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ABSTRACT Hepatitis B virus (HBV) is a major human pathogen, killing an estimated
887,000 people per year. Therefore, potentially curative therapies are of high impor-
tance. Following infection, HBV deposits a covalently closed circular DNA (cccDNA)
in the nucleus of infected cells that serves as a transcription template and is not af-
fected by current therapies. HBV core protein allosteric modulators (CpAMs) prevent
correct capsid assembly but may also affect early stages of HBV infection. In this
study, we aimed to determine the antiviral efficacy of a novel, structurally distinct
heteroaryldihydropyrimidine (HAP)-type CpAM, HAP_R01, and investigated whether
and how HAP_R01 prevents the establishment of HBV infection. HAP_R01 shows a
significant inhibition of cccDNA formation when applied during the first 48 h of HBV
infection. Inhibiting cccDNA formation, however, requires �1-log10-higher concentra-
tions than inhibition of the assembly of newly forming capsids (half-maximal effec-
tive concentration [EC50], 345 to 918 nM versus 26.8 to 43.5 nM, respectively). Bio-
physical studies using a new method to detect the incoming capsid in de novo
infection revealed that HAP_R01 can physically change mature capsids of incoming
virus particles and affect particle integrity. Treating purified HBV virions with
HAP_R01 reduced their infectivity, highlighting the unique antiviral activity of
CpAMs to target the capsid within mature HBV particles. Accordingly, HAP_R01
shows an additive antiviral effect in limiting de novo infection when combined with
viral entry inhibitors. In summary, HAP_R01 perturbs capsid integrity of incoming vi-
rus particles and reduces their infectivity and thus inhibits cccDNA formation in ad-
dition to preventing HBV capsid assembly.

KEYWORDS antiviral agents, capsid, core protein, core protein allosteric modulators,
covalently closed circular DNA, hepatitis B virus

Hepatitis B virus (HBV) infection is a global health problem with 257 million chronic
carriers worldwide who are at a high risk of developing liver diseases such as liver

cirrhosis and hepatocellular carcinoma (1). Although new infections and mother-to-
child transmission can be controlled by hepatitis B vaccine, hepatitis B immunoglobulin
(HBIG), and potent antivirals, hepatitis B surface antigen (HBsAg) seroprevalence is
estimated at over 8% in areas of high endemicity, especially in sub-Saharan Africa and
in Asia (2). Curative treatment options for individuals already infected with HBV are still
lacking. Current treatment of chronic hepatitis B includes orally administered nucleos-
(t)ide analogues (NUCs), such as entecavir (ETV) and tenofovir (TDF), which inhibit the
reverse transcriptase activity of HBV polymerase, and subcutaneously administered
interferons. NUCs efficiently suppress virus replication, have an excellent safety profile,
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and can reduce the risk of liver disease and mortality. However, NUCs cannot eliminate
episomal covalently closed circular DNA (cccDNA) that serves as the template for viral
transcription and represents the viral persistence form (3). Thus, there is a high need to
develop new and potentially curative therapeutic approaches that target cccDNA.

HBV is a small enveloped virus containing partially double-stranded, relaxed circular
DNA (rcDNA) within its capsid (4). The icosahedral HBV capsid spontaneously assembles
from 120 dimers of HBV core protein. HBV core protein and its assembled capsid play
a role in virtually every step of the HBV life cycle. During cell entry, the incoming particle
releases the capsid that delivers the HBV rcDNA genome into the nucleus, where rcDNA
is converted into cccDNA. Core protein associates with cccDNA and is implicated in
epigenetic regulation of cccDNA (5). Later in infection, viral DNA synthesis occurs within
newly assembled capsids via reverse transcription of a pregenomic RNA (pgRNA),
giving rise to rcDNA. During formation of new viral genomes, capsids facilitate pgRNA
packaging and minus-strand and plus-strand DNA synthesis rather than being inert
containers (6–8). Subsequently, rcDNA-containing capsids are enveloped and released
from the cells or alternatively recycled back to the nucleus to maintain or amplify
cccDNA (9).

Core protein allosteric modulators (CpAMs), also called capsid assembly inhibitors,
are small molecules capable of modulating capsid assembly (10). Several chemical
classes of CpAMs, including phenylpropenamide (PPA), heteroaryldihydropyrimidine
(HAP), and sulfamoylbenzamide (SBA), have been identified, and the first compounds
are in early clinical trials (3). PPA derivative AT130 selectively prevents pgRNA packag-
ing, resulting in empty capsids that are morphologically identical to wild-type capsids
(11). HAP derivative Bay41-4109 accelerates and misdirects capsid assembly in vitro (12)
and depletes newly synthesized core protein by reducing its half-life in cell culture (13).
HAP_R01 is a novel HAP-type CpAM (Fig. 1A) that binds to the core protein dimer-dimer
interface and effectively inhibits HBV replication and HBeAg biosynthesis in HBV-
replicating hepatoma cells (14–16).

