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Ciclopirox inhibits Hepatitis B Virus secretion by
blocking capsid assembly
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Chronic hepatitis B virus (HBV) infection can cause cirrhosis and hepatocellular carcinoma
and is therefore a serious public health problem. Infected patients are currently treated with
nucleoside/nucleotide analogs and interferon «, but this approach is not curative. Here, we
screen 978 FDA-approved compounds for their ability to inhibit HBV replication in HBV-
expressing HepG2.2.15 cells. We find that ciclopirox, a synthetic antifungal agent, strongly
inhibits HBV replication in cells and in mice by blocking HBV capsid assembly. The crystal
structure of the HBV core protein and ciclopirox complex reveals a unique binding mode at
dimer-dimer interfaces. Ciclopirox synergizes with nucleoside/nucleotide analogs to prevent
HBV replication in cells and in a humanized liver mouse model. Therefore, orally-
administered ciclopirox may provide a novel opportunity to combat chronic HBV infection
by blocking HBV capsid assembly.
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epatitis B virus (HBV) is a double-stranded DNA virus

and a member of the Hepadnaviridae family of viruses!»2.

Chronic HBV infection is a major global cause of hepa-
tocellular carcinoma (HCC); chronic carriers have a >100-fold
increased relative risk of developing HCC. The virion (called
Dane particle) is a spherical particle 42 nm in diameter. It is
composed of an icosahedral nucleocapsid and an envelope that
consists of three HBV surface proteins and lipids from the host
cells>. The HBV surface proteins are referred to as the large,
middle, and small S proteins. The large S protein contains the
preS1 region, which participates in the entry of the virus into host
cells?. The preSl1 region binds to the host protein sodium taur-
ocholate cotransporting polypeptide (NTCP); thus when cells of
hepatocyte-derived cell line,s such as HepG2 and Huh-7, were
transfected with NTCP, they became susceptible to HBV?2. The
nucleocapsid consists of the HBV core protein complexed with
the virus-encoded polymerase and the viral DNA genome. Dur-
ing HBV infection, the HBV envelope first fuses with the host
plasma membrane, after which the nucleocapsid is released into
the host cytosol and is delivered to the nuclear pore*. After
passing through the nuclear pore into the nucleus, the viral
genome is converted into a covalently closed circular DNA
(cccDNA) molecule. This cccDNA encodes four overlapping
open reading frames that produce seven proteins, namely, the
large, middle, and small S proteins, the HBV core protein, the
polymerase, and hepatitis B x (HBx) protein. The HBx protein
has been implicated in hepatocarcinogenesis>®.

HBV can be treated with nucleos(t)ide analogs (NAs) that inhibit
the HBV polymerase, such as tenofovir (TDF) and entecavir (ETV);
both are potent and have a high genetic barrier to drug resistance.
However, they are unable to cure HBV because of the remarkable
stability of the viral cccDNA intermediate, which is not directly
targeted by NAs’. Treatment efficacy may be improved by com-
bining NAs with peginterferon a2a (pegIFNo2a) in add-on or switch
regimens. These combination therapies may act synergistically
because they elicit both antiviral and immunomodulatory activities.
Indeed, the TDF and pegIFNo2a combination induces hepatitis B
surface antigen (HBsAg) loss better than either therapy alone.
However, the combined rate is still only 9.1%8. In addition, many
patients cannot tolerate peglFNa2a’.

Thus, new therapies are needed for chronic HBV-infected
patients. In particular, therapies that directly eradicate intrahe-
patic cccDNA and thereby clear persistent HBV infections. This
goal has been greatly advanced recently by significant develop-
ments in understanding the HBV life cycle, including how the
virus enters the host celll®, how cccDNA is formed!!, and how
the HBV capsid is assembled!2. Insight into these mechanisms
has led to the development of many novel agents against HBV
that are being investigated. They include entry inhibitors!3, such
as Myrcludex-B, HBV capsid assembly inhibitors!4-16, such as
NVR 3-778, AT-61, AT130, and Bay 41-4109, and cccDNA
inhibitors!”, such as CCC-0975 and CCC-0346. Agents that boost
the immune responses of the host!8-21, such as GS-9620, SB 9200,
GS-4774, and ABX203, are also being tested.

Early electron microscopy (EM) and crystallographic studies
showed that the HBV core protein assembles to form two dif-
ferently sized HBV capsids that consist of 180 and 240 HBV core
proteins and have T=3 (~5%) and T=4 (~95%) icosahedral
symmetry, respectively?2-2>. The core protein forms a dimer as the
building block in assembling HBV capsid. It contains an N-
terminal assembly domain (residues 1-149) and a C-terminal viral
RNA-binding domain (residues 150-183). In the past decade,
several technological advances have led to the identification of
antiviral compounds that modulate assembly of the HBV capsid
by the HBV core protein. These advances include the development
of a simple purification method, generation of an assembly-

competent construct (Cp149) containing only the N-terminal 149
residues, and the discovery that the Y132A mutant of Cpl49
(Cp149-Y132A) does not assemble into capsids; instead, it forms
thermostable dimers in solution and in the crystalline state, and
yields crystals that diffract much more strongly than those of the
wild-type core protein!>26-30. There is good evidence that Cp149-
Y132A is a structural and functional homologue of the wild-type
core protein. For example, while Cp149-Y132A itself is assembly-
defective, it co-assembles with the wild-type dimer, forming cap-
sids that are indistinguishable from normal capsids, although with
weakened protein-protein bonding?”31. Circular dichroism, pro-
tein fluorescence and chromatographic studies did not reveal any
structural differences between the wild-type and Cp149-Y132A2%,
and the compound NVR-010-001-E2 had essentially identical
antiviral effects on wild-type and Y132A mutant capsids?3. Also,
both the wild-type and Y132A mutant render human hepatoma
HepG2 cells susceptible to TNFa-induced apoptosis by interacting
with receptor of activated protein kinase C1 (RACK1)32, These
structural and functional similarities indicate that Cp149-Y132A is
a reasonable model for testing and developing antiviral com-
pounds!>28:30.33  Unfortunately, in many cases, unexpected
cytotoxicity has seriously hampered the clinical use of other
antiviral compounds!2-22-28,30.34.35,

To identify drugs that can clear HBV infections, we here assess the
effect of 978 FDA-approved compounds on HBV replication. Of 13
potential HBV replication inhibitors that we identify, only ciclopirox
inhibits HBV capsid assembly and secretion of HBV DNA in infected
cells in vitro and in mice. Ciclopirox is a synthetic antifungal agent
that has been used to treat mycoses of the skin and nails for >20
years®®. The crystal structure of HBV core protein complexed with
ciclopirox shows that ciclopirox occupies only three of six possible
binding sites in the hydrophobic pocket at the dimeric interface of
HBV core protein due to movement of the F23 residue and proline-
rich loop 6. It also synergizes with TDF and ETV to inhibit HBV
replication. Thus, ciclopirox may serve as an add-on drug for HBV-
infected patients who are treated with TDF or ETV.

