen region of the HBV DNA genome, used to quantitate HBV DNA, were
purchased from Integrated DNA Technologies (Coralville, IA).

A standard curve was generated using HBV DNA with a known copy number as a control (ATCC,
Manassas, VA). The copy number was determined by calculating the standard curve from known
quantities of HBV DNA and raw threshold cycle (CT) values using GraphPad Prism software’s linear
regression function and then interpolating the copy number of the unknowns from the raw CT value.
Dose-response curves and the EC50s were generated using GraphPad Prism software’s nonlinear regres-
sion log(inhibitor)-versus-response variable slope (4-parameter) function.
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Mechanism-of-action studies. HBV RNA analysis and particle gel assays were performed as de-
scribed previously (34, 37, 61). Intracellular viral RNA and encapsidated pgRNA were extracted and
detected by Northern blotting hybridization with an HBV-specific 32P-labeled riboprobe. rRNAs (18S and
28S) served as loading controls. The total amounts of nucleocapsids were determined by a particle gel
assay. Nucleocapsid-associated HBV DNA was detected by Southern blotting with alkaline treatment of
the nucleocapsids on the membrane following the particle gel assay and hybridized with a 32P-labeled
HBV-specific riboprobe. HBV DNA replication intermediates (rcDNA and ssDNA) were extracted and
determined by Southern blotting hybridizations, and �-actin and intracellular HBV core protein were
detected by Western blotting using specific antibodies.

Modeling of AB-423 at the dimer-dimer interface of the Cp-Y132A protein. The model of AB-423
binding was constructed against a high-resolution crystal structure of core protein Cp-Y132A in complex
with NVR10-001E2 (PDB accession number 5E0I; resolution, 1.95 Å) (49). Chains B and C were used in the
docking procedure, carried out by the use of Glide SP in Maestro, followed by energy minimization
(Schrödinger). An ensemble of 10 top-scoring poses was analyzed, and the best-scoring pose was used
in this study.

Infectious C3AhNTCP cell assay. The C3AhNTCP cell line stably expressing human NTCP (hNTCP) was
established from a clonal isolate of HepG2 cells, as described previously (41). C3AhNTCP cells were seeded
into collagen-coated 24-well plates at a density of 4 	 105 cells per well and cultured in complete DMEM
containing 3% dimethyl sulfoxide (DMSO). One day later, the cells were infected with HBV prepared from
HepAD38 cell culture medium at a multiplicity of infection of 500 genome equivalents per cell in DMEM
containing 4% polyethylene glycol 8000. The inocula were removed at 24 h postinfection, and the
cultures were maintained in complete DMEM containing 3% DMSO until harvesting. HBV RNA extraction
from infected C3AhNTCP cells and real-time quantitative reverse transcription-PCR (RT-PCR) analysis were
performed as described previously (34, 58). HBV cccDNA was extracted from HBV-infected C3AhNTCP cells
and HepAD38 cells by a modified Hirt DNA extraction procedure (37). A fraction of the Hirt DNA
preparation was digested with 1 unit of plasmid-safe ATP-dependent DNase (PSAD; Epicentre Technol-
ogies) in a 25-�l reaction mixture for 1 h at 37°C to remove the rcDNA. The DNase was inactivated by
incubation of the reaction mixtures for 30 min at 70°C. The cccDNA in the PSAD-treated samples was
quantified by a real-time quantitative PCR assay with HBV-specific oligonucleotide primers. The real-time
PCR was performed using SYBR Premix Ex Taq master mix on a LightCycler 480 II instrument (Roche,
Indianapolis, IN) as the following reaction procedure: 95°C for 10 min and then 45 cycles of 95°C for 30
s, 60°C for 5 s, and 72°C for 30 s. The amount of HBV cccDNA in a DNA preparation was determined by
real-time PCR using a plasmid containing the HBV genotype D genome as the standard.