While studies have shown that CpAMs can inhibit cccDNA formation during de novo
HBV infection (17–19), further mechanism-of-action (MOA) studies are needed to
elucidate whether and how CpAMs target capsid of incoming virus particle and affect
early stages of HBV infection. Studying this, we found that HAP_R01 inhibits cccDNA
formation in primary human hepatocytes (PHH), HepaRG cells, and sodium tauro-
cholate cotransporting polypeptide (NTCP)-reconstituted hepatoma cells (HepG2-
NTCP-K7) (9) with 10- to 30-fold-reduced efficacy compared to its inhibitory effect on
the formation of new virions. Mechanistic analysis demonstrated that HAP_R01 directly
acts on preformed HBV capsids, resulting in aberrant core protein polymers that are
depleted in infected cells. HAP_R01 was also able to target the capsids from incoming
virions and reduce HBV particle infectivity. Furthermore, we showed an additive
antiviral effect of HAP_R01 when combined with entry inhibitors.

RESULTS
HAP_R01 inhibits cccDNA formation. To study the effect of HAP_R01 in HBV

infection, we used a highly permissive HepG2 cell clone expressing NTCP (HepG2-NTCP-
K7) that is well characterized in terms of infection kinetics and cccDNA dynamics and
supporting 1 to 9 copies of cccDNA per cell (9). Since HAP_R01 has been reported to
prevent capsid formation (15), we focused on its effects on a preformed capsid.
Considering that cccDNA formation is a slow process requiring 3 days (9), HepG2-
NTCP-K7 cells were either pretreated (pre) with HAP_R01 or treated during (day 0 [d0]
to -3) or after (d3 to -8) cccDNA establishment (Fig. 1B). Interestingly, cccDNA levels
were significantly reduced when HAP_R01 was applied during the first 3 days when
HBV infection was being established (Fig. 1B). At equal doses, Bay41-4109 and AT130
reduced cccDNA levels to a lesser extent than HAP_R01 (see Fig. S1 in the supplemental
material). The inhibitory effect on cccDNA was independent of the multiplicity of
infection (MOI) of HBV used (Fig. S2). In contrast, neither pretreatment, i.e., 48-h
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treatment before infection (pre), nor treatment after cccDNA formation (d3 to -8)
diminished cccDNA levels (Fig. 1B).

HAP_R01 inhibited new HBV-DNA production at a half-maximal effective concen-
tration (EC50) ranging from 26.8 to 43.5 nM depending on cell type (Fig. 1C). However,
10- to 30-fold-higher concentrations were needed to inhibit cccDNA formation (EC50,

FIG 1 Evaluation of the effect of HAP_R01 on cccDNA establishment. (A) Chemical structure of HAP_R01. (B) HepG2-NTCP-K7 cells were
infected with HBV at an MOI of 100 virus particles (vp)/cell and treated with 5 �M HAP_R01 at different time periods as indicated.
Extracted total cellular DNA was subjected to cccDNA qPCR. (C and D) Cells were treated with increasing concentrations of HAP_R01
either from 3 days postinfection (dpi) until 9 dpi (C) or at the time of HBV inoculation for 3 days (D). Levels of intracellular HBV-DNA
(C) and cccDNA (D) were analyzed by qPCR. The half-maximal effective concentration (EC50) of HAP_R01 required to inhibit viral DNA
production and cccDNA formation was calculated by nonlinear regression analysis after generating a dose-response curve. (E)
HepG2-NTCP-K7 cells were infected with HBV at an MOI of 500 vp/cell and treated with 5 �M HAP_R01 at different time periods as
indicated. DNA extracted according to the Hirt procedure was assayed by Southern blotting with an HBV-DNA probe. cccDNA and
protein-free rcDNA (PF-rcDNA) are denoted. Restriction fragments of HBV-DNA (3.2 to 1.9 kb) serve as a size-marking ladder. A
representative image is shown. cccDNA bands were quantified from four independent experiments and Southern blots, and the
percent values of cccDNA (relative to untreated control) were plotted in a bar graph (mean � SD; n � 4). Student’s t test was used
(***, P � 0.001; *, P � 0.05; ns, not significant).
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345 to 918 nM) upon HBV infection of HepG2-NTCP-K7 cells, HepaRG cells, and primary
human hepatocytes (PHH) (Fig. 1D). Without treatment, HBV-infected HepaRG cells and
PHH contained 0.3 to 0.6 and 0.5 to 1 cccDNA copies/cell, respectively. HAP_R01 had no
detectable cytotoxicity under the conditions examined (Fig. S3).