Results

Effect of FDA-approved compounds on HBV replication.
HepG2.2.15 cells are cells in which the ayw subtype (genotype D)
HBV replicon is stably integrated3’. These cells were exposed to
1 uM of each compound for 3 days in a high-throughput screen
for their effects on HBV DNA secretion. Treatment with 1 uM
ETV served as control. HBV DNA secretion was measured by
quantitative PCR using an HBV DNA primer and probe set
(Supplementary Table 1); after 3 days’ incubation with ETV, HBV
DNA particle secretion was reduced by 42.1 +14.1%. Of the
tested compounds, 19 were at least as effective as ETV (Supple-
mentary Table 2). However, since the inhibitory effect of some of
the 19 compounds varied considerably (Fig. 1a), we repeated the
test with a longer treatment period (6 days). Thirteen compounds
stably inhibited the secretion of HBV DNA (Fig. 1b). We then
assessed by quantitative PCR how well these 19 compounds
inhibited intracellular HBV transcription. Four compounds dra-
matically reduced intracellular HBV transcript levels (Fig. 1c).
Finally, the effect of these 19 compounds on intracellular HBV
capsid formation was analyzed. Only ciclopirox inhibited HBV
capsid assembly (Fig. 1d). Collectively the results showed that
ciclopirox inhibited HBV DNA secretion most potently (Fig. 1b),
possibly by inhibiting HBV capsid assembly. Therefore we eval-
uated ciclopirox as an anti-HBV compound.

Ciclopirox inhibits in vitro and intracellular HBV capsid
assembly. Of the selected compounds, only ciclopirox affected
intracellular HBV capsid assembly at a concentration of 1 uM. To
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calculate the half maximal inhibitory concentration (ICsy) of
ciclopirox for in vitro HBV capsid assembly, Cp149, the truncated
HBV core protein, was incubated with 0.1-10 uM ciclopirox
in vitro and the mixtures were subjected to immunoblot analysis
with an anti-HBV core antibody. The IC5, value of ciclopirox was
445+17nM (Fig. 2a). We also tested previously-discovered
compounds such as GLS-4 and Bay41-4109 for inhibition of
HBYV capsid assembly. The ICs, values of GLS-4 and Bay41-4109
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were 437 +6nM and 464 +23 nM, respectively (Fig. 2a). In
addition to assembly of HBV capsid, we also tested the ability of
ciclopirox to disrupt assembled HBV capsids, but the efficiency
was low (27 uM) compared to inhibition of HBV capsid assembly
(Supplementary Fig. 1). The ability of ciclopirox to disrupt HBV
capsid assembly in vitro was verified by sucrose density cen-
trifugation; in the presence of ciclopirox, movement of the
unassembled HBV core proteins (fraction numbers 1-3) into the
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Fig. 1 Effect of FDA-approved compounds on HBV replication. a Schematic depiction of the primary screening analysis. HepG2.2.15 cells, which were stably
transfected with HBV replicons, were treated with 978 FDA-approved drugs (1pM) for 3 days. Entecavir (ETV) (1pM) served as positive control. The
effects of the compounds on secretion of HBV DNA particles were assessed by quantitative PCR with an HBV DNA primer and probe set. b The 19
candidates that responded well in a were tested again in HepG2.2.15 cells for 6 days instead of 3 days. € The 19 candidates were assessed for their ability to
inhibit HBV pgRNA and precoreRNA transcription in HepG2.2.15 cells. Quantitative RT-PCR was performed after 6 days of incubation. d Effect of the 19
candidates on intracellular HBV capsid assembly. Huh-7 cells were transfected with pPCDNA3-Core and exposed after 12 h to the 19 candidates (1pM) for
36 h. The cells were lysed and assembled HBV core particles were isolated by sucrose step gradient ultracentrifugation, resolved on 1% agarose gels, and
subjected to immunoblot analysis with anti-HBV core antibody. The data shown in b-d are representative of three independent experiments and are
expressed as means + SDs. The error bars represent the £ SD. *p < 0.05; **p < 0.01, as determined by unpaired two-tailed Student's t-tests. Source data are

provided as a Source Data file

Table 1 Data collection and refinement statistics

Ciclopirox bound Cp149-Y132A

Data collection
Space group
Cell dimensions
a, b, c(A)

a By ©®
Resolution (A)

Rsym or Rmerge

c2

153.9, 88.5, 99.1
90.0, 1211, 90.0

50.0-2.3 (2.38-2.30)*

0.049 (0.292)*

I/ ol 301 3D
Completeness (%) 99.2 (99.3)*
Redundancy 35 (3.3
Refinement

Resolution (A) 50.0-2.3
No. reflections 47,285/2382
Rwork / Rfree 25.8/30.4
No. atoms

Protein 6609
Ligand/ion 45

Water 292
B-factors (A2)

Protein 79.9
Ligand/ion 18.6

Water 82.8

R.m.s. deviations

Bond lengths (A) 0.004

Bond angles (°) 1.367

“Values in parentheses are for highest-resolution shell

assembled HBV core protein fraction (fraction numbers 5-8) was
blocked (Fig. 2b).