Antiviral activity against different HBV genotypes in vitro. An HepG2 transient-transfection
system with plasmid DNA harboring 1.1-mer-overlength sequences of two genome sequences each of
HBV genotypes A, B, and C and one genome sequence of a genotype D wild-type isolate that had been
synthesized and cloned into the pcDNA3.1 vector was used to evaluate the antiviral activity of AB-423
using transient transfection of HepG2 cells as described previously (62). These studies were performed
under contract by Wuxi Apptec (Shanghai, China).

Antiviral activity against nucleoside-resistant HBV variants in vitro. An HepG2 cell transient-
transfection system and plasmid DNA harboring a 1.1-mer-overlength genotype D wild-type sequence
(pcDNA3.1-HBV1.1) or nucleos(t)ide-resistant polymerase variants, introduced using site-directed mu-
tagenesis, were used to evaluate the antiviral activity of AB-423 using transient transfection of HepG2
cells as described previously (62). These studies were performed under contract by Wuxi Apptec
(Shanghai, China).

In vitro combination studies in AML12-HBV10 or HepDE19 cells using bDNA assay quantitation
of HBV rcDNA. In vitro combination studies were conducted using the method of Prichard and Shipman
(44). The AML12-HBV10 or HepDE19 cell lines described above were used to evaluate the in vitro effects
of AB-423 in combination with ETV or TDF. The cells were maintained in the presence of tetracycline to
shut off transcription from the HBV transgene. Cells were plated at the cell densities described above in
the central 60 wells of 96-well tissue culture plates as described above. On the next day, the cells were
switched to fresh medium and treated with inhibitor A and inhibitor B over a range of concentrations in
the vicinity of their respective EC50s. The inhibitors were diluted in either 100% DMSO (ETV, TDF, and
AB-423) or growth medium (ARB-1467 and ARB-1740), and the final DMSO concentration in the assay was
�0.5%. The two inhibitors were tested both singly and in combinations in a checkerboard fashion such
that each concentration of inhibitor A was combined with each concentration of inhibitor B to determine
the effects of the combination on inhibition of rcDNA production. There were four replicates of each
concentration combination. The plates were incubated for 48 h in a humidified incubator at 37°C with
5% CO2, after which the level of rcDNA present in the untreated and inhibitor-treated wells was
measured using a QuantiGene (version 2.0) bDNA assay kit (Affymetrix, Santa Clara, CA) with an
HBV-specific custom probe set (genotype D, serotype ayw) according to the manufacturer’s instructions.
The RLU data generated from each well were calculated to determine the percent inhibition of the
untreated control wells and analyzed using the MacSynergy II program to determine whether the
combinations were synergistic, additive, or antagonistic using the interpretive guidelines established by
Prichard and Shipman (44), as follows: at 95% confidence interval (CI), synergy volumes of 0 to �25 �M2

% (log volume, �2) indicated probably insignificant synergy, synergy volumes of 25 to 50 �M2 % (log
volume, �2 and �5) indicated minor but significant synergy, synergy volumes of 50 to 100 �M2 % (log
volume, �5 and �9) indicated moderate synergy that may be important in vivo, synergy volumes of over
100 �M2 % (log volume, �9) indicated strong synergy that is probably important in vivo, and synergy
volumes of 1,000 �M2% (log volume, �90) were unusually high and the data were checked. Concur-
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rently, the effect of inhibitor combinations on cell viability was assessed using replicate plates in
triplicate, which were used to determine the ATP content as a measure of cell viability using the Cell-Titer
Glo reagent (Promega) per the manufacturer’s instructions.

In vitro combination studies using HepBHAe82 cells with HBeAg (e antigen) quantitation by
ELISA. The HepBHAe82 cell culture model of HBV described above was also used to evaluate in vitro the
effects of combinations of AB-423 with other agents. In addition to the cccDNA-dependent HBeAg
readout, a protocol for quantitative reverse transcription-PCR (RT-PCR) that is specific for the detection
of precore RNA in HepBHAe82 cells was developed and used for the detection of the cccDNA-dependent
mRNA (precore RNA) that is translated to produce HBeAg or HA-HBeAg.