To delineate the time period during which HAP_R01 inhibits cccDNA formation, we
performed additional time-of-addition experiments (Fig. 1E). Southern blot analysis
showed that the most significant reduction in cccDNA and protein-free rcDNA was
achieved by continuous HAP_R01 treatment for 3 days (d0 to -3) and, to a lesser extent,
by coadministering HAP_R01 during (d0 to -1) or early after (d1 to -2) HBV infection (Fig.
1E). In contrast, HAP_R01 failed to reduce cccDNA levels after 2 days postinfection (p.i.)
(Fig. 1E; d2 to -3). Secretion of HBeAg as an indirect marker of transcriptionally active
intranuclear cccDNA (9) correlated with cccDNA levels (Fig. S4). Overall, these results
demonstrate that HAP_R01 not only blocks formation of new virions but also inhibits
the establishment of cccDNA formation, and they are consistent with previous reports
showing that selected CpAMs have dual effects on the virus life cycle (17–19).

HAP_R01 alters capsid structure and integrity. Given that HAP_R01 showed an
effect on establishing cccDNA only during the first 48 h p.i. (Fig. 1E), the most likely target
was the incoming HBV capsid. To investigate whether HAP_R01 can destabilize preformed
capsids, we treated purified recombinant HBV capsids composed of C-terminally truncated
core proteins (amino acids 1 to 149) with HAP_R01 and investigated structural alterations
by electron microscopy. As shown in Fig. 2A, HAP_R01 transformed 35-nm capsids into
irregular core protein structures of �100-nm size, showing a direct effect of HAP_R01 on
capsids.

Since Escherichia coli-expressed HBV capsids do not contain HBV genomes, bio-
chemical and structural properties differ from those of mature, infectious capsids that
contain rcDNA (20). Thus, we established a method to isolate and analyze mature
capsids from hepatoma cells constitutively expressing the large HBV envelope protein
(L-HBsAg)-deficient but replication-competent HBV genomes (HepG2-NTCP-K7-H1.3L�)
that we have recently described (9) and accumulate intracellular capsids (Fig. S5). Three
distinct populations were observed by dot blot analysis of cesium chloride (CsCl)
density gradient fractions (Fig. 2B). Fractions 8 to 9 (density, 1.34 to 1.37 g/ml)
contained capsids and viral nucleic acids, whereas fractions 11 to 12 (density, 1.25 to
1.28 g/ml) exclusively contained capsids. Low-density fractions 16 to 18 (density, 1.12
to 1.17 g/ml) appeared to contain core protein aggregates, as we observed a slower
and diffuse migration pattern (Fig. S6). Analysis of HBV-DNA content by quantitative
real-time PCR (qPCR) showed that capsids in fractions 8 to 9 had packaged viral DNA
(Fig. 2B).

Native agarose gel electrophoresis confirmed the identity of two capsid populations:
HBV-DNA-containing capsids (fractions 8 to 9) and empty capsids devoid of viral nucleic
acids (fractions 11 to 12) (Fig. S6). No loss of HBV-DNA signal after DNase I treatment
in pooled fractions 8 to 9 confirmed that HBV-DNA resides within capsids (data not
shown). Southern blotting of DNA isolated from fractions 8 to 9 showed that the
majority of capsids contain either rcDNA (67%) or double-stranded linear DNA (dlDNA)
(16%) (Fig. 2C).

Having isolated mature capsids, we investigated if HAP_R01 would induce structural
changes of the capsids that could be detected by a mobility shift in native agarose gel
electrophoresis (21). Interestingly, we observed a mobility shift of capsid and HBV-DNA
bands already after 1-h HAP_R01 treatment (5,000 nM) (Fig. 2D, top), suggesting an
altered surface charge and shape of the capsid resulting in reduced electrophoretic
mobility. Capsid mobility was not altered in ETV-, Bay41-4109-, or AT130-treated
samples (Fig. 2E, top). A similar mobility shift was observed when empty capsids were
incubated with HAP_R01, confirming HAP_R01-mediated capsid distortion indepen-
dent of packaged viral genomes (Fig. S7). Prolonged incubation with HAP_R01 resulted
in altered capsid mobility at 500 nM and, to a lesser extent, at 50 nM and with
Bay41-4109 at 5,000 nM (Fig. 2D and E, bottom). Unexpectedly, we noted an increased
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FIG 2 Effect of HAP_R01 on capsids in vitro. (A) Recombinant capsids purified from E. coli expressing C-terminally truncated form of
core protein (Cp1–149) were either mock treated or treated with 20 �M HAP_R01 for 3 h in 250 mM NaCl and 50 mM HEPES (pH 7.4).
Electron microscopic images of negatively stained capsids are shown. (B) Cytoplasmic lysate from HepG2-NTCP-K7-H1.3L� cells was
subjected to CsCl density gradient ultracentrifugation, and 23 fractions were collected from bottom to top. Aliquots of each fraction
were transferred onto a PVDF membrane by using a dot blot device, and capsid levels were analyzed by immunoblotting with an
anticore antibody (Dako) which preferentially recognizes capsid rather than denatured core protein (22). Viral nucleic acids on the same
membrane were subsequently detected by an HBV-DNA probe. Additionally, total cellular DNA was extracted from each fraction and
analyzed by HBV-DNA qPCR. Relative amounts of capsid and total intracellular HBV-DNA in each fraction were quantified and plotted
together with CsCl densities. (C) DNA was extracted from pooled fractions 8 to 9 and subjected to Southern blot analysis. rcDNA, dlDNA,
and single-stranded DNA (ssDNA) are denoted together with a 3.2-kb HBV-DNA fragment serving as a size marker. (D to F) Capsid and
capsid-associated HBV-DNA contents were analyzed by native agarose gel analysis in the absence of SDS (see the supplemental
material). The concentration of DMSO was 1% under all conditions. Pooled fractions 8 to 9 were treated with either increasing
concentrations of HAP_R01 (D) or different anti-HBV compounds (5 �M each) (E) at 37°C for 1 h and 6 h. (F) Pooled fractions 8 to 9 were
either mock treated or treated with 5 �M HAP_R01 at 37°C for 1 h. Increasing concentrations of proteinase K alone or in combination with
DNase I (5 U) were added for an additional 1 h.
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capsid and HBV-DNA signal on the blot. This likely resulted from an increased acces-
sibility of the altered capsids for antibody and probe binding, as the same pattern was
observed using another anticore antibody (Fig. S8). These findings indicate that
HAP_R01 can directly target HBV capsids and induce abnormal core-protein structures
more efficiently than other CpAMs, including Bay41-4109 and AT130.