We also measured the ICs of ciclopirox for intracellular HBV
capsid assembly. Huh-7 cells were transfected with pCDNA3-
Core (an HBV core-expressing plasmid) and treated with various
concentrations of ciclopirox for 36 h. Immunoblot analysis with
an anti-HBV core antibody showed that ciclopirox inhibited HBV
capsid assembly with an ICs5y of 2.9 £0.3 uM. Total denatured
HBYV core protein was not affected (Fig. 2c). However, previous
reports have shown that Bay41-4109 and GLS-4 reduce
intracellular total core protein by inducing its degradation38. In
our hands, total core protein was also decreased by ciclopirox,
Bay41-4109 and GLS-4 if the treatment time was increased,
although the extent of the degradation varied (Supplementary
Fig. 2). In an analysis using Huh-7 cells transfected with the
pHBV1.2x (subtype adr; genotype C) replicon, the ICs, for
ciclopirox for incubation for 36 h was 2.1 0.1 uM (Fig. 2d).

The structures generated by in vitro HBV capsid assembly of
Cp149 with or without ciclopirox were then examined by EM. In
the absence of ciclopirox, the 30-nm-diameter HBV core particles
were formed. In the presence of ciclopirox, HBV capsid
morphology was altered; the structures formed were larger with

a more open shape (Fig. 2e). Thus, ciclopirox inhibited normal
HBV capsid assembly in vitro.

Overall structure of HBV core protein complexed with ciclo-
pirox. In order to understand the interaction between HBV core
protein and ciclopirox at the molecular level, we purified and
crystallized Cp149-Y132A in the presence of ciclopirox. A 2.3-A
resolution dataset was collected, and was subsequently refined to
Ryork 0f 25.8% and Ry of 30.4%, with good geometry (Table 1).
As in the structures of Cpl49-Y132A complexed with other
assembly modulators!>2830, the complex with ciclopirox con-
sisted of an asymmetric unit made up of a closed trimer of CD
dimers, positioned in a similar fashion around the icosahedral
threefold axis of the wild-type HBV capsid (Fig. 3a)%°. Structure
alignments of the wild-type and Y132A mutant HBV core pro-
teins showed that the central cores containing the putative
binding sites for ciclopirox (residues 1-62 and 94-142) were
almost identical, with an overall Ca rms difference of 0.9 A,
although the spike regions containing the upper bundles of four
a-helices and the contact regions at the dimeric interface differed
(Supplementary Fig. 3). Cp149-Y132A was arranged in head-to-
head mode in the crystal packing (Supplementary Fig. 4). Since
the three dimers in the hexamer are all fundamentally the same,
with a Ca rmsd of 0.2 A, it appears that this “trimer-of-dimers” is
a structurally stable but abnormal intermediate in HBV capsid
assembly that arises under our crystallization conditions (Sup-
plementary Fig. 5a). Structural alignment of the six individual
protomers showed that while the HBV core regions aligned
relatively well, there were large structural changes in two areas,
namely, in the spike and the contact regions (Supplementary
Fig. 5b). Based on these structural differences, the protomers
forming the hexamer can be divided into two groups, each of
which forms a highly asymmetric dimer. When the dimers from
previously reported structures were superimposed on ours, there
was poor alignment in the spike and contact regions (Supple-
mentary Fig. 6). This suggests that our ciclopirox-complex has a
completely novel fold.

Characterization of ciclopirox binding sites on HBV core
protein. There are six binding sites for assembly modulators in
the HBV core protein hexamer!228:30; in all cases, one molecule
of modulator binds to each of the three dimer-dimer interfaces,
while three other modulator molecules nestle in similar hydro-
phobic pockets formed by the dimers and their equivalents
formed by symmetry-related HBV core proteins. Surprisingly, in
our crystal structure ciclopirox occupied only the latter pockets
(Fig. 3a). This half occupancy by ciclopirox is probably not due to
the presence of insufficient ciclopirox during crystallization
because an approximately two-fold molar excess of ciclopirox was
used in an effort to saturate the protein. Comparisons of the
ciclopirox-bound and other assembly modulator-bound forms of
Cpl49-Y132A revealed that ciclopirox adopted an overall similar
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Fig. 2 Ciclopirox inhibits in vitro and intracellular HBV capsid assembly. a Effects of ciclopirox, GLS-4, and Bay41-4109 on in vitro HBV capsid assembly.
Various concentrations of ciclopirox, GLS-4, or Bay41-4109 were mixed with Cp149 in reaction buffer. After 1h, the mixtures were subjected to

a immunoblot analysis with anti-HBV core antibody. b Sucrose density gradient analysis of capsid assembly inhibition by ciclopirox. Ten fractions collected
from top to bottom underwent immunoblot analysis. ¢, d Effect of ciclopirox on intracellular HBV capsid assembly. Huh-7 cells were transfected with
(¢) pCDNA3-Core or (d) pHBV1.2x and exposed after 12 h to the indicated concentrations of ciclopirox for 36 h. The cells were lysed and assembled HBV
core particles were isolated by sucrose step gradient ultracentrifugation, resolved on 1% agarose gels, and subjected to immunoblot analysis with anti-HBV
core antibody. e Electron micrographs of the effect of ciclopirox on in vitro HBV capsid assembly. The particles were negatively stained with 2% uranyl
acetate. Scale bars =200 nm and 100 nm. TEM magnifications, x49,000 and x75,000. Ciclopirox appeared to convert the T=4 HBV capsid into T=3
form (30 nm). The data shown in a-e are representative of three independent experiments and are expressed as mean + SD. The error bars represent the +
SD. *p<0.05; **p < 0.01, as determined by unpaired two-tailed Student's t-tests. Source data are provided as a Source Data file

binding mode but with subtle but significant differences, and
therefore interacted in new ways with HBV core protein. The
binding pocket was formed by hydrophobic residues L19, F23,
F24, P25, Y118, F122, and W102, with extensive van der Waals
interactions between ciclopirox and these residues (Fig. 3b, c and
Supplementary Fig. 7). Y118 in particular played a key role in
securing the ciclopirox, by forming strong hydrogen bonds and
salt bridges with a carbonyl oxygen, a nitrogen, and a hydroxyl
group of the pyridine ring of ciclopirox. To confirm the proposed