To test the compound combinations, HepBHAe82 cells (50,000 cells/well) were plated in 96-well
tissue culture-treated microtiter plates in DMEM–F-12 medium supplemented with 10% fetal bovine
serum, 1% penicillin-streptomycin, and tetracycline (1 �g/ml) and incubated in a humidified incubator at
37°C with 5% CO2 overnight. On the next day, the cells were switched to fresh medium and treated with
inhibitor A and inhibitor B over a range of concentrations in the vicinity of their respective EC50s. The
inhibitors were diluted in either 100% DMSO (ETV, TDF, and AB-423) or growth medium (ARB-1467 and
ARB-1740), and the final DMSO concentration in the assay was �0.5%. The two inhibitors were tested
both singly and in combinations in a checkerboard fashion such that each concentration of inhibitor A
was combined with each concentration of inhibitor B to determine the effects of the combination on
inhibition of rcDNA production. The final DMSO concentration in the assay was 0.5%. The plates were
incubated for 9 days in a humidified incubator at 37°C with 5% CO2. Following a 9-day incubation, the
medium was removed and the cells were subjected to RNA extraction to measure the cccDNA-
dependent precore mRNA level. Total cellular RNAs were extracted using a 96-well-format total RNA
isolation kit (Macherey-Nagel Inc., Bethlehem, PA) by following the instructions of the manufacturer. RNA
samples were eluted in RNase-free water. Quantitative RT-PCR was performed with a Roche LightCycler
480 instrument and an RNA master hydrolysis probe (Roche, Indianapolis, IN) using the primers
and conditions required for the specific detection of cccDNA-dependent precore RNA. GAPDH (glycer-
aldehyde-3-phosphate dehydrogenase) mRNA levels were also detected by standard methods and used
to normalize the precore RNA levels. The levels of inhibition of precore RNA and, therefore, cccDNA
expression was calculated as inhibition as a percentage of the growth in the untreated control wells and
analyzed using the combination model of Prichard and Shipman (44) and MacSynergy II software to
determine whether the combinations were synergistic, additive, or antagonistic using the interpretive
guidelines described above. Concurrently, the effect of inhibitor combinations on cell viability and
proliferation was assessed in two ways: (i) direct microscopic observation of test wells and (ii) using
replicate plates seeded at a 10 to 20% cell density that, after 4 days, were assayed for the intracellular
ATP content using the Cell-Titer Glo reagent (Promega, Madison, WI) per the manufacturer’s instruction.
Cell viability was calculated as a percentage of the viability of the cells in the untreated negative-control
wells.

In vitro combination studies in PHH derived from hepatohumanized mice. Studies were con-
ducted under contract by Wuxi Apptec (Shanghai, China) using Fah�/�/Rag2�/�/Il2rg�/� mice (FRG
mice) in which the livers had been repopulated with donor-derived PHH (63). Upon arrival, the mice were
allowed to acclimate to the new environment for 7 days. The mice were monitored daily for general
health and any signs of physiological and behavioral anomalies.

PHH were harvested from the mouse livers by perfusion. The isolated hepatocytes were further
purified by the use of Percoll. The cells were resuspended with culture medium and seeded into 96-well
plates (6 	 104 cell/well) or 48-well plates (1.2 	 105 cell/well). The PHH were infected with 400 genome
equivalents per cell of genotype D HBV at 1 day postseeding (day 1). On day 2, the test compounds were
diluted and added into the cell culture plates. The culture media containing the compounds were
refreshed every other day. The cell culture supernatants were collected on day 8 for HBV DNA and
antigen determinations. For initial determination of the EC50, dose ranges of 7 concentrations over 3-fold
dilutions were used in triplicate. For combination testing, two compounds were tested in 5 dose
concentration ranges in a 5-by-5 matrix in triplicate plates.