To further our understanding of HAP_R01-induced structural alterations, we ana-
lyzed the sensitivity of mature capsids to proteinase K alone or in combination with
DNase I after HAP_R01 treatment (Fig. 2F). Proteinase K resulted in an enhanced
mobility shift of capsid and a reduced intensity of HBV-DNA bands (Fig. 2F, lanes 6 to
8), whereas additional DNase I treatment did not affect electrophoretic mobility (Fig. 2F,
lanes 10 to 12). Besides the main capsid population, a population of slow-migrating
capsids (denoted with an asterisk) was detected in HAP_R01-treated cells that appar-
ently did not contain HBV-DNA anymore (Fig. 2F, lanes 6 to 8 and 10 to 12). In summary,
our in vitro studies using both rcDNA-containing mature capsids and E. coli-expressed
capsids demonstrate that HAP_R01 can target, destabilize, and distort capsids, resulting
in aberrant core-protein polymers.

HAP_R01 destabilizes and diminishes incoming capsids during de novo HBV
infection. The results shown above suggested that HAP_R01 can target incoming
capsids during infection and inhibit cccDNA establishment. To determine optimal
conditions for the analysis of incoming capsids using the new method we have
established, we performed a time course study after infection with highly purified
virions (Fig. 3A). By treating cells with trypsin and subsequent NP-40 lysis, we were able
to analyze the incoming, cytoplasmic capsids after virus uptake. Intracellular capsids,
capsid-associated HBV-DNA, and core protein were detected starting from 1 h p.i. (Fig.
3B and C). Notably, a smear of both core protein and HBV-DNA migrating slower than
capsids and capsid-associated DNA was detected (denoted with asterisks) (Fig. 3B). This
smear was not shown in newly synthesized capsids (Fig. S9), indicating a certain
heterogeneity of incoming capsids that does not reflect the HBV inoculum (data not
shown). Quantitative analysis showed an increase of capsids over time with a maximum
reached at 8 h p.i. (Fig. 3D). A gradual decrease observed after 8 h could be explained
by either capsid dissociation after HBV genome release into the nucleus (22) or capsid
degradation, exceeding the amount of newly entering virions.

At 5 h p.i., when most capsids entered the cells but the decay had not started yet,
HAP_R01 induced a 50% reduction in cytoplasmic capsids along with a modest
retardation in capsid electrophoretic mobility (Fig. 3E). In contrast, ETV had no effect on
capsid levels or their mobility. Notably, a corresponding reduction in core protein levels
was observed by Western blotting (Fig. S10), suggesting HAP_R01-mediated capsid
depletion and degradation. Comparable results were observed when measuring levels
of capsid and core protein in an independent time course experiment (Fig. 3F). Treating
cell lysates with proteinase K enhanced the electrophoretic mobility shift of incoming
capsids in particular after HAP_R01 treatment, while DNase had no additional effect
(Fig. 3E). This strongly suggests that HAP_R01 deforms the incoming capsids but that
structurally altered capsids still hold HBV-DNA. To test a possibility that large, aberrant
core polymers or a trace amount of HBV-DNA released into the cytoplasm contributes
to the reduced cccDNA formation upon HAP_R01 treatment, we examined the expres-
sion of interferon-stimulated genes (ISGs) at early time points after HBV infection (Fig.
S11). HAP_R01 treatment during HBV inoculation for 6 and 24 h did not induce ISG
expression, suggesting a negligible role of host innate immune response. Overall, our
data indicate that HAP_R01 destabilizes the incoming capsid and thereby affects
cccDNA establishment during de novo infection.