role of Y118 in the inhibition of normal HBV capsid assembly by
ciclopirox, we performed a site-directed mutagenesis experiment
in which Y118 was mutated to phenylalanine (Y118F) to disrupt
the hydrogen bond interactions with ciclopirox. To analyze the
responses of the Y118F mutant to ciclopirox, in vitro intracellular
HBYV capsid assembly was measured after treatment with various
concentrations of ciclopirox using Huh-7 cells transfected with
pCDNA3-Core Y118F (Fig. 3d). We found that the Y118F
mutant had similar levels of total expression as the wild-type
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b. The rotation of F23 is marked by the red arrow. f Movement of the proline-rich loop 6. The ciclopirox-free pocket is shown, and ciclopirox and loop 6 of
the ciclopirox-bound protomer are superimposed on it. The movement of loop 6 is shown by the red arrow. This view is rotated by 90 degrees along the
vertical axis from (e). The data in d are representative of three independent experiments and are expressed as mean £ SD. The error bars represent the £
SD. N.A,, not available. *p <0.05; **p < 0.01, as determined by unpaired two-tailed Student's t-tests. Source data are provided as a Source Data file
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Fig. 4 Ciclopirox inhibits HBV replication. a Chemical structure of ciclopirox. b HepG2.2.15 cells (blue), and HepG2 cells transfected with pHBV1.2x (red)
were treated with various concentrations (0.1-10 pM) of ciclopirox for 6 days and assayed for cytotoxicity. ¢ Intracellular HBV DNA was detected by
southern blot analysis. d-i Secreted HBV DNA (d, g, respectively) and intracellular HBV DNA (e, h, respectively) were measured by quantitative PCR.
Secreted HBsAg (f, i respectively) was quantified by ELISA. The data in b-i are representative of two or three independent experiments and are expressed
as mean = SD. The error bars represent the + SD. *p < 0.05; **p < 0.01, by unpaired two-tailed Student's t-tests. Source data are provided as a Source

Data file

control. However, normal HBV capsid assembly in the Y118F
mutant was inhibited by ciclopirox with an ICsq of 11.8 +2 uM,
an approximately 4-fold reduction in sensitivity compared with
the wild-type. In addition, modification of the binding region of
ciclopirox (6-cyclohexyl-4-methyl pyridin-2(1 H)-one: removal of
the hydroxy group of the pyridine core skeleton; 6-cyclohexyl-4-
methyl —2-pyrone: changing the pyridone core skeleton to a
pyrone moiety) for HBV core protein blocked its HBV capsid
assembly inhibitory activity in vivo (Fig. 3d) and in vitro (Sup-
plementary Fig. 8). Based on our structure and the mutational
analysis we conclude that Y118 has an important role in stabi-
lizing the conformation of ciclopirox in the hydrophobic pocket,
as well as in the response to ciclopirox in terms of inhibition of
normal HBV capsid assembly.

When the hydrophobic pocket to which ciclopirox binds was
compared to the hydrophobic pocket at the dimer-dimer
interfaces to which ciclopirox does not bind, it became clear
why the latter pocket cannot bind to ciclopirox despite the fact
that the two pockets have very similar shapes and share many of

the same residues. First, the absence of binding of ciclopirox
causes F23 to rotate by 142 degrees (Fig. 3e) and to place its
phenyl ring into the pocket. In this conformation, the phenyl ring
of F23 directly collides with the pyridine ring of ciclopirox,
thereby disallowing ciclopirox to bind to the pocket. It is
noteworthy that the conformation of the F23 residue in previous
structures is very similar to that in the ciclopirox-free
pocket!2:28:30 (Supplementary Fig. 9). This suggests that, to avoid
colliding with F23 the binding sites of other modulators shift
towards the periphery. The second reason why ciclopirox does
not bind to the non-binding pocket is that the proline-rich loop
(loop 6, residues 128-134) surrounding the dimer-dimer interface
moves ~2 A into the binding pocket when ciclopirox is absent; if
ciclopirox enters the non-binding pocket, its pyridine ring may
clash sterically with P129 of the loop (Fig. 3f). By contrast, with
the other assembly modulators, loop 6 appears to move outwards
to create enough space for binding (Supplementary Fig. 10).
These findings suggest that when ciclopirox does not bind to the
HBV core protein both F23 and loop 6 undergo rearrangements
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Fig. 5 Ciclopirox inhibits HBV replication in an in vitro HBV infection model. a Schematic depiction of the experiment. HepG2-NTCP and Huh-7-NTCP cells
were treated with ciclopirox for 6 h and exposed to HBV for 16 h. After washing, the cells were treated daily with ciclopirox and cultured for another
14 days. b NTCP protein expression analyzed by immunoblot analysis. € GFP protein expression analyzed by flow cytometry. d-f Quantitative PCR with an
HBV DNA primer and probe set was used to measure secreted HBV DNA (d), intracellular cccDNA (e), and intracellular HBV rcDNA (f). Intracellular
cccDNA was also detected by southern blot analysis (e). The data in b-f are representative of three independent experiments and are expressed as mean
+SD. The error bars represent the = SD. *p < 0.05; **p < 0.01, by unpaired two-tailed Student’s t-tests. Source data are provided as a Source Data file

that reduce the total volume of the dimer-dimer interface pocket,
blocking the entry of ciclopirox. These rearrangements may also
help to stabilize the empty hydrophobic pocket.