In all experiments, cytotoxicity for the cell monolayer was assessed on day 8 using a Cell Counting
Kit-8 (Biolite, Tiajin, China). The HBV DNA in the culture supernatants harvested on day 8 was isolated
with a QIAamp 96 DNA blood kit (Qiagen). For each sample, 100 �l of the culture supernatants was used
to extract DNA, and the DNA was eluted with 100 �l, 150 �l, or 180 �l of Tris-acetate-EDTA. The HBV DNA
in the culture supernatants was quantified by qPCR, using HBV-specific primers and probe. The HBsAg
and HBeAg in the culture supernatants harvested on day 8 were measured by using HBsAg and HBeAg
ELISA kits (Autobio Diagnostics, Zhengzhou City, China). The samples were diluted with PBS to get the
signal in the range of the standard curve. For inhibition of HBV DNA, HBsAg, and HBeAg, combination
effects were analyzed for synergy, additivity, or antagonism using the MacSynergy II software package
as described above.

AB-423 pharmacokinetics in mice. The pharmacokinetic properties of AB-423 were evaluated in
age- and weight-matched female CD-1 mice (n � 3; Envigo, IN) in accordance with Canadian Council on
Animal Care (CCAC) guidelines on good animal practices. AB-423 was solubilized in a cosolvent vehicle
containing 5% ethanol and 40% polyethylene glycol 400 for the intravenous (i.v.) formulation and 5%
ethanol and 60% polyethylene glycol 400 for the oral (p.o.) formulation. Animals were dosed with AB-423
intravenously at 2 mg/kg or orally at 10, 30, and 100 mg/kg. Blood samples were serially collected in
EDTA-containing tubes for plasma preparation at specific time points up to 24 h to capture the PK profile
of AB-423. At termination, a section of the left lateral lobe of the liver was also collected to evaluate
AB-423 accumulation in the tissue. Plasma was collected by extracting the supernatant following
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centrifugation of blood samples in EDTA-containing tubes at 16,000 	 g for 5 min. Liver homogenates
were prepared by adding 2	 the volume/weight of phosphate-buffered saline (PBS) to the liver-
containing tubes. Tissue was then homogenized using an MP FastPrep-24 instrument (MP Biomedicals,
Santa Ana, CA) at 5.0 meters/s for 30 s to produce 33.3% (wt/vol) liver homogenates. Protein precipitation
was completed by using acetonitrile with an internal standard (tolbutamide) at a 1:9 sample-to-
acetonitrile ratio. Following centrifugation at 3,000 rpm for 10 min, the supernatant was transferred to
a 96-well plate for liquid chromatography-tandem mass spectrometry analysis (with a Sciex Qtrap 5500
system). The AB-423 standard curve was prepared by spiking known concentrations of AB-423 in the
respective matrices for quantification. The PK parameters for AB-423 were determined using noncom-
partmental analysis with Phoenix WinNonlin software (Pharsight Corporation, CA, USA).

In vivo activity in an HDI mouse model of HBV infection. All animal-related procedures were
conducted according to written operating procedures, in accordance with Canadian Council on Animal
Care (CCAC) guidelines on good animal practices, and were approved by the Institutional Animal Care
and Use Committee (IACUC) at Arbutus Biopharma (Burnaby BC). Prior to the start of treatment, 10 �g
of plasmid pHBV1.3 (constructed as described previously [58]) was administered to NOD.CB17-Prkdc-
scid/J mice via hydrodynamic injection (HDI; a rapid high-volume injection into the tail vein; n � 6 to 8
animals per group). This plasmid carries a 1.3-fold-overlength copy of an HBV genotype D genome which,
when expressed, generates hepatitis B viral particles and other HBV products. AB-423 was administered
via oral gavage at 30 or 100 mg/kg twice daily for 7 consecutive days starting on day 0. ETV was
administered via oral gavage at 100 ng/kg once daily for 7 consecutive days starting on day 0. ARB-1467
was administered as a single intravenous bolus tail vein injection at 0.1 mg/kg on day 0. Blood was
collected on days 0 (predose), 4, and 7 for HBV biomarker analysis. The serum HBV DNA concentration
in mice was measured from total extracted DNA using a quantitative PCR assay with the primer/probe
sequences described previously (64). Serum HBsAg concentrations were determined using a Bio-Rad
enzyme immunoassay (EIA) GS HBsAg (version 3.0) kit according to the manufacturer’s instructions.
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