HAP_R01 targets extracellular HBV particles and reduces particle infectivity.
Since HAP_R01 showed the most significant reduction in cccDNA formation when
present during and up to 24 h after infection (Fig. 1E), we wondered whether HAP_R01
may target newly infecting particles. To investigate this, HBV particles were incubated
with HAP_R01 or other CpAMs and recovered by centrifugal filtration prior to evalu-
ating infectivity (Fig. 4A). Treating HBV with HAP_R01 for 8 h or longer resulted in a viral
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inoculum that established reduced levels of cccDNA (Fig. 4B), whereas preincubation
with AT130 had no effect (Fig. 4C). Bay41-4109 preincubation also reduced HBV
infectivity, although to a lesser extent than HAP_R01. Of note, HAP_R01 reduced the
level of incoming capsid and core protein both during HBV infection, when HAP_R01
was in direct contact with HBV particles, and shortly after HBV infection, when a direct
contact of HAP_R01 with the inoculum was unlikely (Fig. S12). Collectively, these results
highlight a role for HAP_R01 to target both extracellular HBV particles and intracellular,
incoming capsids.

HAP_R01 and entry inhibitors show additive effects on cccDNA establishment.
Given that HAP_R01 can prevent de novo cccDNA formation by altering incoming
capsid integrity and reducing HBV infectivity, we wondered if a combination of
HAP_R01 with entry inhibitors or a NUC could inhibit cccDNA formation more effi-
ciently. This would allow us to provide a rationale of potential application of CpAMs in
a combination with other antiviral agents. To evaluate this, HAP_R01 was applied either
alone or in combination with suboptimal doses of clinical-grade anti-HBV immuno-
globulin (HBIG; Hepatect CP), the synthetic peptide Myrcludex B (MyrB) derived from

FIG 3 Effect of HAP_R01 on incoming capsids in de novo HBV infection. (A) HBV-infected (500 vp/cell) HepG2-NTCP-K7 cells were
harvested at different time points. Before harvest, cells were treated with trypsin for 3 min to remove membrane-associated input virus
particles. (B and C) Cytoplasmic capsid and capsid-associated HBV-DNA (B) and core protein (C) were detected by native agarose gel
analysis and Western blot analysis, respectively. �-Actin serves as a loading control. (D) Relative amounts of capsid and HBV-DNA
within the capsid and core protein were quantified and plotted with the 8-h HBV inoculation condition set to 100%. (E) HepG2-
NTCP-K7 cells were either treated with PEG (mock infection) or infected with HBV at an MOI of 500 vp/cell for 5 h in the presence or
absence of HAP_R01 or ETV (5 �M each). Obtained cytoplasmic lysate was either mock treated or treated with proteinase K (1 mg/ml)
alone or proteinase K plus DNase I (5 U) at 37°C for 1 h. Capsid and capsid-associated HBV-DNA were analyzed and quantified relative
to untreated control. (F) HepG2-NTCP-K7 cells were infected with HBV in the presence or absence of HAP_R01. Cytoplasmic capsid and
core protein levels were analyzed at indicated time points. PEG, polyethylene glycol.
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the pre-S1 domain of L-HBsAg (23), or ETV. HAP_R01 inhibited cccDNA formation by
�75% (Fig. 5A). Combinatorial treatment with HBIG or MyrB diminished cccDNA,
HBeAg and HBsAg levels by �90% (Fig. 5A). As expected, ETV had no additive effect on
cccDNA establishment, implying that the reverse transcriptase activity of HBV polymer-
ase is not required for the conversion of rcDNA to cccDNA (24).

To model a “postexposure” use of HAP_R01, we added HAP_R01 after HBV infection
and evaluated its antiviral activity. HAP_R01 reduced cccDNA, total intracellular HBV-
DNA, and HBeAg levels when added 12 h p.i. for 60 h, whereas HBIG and MyrB did not
have a significant antiviral effect (Fig. 5B). Similar to the treatment during infection, an
additive effect on cccDNA formation was observed when cells were treated with HBIG
or MyrB during HBV inoculation, but HAP_R01 was added only after HBV infection (Fig.
5C). These data indicate that HAP_R01 exerts anti-HBV activity via a distinct MOA in
comparison to entry inhibitors and has the potential to prevent de novo cccDNA
formation postexposure.

DISCUSSION

It is well known that CpAMs efficiently inhibit HBV reproduction by modulating the
assembly of newly forming capsids at a late step in the virus life cycle. However, their
effects on early stages of HBV infection, i.e., before cccDNA formation, are less well
characterized. In this study, we showed for the first time that HAP analogue HAP_R01
physically alters capsid integrity in intact virions and early after HBV infection. It is thus
able to affect HBV infectivity and to inhibit cccDNA formation during de novo HBV
infection. This MOA was distinct from that of known entry inhibitors, allowing an
additive antiviral activity during and shortly after HBV infection.