Ciclopirox inhibits HBV replication. Ciclopirox is the ethano-
lamine salt of 6-cyclohexyl-1-hydroxy-4-methyl-2(1 H)-pyr-
idone3? (Fig. 4a). In Fig. 1b, we showed that when HepG2.2.15
cells were treated with 1 uM ciclopirox, secreted levels of HBV
DNA dropped markedly. We also showed that ciclopirox inhib-
ited normal HBV capsid assembly (Fig. 2). We have confirmed
and expanded these findings in additional experiments with
HepG2.2.15 and HepG2 cells transfected with pHBVI1.2x
(Fig. 4b-1). When cells of these two cell lines were treated with
0.1-10 uM ciclopirox for 6 days there was no significant

cytotoxicity (Fig. 4b), in contrast with a previous report that
ciclopirox reduced HepG2 cell viability, even though this cell line
was less sensitive to ciclopirox than other cancer cell lines in the
data of ref. 4. We showed that the lack of inhibition in our case
was due to the high iron level in fetal bovine serum (FBS),
because lowering the percentage FBS, and deferoxamine (iron
chelator) treatment, reduced cell viability (Supplementary
Fig. 11). Southern blot analyses showed that ciclopirox reduced
intracellular HBV DNA levels in a dose-dependent manner
(Fig. 4¢). Quantitative PCR analyses showed that the ICs, values
of ciclopirox for HBV DNA secretion by HepG2.2.15 and by the
transfected cells were 880+ 70nM (Fig. 4d) and 750 + 150 nM
(Fig. 4g), respectively. Quantitative PCR analyses also showed
that the ICs, values for intracellular HBV DNA were 800 +
100 nM (Fig. 4e) and 800 + 180 nM (Fig. 4h), respectively. Thus,
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Fig. 6 Effect of combined ciclopirox and TDF and ETV on replication of HepG2.2.15 cells. HepG2.2.15 cells were treated with 1pM TDF or ETV and various
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quantitative PCR. Combination indices (CI) were analyzed by the Chou-Talalay method. The data in (a-d) are representative of three independent

experiments and are expressed as mean £ SD. The error bars represent the £ SD. *p < 0.05; **p < 0.01, by unpaired two-tailed Student's t-tests. Source data

are provided as a Source Data file

ciclopirox inhibited HBV DNA production in both cell lines. At
the same time, ciclopirox had no effect on HBsAg production
(Fig. 4f, 1) or HBV transcripts levels (Supplementary Fig. 12). We
conclude that ciclopirox inhibits the secretion of particles con-
taining viral DNA by inhibiting HBV capsid assembly, not as the
result of cytotoxicity or by limiting HBV transcription or the
production of HBV protein.

Ciclopirox inhibits HBV replication in in vitro infection
models. Recently, HBV preS1 was found to mediate HBV entry
into cells by binding to the sodium-dependent taurocholate
cotransporter polypeptide (NTCP). This led to the development
of in vitro HBV infection models, namely, NTCP-expressing
HepG2 and Huh-7 cells. Expression of this protein causes these
cells, which are normally resistant to infection with HBV parti-
cles, to become highly susceptible to infection*’. We used similar
models to determine the effect of ciclopirox on in vivo HBV
replication (Fig. 5a). HepG2 and Huh-7 cells permanently
expressing NTCP were generated by infecting them with an
NTCP-encoding recombinant retrovirus and isolating GFP-
expressing cells. NTCP expression in the resulting clones was
confirmed by immunoblot analysis with anti-Myc antibody
(Fig. 5b) and by detecting GFP expression by flow cytometry
(Fig. 5c). When these cell lines were treated with ciclopirox,
secretion of HBV DNA (Fig. 5d), cccDNA levels (Fig. 5e), and
intracellular relaxed circular DNA levels (Fig. 5f) dropped
markedly. However, our data did not indicate specific regulation
of cccDNA by ciclopirox because TDF also reduced cccDNA

levels (Supplementary Fig. 13). In this analysis, the cccDNA
obtained was treated with EcoRI to identify linearized cccDNA
(Fig. 5¢ and Supplementary Fig. 14). In summary, ciclopirox
blocks HBV replication in these model systems, indicating that it
may be useful for developing new anti-HBV agents.

Effects of treatments combining ciclopirox with TDF or ETV.
Next-generation therapies for chronic HBV infection are likely to
include combinations of established and novel drugs’4!. Several
studies have investigated the ability of TDF and ETV in combi-
nation to inhibit HBV replication®!42, We therefore asked whe-
ther combining ciclopirox with TDF or ETV improved the anti-
HBV effect. Indeed, when HepG2.2.15 cells were treated with
1 uM ETV (Fig. 6a, b) or TDF (Fig. 6¢, d) and various ciclopirox
concentrations (0.1-10 M), we observed synergistic inhibition of
HBV DNA secretion (Fig. 6a, ¢) and intracellular HBV DNA
levels (Fig. 6b, d), based on analysis of the data by the Chou-
Talalay method. We conclude that ciclopirox synergizes with
established drugs such as TDF and ETV in inhibiting HBV
replication.

Antiviral effect of ciclopirox in a mouse model of HBV
infection. Before assessing the antiviral effect of ciclopirox on
HBYV replication in a mouse model, the oral toxicity of ciclopirox
for mice was tested. BALB/c male mice (5-weeks-old) were
treated orally with ciclopirox at concentrations of 0, 1, 5mg per
kg, daily for 4 weeks. Five mice were included in each group.
Mortality was monitored daily, and bodyweight was measured
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Fig. 7 Antiviral activity of ciclopirox in a humanized liver mouse model of HBV infection. a Schematic depiction of the experiment. PXB mice (n =3 per

group) were injected via the tail vein with HBV virions (5 x 107 copies per m
or ciclopirox (both 5mg per kg, daily), and serum samples were taken from

ouse, genotype D). After 6 weeks, the mice were treated orally with TDF and/
the orbital sinus every week. b Serum HBV genomic DNA levels measured by

quantitative PCR. ¢ Serum HBsAg levels determined by ELISA. d Serum HBeAg levels determined by ELISA. e Serum ALT levels determined by ELISA.

f Human albumin levels determined by ELISA. g Intrahepatic cccDNA was de
of treatment. h Immunohistochemical analysis of hepatitis B core antigen (
magnification). The data in b-g are representative of three independent expe

Scale bars, 100 pum.*p < 0.05; **p < 0.01, by unpaired two-tailed Student's t-

every other day. On day 28, blood was taken from the orbital
sinus, and white blood cells, red blood cells and platelets were
counted. Blood urea nitrogen, creatinine, glucose, total bilirubin,
total cholesterol, triglyceride, albumin, total protein, aspartate
aminotransferase, alanine aminotransferase (ALT), sodium,
potassium, and chloride were measured. Urinalysis was

10

termined in nucleic acid extracted from liver specimens obtained after 35 days
HBcAg) in liver sections obtained after 35 days of treatment (x200
riments, and are expressed as means * SDs. The error bars represent the + SD.
tests. Source data are provided as a Source Data file

performed including urobilinogen, glucose, bilirubin, ketone,
specific gravity, blood, pH, protein, nitrate, and leukocytes. No
significant oral toxicity was noted at either concentration of
ciclopirox (Supplementary Table 3).

Then the antiviral effect of ciclopirox on HBV replication in a
humanized liver mouse model was assessed. PXB (human liver-
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chimeric uPA/SCID) mice were injected intravenously with HBV
virion, and after 6 weeks the mice were treated daily with
ciclopirox and/or TDF (Fig. 7a). By week 5 of treatment,
ciclopirox had lowered serum HBV DNA levels significantly
and these effects were enhanced when it was combined with TDF
(Fig. 7b). None of these treatments altered serum HBsAg (Fig. 7¢).
By week 5, ciclopirox or TDF treatment had significantly
decreased HBeAg levels compared to the control (Fig. 7d). Serum
ALT levels also decreased in response to TDF and/or ciclopirox
(Fig. 7e). Human albumin levels did not change significantly
compared to baseline in any of the groups, implying that there
was no significant drug-induced liver injury (Fig. 7f). By week 5,
both ciclopirox and TDF significantly reduced the amount of
intrahepatic cccDNA (Fig. 7g). However, the reduction of
cccDNA caused by ciclopirox was small compared to the decline
of serum HBV DNA levels. Ciclopirox also significantly reduced
HBYV core protein levels in the liver with/without TDF (Fig. 7h).
The antiviral effect of oral ciclopirox on HBV replication in a
hydrodynamic injection mouse model was also assessed. The tail
veins of C57BL/6 mice were injected hydrodynamically with the
HBYV replicative plasmid, pAAV-HBV1.2x (genotype D), and the
mice were treated daily with ciclopirox and/or TDF#3. By day 5,
ciclopirox (5 mg per kg) and/or TDF (5 mg per kg) had reduced
HBV core protein levels in the liver and significantly lowered
serum HBV DNA levels (Supplementary Fig. 15).

Discussion

Currently, peglFNa2a and NAs such as TDF and ETV are the
recommended first-line agents for suppressing HBV viral repli-
cation in chronically infected patients. However, loss of HBsAg is
rarely achieved, and more effective therapies are needed. Direct-
acting antivirals (DAAs) are medications that target specific steps
in the hepatitis C virus (HCV) life cycle. In phase III clinical trials
targeting multiple steps of the HCV life cycle, DAAs caused a
sustained virological response in >90-95% of HCV-infected
patients*4. However, in HBV-infected patients the frequency with
which DAA monotherapies that target the HBV polymerase
induce HBsAg loss is very low*>. Thus, to completely eradicate
HBYV infection it may be necessary to target multiple steps in the
HBV life cycle, thereby preventing or strongly reducing HBV
replication in infected hepatocytes and blocking de novo cccDNA
formation. Several steps of the HBV life cycle have been targeted
to date; as a result, multiple HBV DAA candidates that inhibit
HBV polymerase, the entry receptor, HBV capsid assembly,
cccDNA formation, or HBV transcription are in the clinical or
preclinical stage of drug development. For example, the entry
inhibitor Myrcludex-B is currently being evaluated in phase Ila
clinical trials. However, although this drug prevents HBV from
spreading from infected hepatocytes, it must be delivered by
intravenous injection and is thus not suitable for general HBV-
infected patients?6. Another example of an HBV DAA is the HBV
capsid assembly inhibitor, NVR 3-778, which is currently being
evaluated in phase II clinical trials. This inhibitor blocks the
formation of replication-competent HBV particles and may be
suitable as an add-on treatment with established NAs!4.

The present study shows that ciclopirox acts as an anti-HBV
agent by inhibiting normal HBV capsid assembly. However,
minor effects of ciclopirox on HBV replication cannot be entirely
excluded because it affects the regulation of several intracellular
processes that account for most of the anti-cancer actions of
ciclopirox?’-30, A previous report has claimed that ciclopirox
inhibits HIV-1 replication through control of HIV-1 transcrip-
tion°!, but our data clearly show that ciclopirox does not affect
HBV transcription (Supplementary Fig. 12).

A first-in-human phase I study recently tested the efficacy and
safety of ciclopirox when orally administered for the treatment of
hematological malignancies. When patients were treated once
daily with >10 mg per m? ciclopirox olamine®, it suppressed anti-
apoptotic gene expression in peripheral blood cells. Dose-limiting
gastrointestinal toxicities were observed in patients who received
80 mg per m? four times daily but not in those who received
40 mg per m? once daily>? (~1 mg per kg for humans, which is
equivalent to 12.3 mg per kg for mice®3). Since our study showed
that ciclopirox had significant anti-HBV activity at 5 mg per kg in
the mouse system, the preclinical ciclopirox data suggest that this
drug may be a safe add-on to the currently recommended oral
treatment regimens even extensive oral test for anti-HBV activity
is needed. This view is supported by the most striking finding of
this study, namely that ciclopirox reduces HBV particle secretion
synergistically with TDF and ETV. Since this synergistic effect
may reflect the fact that multiple steps in the HBV life cycle (i.e.,
HBV polymerase and HBV capsid assembly) are targeted by the
combination treatment, it supports the notion that targeting
multiple HBV life cycle steps improves HBV treatment efficacy.
The suitability of ciclopirox as an HBV therapy will be assessed in
future studies.