Several lines of evidence supported our finding. First, HAP_R01 treatment during
establishment of infection significantly reduced cccDNA levels in HepG2-NTCP-K7 cells,
in PHH, and in HepaRG cells, however, at a concentration that was 10- to 30-fold higher
than the EC50 needed to inhibit HBV replication. This is most likely attributed to a

FIG 4 Effect of CpAMs on the infectivity of HBV particles. (A) An illustration showing a procedure of HAP_R01 preincubation
with purified HBV particles and recovery following HBV infectivity test. HBV particles were incubated with antivirals in a
reaction volume of 1 ml of Dulbecco modified Eagle medium containing penicillin-streptomycin. HBV particles were then
recovered by using a Vivaspin centrifugal concentrator (100,000 MWCO; Sartorius) during which an excess amount of
antivirals was washed away. (B) HBV particles were preincubated with either DMSO or HAP_R01 (5 �M) for increasing times
at 37°C and recovered as depicted in panel A. HepG2-NTCP-K7 cells were infected with DMSO- or HAP_R01-preincubated
HBV. cccDNA levels were analyzed by qPCR relative to control. (C) HBV particles preincubated with indicated anti-HBV
compounds (5 �M each; 37°C for 16 h) were used for HBV infection similarly to panel B. At 7 dpi, intracellular viral DNA and
extracellular HBeAg levels were determined by qPCR and enzyme-linked immunosorbent assay (ELISA), respectively.
Student’s t test was used (***, P � 0.001; **, P � 0.01; *, P � 0.05; ns, not significant).
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reduced accessibility of HAP_R01 to assembled capsids compared to core dimers that
form new capsids (15). Our preliminary data showing that HAP_R01 preferentially binds
to newly translated core proteins rather than preexisting core proteins support our
rationale (C. Ko and U. Protzer, unpublished results). Second, neither pretreatment of
cells before HBV infection for 48 h nor HAP_R01 treatment after cccDNA establishment
affected cccDNA levels, indicating a targeting of mature HBV capsids rather than a
direct effect on cccDNA. Third, HAP-type CpAMs HAP_R01 and Bay41-4109 and PPA-
type AT130, but not the reverse transcriptase inhibitor ETV, inhibited cccDNA forma-

FIG 5 Evaluation of efficacy of HAP_R01 treatment in combination with entry inhibitors on cccDNA formation. (A) HepG2-NTCP-K7 cells
were infected with HBV at an MOI of 500 vp/cell and treated with different anti-HBV drugs for indicated time periods either alone or in
combination. At 5 dpi, cellular DNA extracted according to the Hirt method was subjected to Southern blot analysis (left). cccDNA and
PF-rcDNA are denoted. cccDNA bands were quantified and shown as mean � SD from two independent experiments. Three HBV-DNA
fragments (3.2, 2.2, and 1.9 kb) serve as size markers (SM). HBsAg and HBeAg in extracellular medium were quantified by immunoassay
(right). (B and C) HepG2-NTCP-K7 cells were infected at an MOI of 100 vp/cell for 12 h. During or after HBV inoculation, different anti-HBV
drugs were applied either alone or in combination as indicated. cccDNA, total intracellular HBV-DNA, and HBeAg levels were analyzed by
qPCR and ELISA. Student’s t test was used (***, P � 0.001; **, P � 0.01; *, P � 0.05; ns, not significant).
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tion, indicating an antiviral activity of CpAMs during early infection events. Fourth,
HAP_R01 was able to change the structure and physical properties of preformed
capsids, resulting in an electrophoretic mobility shift and increased sensitivity to
proteinase K treatment. Last, HAP_R01 applied after treatment with entry inhibitor HBIG
or MyrB resulted in a further reduction of cccDNA, indicating that HAP_R01 prevents
establishment of HBV infection via a unique MOA in comparison to other entry
inhibitors.

Our results are in line with recently published reports showing that selected CpAMs
can prevent cccDNA synthesis (17–19). Berke et al. first reported that JNJ-632 had an
effect on cccDNA formation when applied during or up to 8 h p.i. in PHH; however, they
could not dissect the underlying mechanism (17). Guo et al. reported that Bay41-4109,
ENAN-34017, and GLS4 inhibit cccDNA formation and provided evidence that those
CpAMs can act on preformed capsids (18). Although we could confirm this effect, we
did not observe contradictory effects as a consequence of CpAM action, i.e., inhibiting
cccDNA synthesis during de novo infection versus enhancing cccDNA synthesis from
intracellular amplification pathways.