The atomic structure of ciclopirox-bound HBV core protein
has offered several insights into how this compound binds to
HBV core protein. First, we found that ciclopirox binds to only
three of the six sites to which other assembly modulators bind
(Fig. 3a). Second, in addition to extensive hydrophobic interac-
tions, Y118 forms essential hydrogen bonds and salt bridges with
ciclopirox to anchor it in the binding pocket. Our data also
confirmed that disruption of these hydrogen bonds by mutation
of tyrosine to phenylalanine at 118 (Y118F) significantly reduced
ciclopirox-mediated inhibition of normal HBV capsid assembly
(Fig. 3b-d). It is noteworthy that in the previously reported
structures of Cpl49-Y132A complexed with other assembly
modulators, Y118 of the HBV core protein formed only hydro-
phobic interactions, not hydrogen bonds!>2830, Third, the mode
of binding of ciclopirox differs significantly from those of other
HBV capsid modulators, including NVR-010-001-E228, 4-methyl
HAP30, SBA_R01'2, and HAP_RO01'222. Specifically, when
ciclopirox binds to HBV core protein a major conformational
change occurs; F23 undergoes a phenyl ring rotation (Fig. 3e) that
causes the ring to move from an inwardly pointing position in the
pocket (which blocks inhibitor binding) to an outwardly pointing
position (which allows inhibitor binding). This rotation allows
ciclopirox to wedge itself deep into the HBV core protein (Sup-
plementary Fig. 9). Since ciclopirox is a relatively low MW
compound, this deep binding seems to promote hydrophobic
interactions and to prevent escape back into the solvent. Mean-
while, in the ciclopirox-free pocket, the F23 side chain forms
hydrophobic bonds with neighboring residues, thereby prevent-
ing entry of ciclopirox into the pocket (Fig. 3e). Moreover, despite
the large conformational change of F23, the ciclopirox-bound
pocket is also stabilized because its pyridine ring compensates for
the loss of the phenyl ring of F23 (Fig. 3e). Interestingly, these
observations are reminiscent of the behavior of the F23A mutant,
which cannot form the HBV capsid2°.

Our observations suggest that ciclopirox may bind to the HBV
core protein as follows. First, it preferentially binds to half of the
possible binding pockets either before or after HBV capsid for-
mation; this leads to essential interdimer interactions and causes
structural changes of the subunit (Supplementary Fig. 16). Highly
asymmetrical dimers may thus be formed, which in turn lead to
the formation of irregular or malformed HBV capsids that pro-
duce fewer HBV virions. Unfortunately, the current data do not
allow us to determine why ciclopirox has a unique binding site

| (2019)10:2184 | https://doi.org/10.1038/s41467-019-10200-5 | www.nature.com/naturecommunications 1


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

preference, or how ciclopirox and TDF and ETV synergize in
inhibiting HBV replication.

Methods

Cell lines. HepG2 (hepatoblastoma cell line, ATCC, HB-8065), Huh-7 (hepato-
cellular carcinoma cell line, Korea cell line bank, 60104), HepG2.2.15 (HBV-pro-
ducing cells)3”, HepG2-NTCP, and Huh-7-NTCP cells were cultured at 37 °C in
5% CO2 in Dulbecco’s Modified Eagle’s Medium with 10% FBS and 100 U
penicillin with 0.1 mg per mL streptomycin. The same conditions were used to
culture HepG2 and Huh-7 cells that were transfected with pHBV1.2x (genotype
D). All maintained cells tested by PCR were mycoplasma-negative.

Quantitative PCR to measure intracellular HBV DNA and cccDNA. Cells were
treated with the indicated compound(s), after which the HBV DNA that had been
secreted into the medium, and intracellular HBV DNA and cccDNA, were
extracted, purified and quantified by quantitative PCR. To isolate the secreted HBV
DNA, culture media were collected and centrifuged at 15,000 x g to remove debris.
The medium was diluted 1:1 with phosphate-buffered saline (PBS), and 1 M NaOH
solution was added to a final concentration of 0.1 M. The mixture was incubated at
37°C for 1 h. Protein was denatured by adding 2 M Tris-HCI (pH 7.5) solution to a
final concentration of 0.2 M and incubating the mixture at 98 °C for 5 min. The
protein precipitate was removed by centrifugation at 15,000 x g, and the super-
natant was subjected to PCR with an HBV DNA primer and probe set (Supple-
mentary Table 1). HBV DNA in the sera of mice infected with the replicative HBV
plasmid pAAV-HBV1.2x (genotype C) was also measured by this method. To
isolate intracellular HBV DNA, the cells were lysed on ice with lysis buffer (50 mM
Tris-HCI, pH 7.5, 1 mM EDTA, 1% NP40) for 10 min. After removing cell debris
and nuclei by centrifugation at 15,000 x g, the supernatant was treated with
micrococcal nuclease (0.25 U per uL, M0247, New England Biolabs) at 37 °C for
1 h. The micrococcal nuclease was then inactivated by adding EGTA to a final
concentration of 10 mM. Thereafter intracellular HBV DNA was extracted with a
G—spinTM total kit (17046, Intron). The isolated intracellular HBV DNA was
subjected to PCR with an HBV DNA primer and probe set (Supplementary
Table 1). cccDNA was isolated by the Hirt extraction method>*. Briefly, the cells
were lysed in SDS lysis buffer (50 mM Tris-HCI, pH 8.0, 10 mM EDTA, 150 mM
NaCl, 1% SDS), and the lysates were mixed with KCI to a final concentration of
0.5 M. After incubation at 4 °C for 30 min, each lysate was centrifuged and the
supernatant was extracted three times with phenol and once with chloroform.
The DNA was then recovered by ethanol precipitation, and treated with T5
nuclease (10 U per pg for 0.5 h, M0363, New England Biolabs), and the enzyme was
subsequently heat-denatured at 70 °C. The isolated cccDNA was subjected to PCR
with a cccDNA primer and probe set (Supplementary Table 1). Quantification of
cccDNA in liver tissue of HBV-infected PXB mice was also measured by this
primer and probe set.

Southern blot analysis for detecting HBV DNA. HBV DNA was separated on a
1% agarose gel, blotted onto a nylon membrane (Hybond N+, RPN203B, GE
Healthcare), and hybridized with a biotin-labeled full length HBV fragment pre-
pared with the BioPrime™ DNA labeling system (18094011, ThermoFisher).

Infection of HepG2-NTCP and Huh-7-NTCP cells with HBV. HepG2-NTCP and
Huh-7-NTCP cells were cultured in 12-well plates with the indicated compound(s)
for 4 h, after which the cells were infected with HBV particles (107 viral genome
equivalent per mL, genotype D) and treated with the indicated compound(s) for
another 16 h. After removing the virus-containing medium, the cells were cultured
in the presence of the indicated compound(s) for another 14 days.