In this study, we provide direct evidence that HAP_R01 can target “preformed”
capsids and change their physical properties by electron microscopic and biochemical
studies. Importantly, the effects of HAP_R01 on preformed capsids were confirmed
upon de novo-infected cells. We first treated E. coli-expressed capsids, purified after
disassembly and reassembly to remove any nonassembled core dimers, with HAP_R01.
This resulted in aberrant core protein polymers, consistent with observations that HAP
compounds (Bay41-4109 and a fluorophore-labeled HAP) can disrupt preassembled
capsids in vitro (12, 25). To further investigate the effect of HAP_R01 on mature,
HBV-DNA-containing capsids, we performed native agarose gel electrophoresis. Elec-
tron microscopy was not possible due to low yield and purity of mature capsids (data
not shown). In native agarose gel electrophoresis, the mobility of viral capsids is
primarily determined by surface charge and mass, and mobility shifts can be considered
an indicator of physical or structural changes (21). We found a time- and concentration-
dependent mobility shift of mature capsids under HAP_R01 treatment. Bay41-4109,
another HAP-type CpAM, induced mobility shifts to a lesser degree, whereas AT130, a
PPA-derivative CpAM, did not. This could reflect either differences in MOA of the
distinct chemical classes or biological EC50 value.

Notably, HAP_R01-induced capsid alteration was confirmed in the HepG2-NTCP HBV
infection model that allows detection of incoming capsids. The addition of HAP_R01
during HBV inoculation affected capsids released from purified virions after virus entry
and altered their electrophoretic mobility. Trypsin treatment ensured that intracellular
capsid and corresponding core protein were affected. Interestingly, we found a reduc-
tion of the amount of core protein shortly after infection upon HAP_R01 treatment that
may be explained by accelerated proteasome-mediated degradation of core protein
(13). However, we did not detect an induction of ISG expression, although activation of
pattern recognition receptors by aberrant protein structures or by rcDNA released from
capsids within the cytoplasm would be possible. This suggests that innate immune
responses did not contribute to HAP_R01-mediated capsid degradation. A weak func-
tional DNA-sensing pathway in hepatocytes (26) and the detection of HBV-DNA within
the structurally altered capsids would prevent the activation of cell-intrinsic immunity.

Although all our experiments point at a structural alteration of the incoming HBV
capsid upon HAP_R01 treatment, the question remains of why these structural changes
result in reduced cccDNA levels. Based on dynamics of HBV capsid that could tran-
siently dissociate and reassociate resulting from weak intersubunit interaction and
alterations of tensional integrity due to HAP binding (27, 28) and the degree of
structural alteration of capsids, we envision two potential mechanisms that are not
mutually exclusive. First, incoming capsids could be degraded if the association of
capsids and HAP_R01 is strong enough to induce severe structural changes. This option
is supported by the reduced core protein levels stemming from incoming capsids.
Second, altered capsids may have an impaired binding to host factors, resulting in
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defects in intracellular trafficking or nuclear import. Premature disassembly of capsids
or a wrong timing of viral genome release into the cytoplasm instead of nuclear
targeting may account for a reduced cccDNA establishment, as proposed by Guo et al.
(18). However, this seems unlikely in our experiments because the majority of HBV-DNA
was still located in structurally altered capsids and resistant to DNase I treatment. The
reason for this discrepancy is not clear at present, but we speculate that this may be
attributable to the source or isolation methods of mature capsids or DNase treatment
condition.

Interestingly, preincubation of HBV particles in the virus inoculum with HAP_R01
could also suppress the establishment of cccDNA in infected cells. This suggests that
HAP_R01 targeted the capsid within HBV virions and affected their infectivity. As the
viral envelope is composed of a cell-derived lipid bilayer with embedded viral envelope
proteins, it seems plausible that a small molecule possessing cell membrane permeancy
could pass through a viral envelope. Of note, all antiviral effects of HAP_R01 were
obtained by simple addition of HAP_R01 into cell culture medium, indicating adequate
cell permeancy of HAP_R01. Additionally, HAP_R01 was shown to be a moderately
permeant compound in a parallel artificial membrane permeability assay (PAMPA) and
a Caco-2 permeability assay (data not shown). Our finding suggests that HAP_R01 may
be able not only to enter cells but even to enter into circulating infectious HBV particles
in patient serum and alter their capsid structure.

Supporting a distinct MOA of HAP_R01 on cccDNA establishment, we showed an
additive effect when HAP_R01 was combined with HBV entry inhibitor HBIG or MyrB.
Hereby, HAP_R01 was the only drug still having an effect 12 h postexposure, i.e., after
initial virus binding and uptake. A clinical situation where this may be interesting is
mother-to-child transmission. However, this may be limited by the dose required. A
relatively high EC50 (345 to 918 nM) was determined to target incoming capsids and
inhibit cccDNA formation, and a dose achieving this effect in utero or directly after birth
may not be realistic. In chronic hepatitis B patients, the effect of HAP_R01 on cccDNA
formation effect will overlap the inhibitory activity on progeny virus production and
thus may not become visible. Since EC50 alone is not predictive for the clinical outcome
of anti-HIV drugs (29), further assessment of HAP_R01’s performance (e.g., efficacy,
toxicity, and bioavailability) in animal models supporting the full HBV life cycle and,
more importantly, in clinical trials will be required to predict its superiority to other
treatments and the role of HAP-resistant HBV variants.

In summary, we deciphered the antiviral effects of a novel HAP derivative, HAP_R01,
possessing potent and core protein-specific anti-HBV activity. Our data highlight a dual
effect of HAP_R01 on cccDNA formation by targeting incoming virions and capsids as
well as on virion production by modulating capsid assembly and support further
evaluation of a clinical benefit of HAP_R01.

MATERIALS AND METHODS
HBV infection. HBV (genotype D; subtype ayw) was purified from the extracellular medium of

HepAD38 cells by heparin affinity chromatography and a subsequent sucrose gradient ultracentrifuga-
tion step and used as inoculum for infecting HepG2-NTCP-K7 cells as described previously (30, 31).
HepG2-NTCP-K7 cells were seeded on collagen-coated plates (e.g., 1 � 106 cells for a 6-well plate and
2.5 � 105 cells for a 24-well plate), predifferentiated with 2.5% dimethyl sulfoxide (DMSO) for 2 days, and
infected with HBV in the presence of 4% polyethylene glycol (PEG) 6000 for at least 16 h.

qPCR of HBV genomes. cccDNA and total intracellular HBV-DNA were analyzed after extraction
of total cellular DNA using the NucleoSpin Tissue kit (Macherey-Nagel). DNA isolated from HepG2-
NTCP cells was treated with T5 exonuclease (NEB) for 30 min in a 10-�l reaction volume followed by
heat inactivation at 95°C for 5 min to remove non-cccDNA species (9), while DNA isolated from
HepaRG cells or PHH was directly used for selective cccDNA detection as described previously (32).
Target genes were normalized by two reference genes encoding prion protein (PRNP) and mito-
chondrial cytochrome c oxidase subunit 3 (MT-CO3) (9). DNA extracted from extracellular medium
was used for qPCR to measure extracellular HBV-DNA contents.

Southern blot analysis of cccDNA. Protein-free, low-molecular-weight DNA species, including
cccDNA, were extracted using a modified Hirt procedure (9, 33). HBV-infected cells in a 35-mm dish were
lysed in 1 ml lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 10 mM EDTA, and 1% SDS) with gentle
agitation at 37°C for 1 h. KCl was added to 500 mM, and the lysate was incubated at 4°C overnight. After
centrifugation, the supernatant was subjected to phenol-chloroform extraction twice. Hirt DNA was
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precipitated using isopropanol with 20 �g glycogen and subjected to Southern blot analysis with a
digoxigenin-labeled HBV-specific probe (30).

Isolation and analysis of HBV capsids from hepatoma cells. HepG2-NTCP-K7-H1.3L� cells were
lysed with 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, and 1% NP-40. Obtained cell lysate was
layered on top of a preformed CsCl step gradient in phosphate-buffered saline (PBS) (densities ranging
from 1.10 to 1.88 g/ml; 6 steps) and centrifuged at 32,000 rpm for 16 h at 10°C in a Beckman SW32Ti
rotor. Twenty-three fractions (1.5 ml each) were collected. For capsid analysis, gradient fractions 8 to 9
and 11 to 12 were pooled, washed with 10 mM Tris-HCl (pH 7.5)–150 mM NaCl–1 mM EDTA and
concentrated using a centrifugal filter device (100,000-molecular-weight cutoff [MWCO]). Capsids (ca. 1
to 5 ng) were resolved on a 1.2% agarose gel, transferred onto a polyvinylidene difluoride (PVDF)
membrane, and visualized using anti-HBV core antibody (Dako) (34). To analyze HBV-DNA within capsids,
the membrane was incubated with denaturation buffer (0.5 N NaOH-1.5 M NaCl) for 1 min and 5 min with
neutralization buffer (500 mM Tris-HCl [pH 7.0]-1.5 M NaCl). After UV-cross-linking, HBV-DNA was
visualized by hybridization with a digoxigenin-labeled HBV-specific probe. For incoming capsid detec-
tion, 1 � 106 to 2 � 106 cells were treated with trypsin-EDTA for 3 min to remove cell surface-bound but
not internalized HBV particles, lysed in 100 �l 1% NP-40 buffer for 15 min on ice, and centrifuged to pellet
debris and nuclei. The obtained cell lysate was directly used for capsid analysis.

Transmission electron microscopy. Purified E. coli-expressed HBV capsids, described in the sup-
plemental material, were absorbed onto glow-discharged carbon-coated grids. The grids were then
stained with 1% (wt/vol) uranyl acetate for 10 s, washed with deionized water, and dried for 20 min.
Images were acquired under an FEI 120-kV transmission electron microscope with a magnification of
�67,000.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1 MB.
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