Quantitative RT-PCR for measuring HBV transcription. Quantitative RT-PCR
with primers that detect three HBV regions (R1, R2, and R3, Supplementary
Table 1) was used to measure HBV transcription. This RT-PCR detects pgRNA and
precore RNA (3.5 kB), two HBV surface-encoding RNAs (2.5 kB and 2.1 kB), and
HBx-encoding RNA (0.7 kB)>®. PCR conditions were 95 °C for 10 min initially,
then 50 cycles of 95 °C for 30s, 60 °C for 60 s and 72 °C for 30s, and finally 1 cycle
of 95°C for 60's, 55 °C for 30s and 95 °C for 30s.

Analysis of intracellular HBV capsid assembly. Huh-7 cells were seeded in six-
well plates at a density of 5 x 10° cells per well and transfected with pHBV1.2x,
pCDNA3-Core (genotype C), or pPCDNA3-Core Y118F plasmid DNA. After 12 h,
the cells were incubated with the indicated compound(s) for 36 h. They were then
lysed on ice with lysis buffer (1% NP40) for 10 min, and cell debris and nuclei were
removed by centrifugation at 15,000 x g. The supernatant was laid on a sucrose
gradient composed of 1 mL of 40% sucrose (wt per vol) and 1.5 mL of 20% sucrose
in 1 x PBS, and the HBV capsids were sedimented by centrifugation at 400,000 x g
and 20 °C for 8 h. The pellets were resuspended in 50 pL of 1 x PBS and sonicated
(1's per stroke x 3 times), and samples were separated on 1% agarose gels. The gels
were transferred onto nitrocellulose membranes by capillary transfer in 10 x SSC,
and HBV core particles were detected by immunoblot analysis using anti-HBV
core antibody (1:2000, B0586, Dako).

Expression and purification of HBV core protein. Cp149 (amino acids 1-149) is
a truncated form of the HBV core protein. It was expressed in Escherichia coli and
the expressed protein was purified®®. The gene encoding Cp149-Y132A with a C-
terminal thrombin cleavage site was synthesized and optimized for expression in
bacterial cells (Gene Universal). The gene was cloned between the Ndel and BamHI
sites in pET23a vector containing a hexahistidine tag. Recombinant Cp149-Y132A
was expressed in E. coli BL21 (DE3) cells that were cultured in LB medium at 37 °C.
When the culture reached OD600 of 0.7-0.8, expression was induced with 0.5 mM
isopropyl-p-d-thiogalactopyranoside, and the culture was cooled to 16 °C. The cells
were harvested after 16 h, flash-frozen in liquid nitrogen, and stored at —80 °C. To
purify Cp149-Y132A, thawed cells were resuspended in lysis buffer (20 mM Tris-
HCI pH 9.0, 200 mM NaCl, 10 mM imidazole, 10 ug per mL DNasel, 1 mM
phenylmethylsulfonyl fluoride) and sonicated. The supernatant was loaded onto
Ni-NTA affinity resin and the protein was eluted with a gradient of 20 to 500 mM
imidazole in lysis buffer. After removing the histidine tag with thrombin, the
protein was further purified by HiTrap Q anion exchange chromatography
(17115401, GE Healthcare).

Immunoblot analysis of HBV capsid assembly in vitro. To determine effects on
Cp149 assembly in vitro, compounds were added to Cp149-containing suspen-
sions. The final concentration of Cp149 was 1 mg per mL and the compounds were
added at 0.1-10 uM. The suspensions were then mixed with reaction buffer

(150 mM HEPES, pH 7.5, 15 mM NaCl) added at a ratio of 2:1. In vitro assembly
was allowed to progress at 37 °C for 1 h and the HBV capsids were detected by
immunoblot analysis using anti-HBV core antibody (1:2000, B0586, Dako).
Uncropped and unprocessed scans of the most important blots are provided in the
Source Data file.

Sucrose density gradient analysis of HBV capsid assembly in vitro.

Cp149 structures formed by assembly in the presence and absence of inhibitory
compounds were subjected to sucrose density gradient analysis. Samples (150 uL)
were laid on sucrose density gradients composed of 800 pL of 50% (wt per vol),
800 pL of 40%, 800 L of 30%, 800 uL of 20%, and 650 uL of 10% sucrose in

150 mM HEPES, pH 7.5. After centrifugation at 250,000 x g and 20 °C for 1.5 h, ten
400 pL fractions were collected from top to bottom, and each fraction was analyzed
by 15% SDS-PAGE. The gels were stained with Coomassie Brilliant Blue R-250 or
subjected to immunoblot analysis with anti-HBV core antibody. The densities of
the individual bands were analyzed by Image] software.

Electron microscopy of HBV capsid assembly in vitro. Cp149 was assembled in
reaction buffer (150 mM HEPES, pH 7.5, 15 mM NaCl) in the presence and
absence of ciclopirox. Five microliters of the solution containing the assembled
HBV core particles was negatively stained by incubation on a carbon-coated grid
for 1 min, followed by washing with water and staining with 2% uranyl acetate for
1 min. The grids were examined with a Tecnai G2 F30 S-TWIN transmission
electron microscope.

Crystallization and data collection. To co-crystallize HBV core protein with
ciclopirox, concentrated Cp149-Y132A protein (50 mg per mL) was incubated with
5 mM ciclopirox on ice for 30 min in a buffer consisting of 20 mM Tris HCI pH 9.0
and 200 mM NaCl. Crystals of HBV core protein and ciclopirox were grown by the
sitting-drop vapor diffusion method at 22 °C with a reservoir solution containing
100 mM ammonium citrate pH 6.0-7.0, 2-14% (wt per vol) PEG5000MME, 2%
hexylene glycol, and 10% isopropanol. For data collection, the protein crystals were
flash-frozen in liquid nitrogen with 20% glycerol, added as a cryoprotectant. X-ray
diffraction datasets were collected at beamline 7A of the Pohang Accelerator
Laboratory (PAL). The diffraction data were indexed, integrated, and scaled with
the HKL2000 program package (HKL Research Inc.).

Structure determination. The initial phases were calculated by molecular repla-
cement using the program Phaser>’. The previously published structure of the
HBV core protein complexed with NVR-010-001-E2 (PDB code 5E0I) was used as
search probe28. Atomic models were built by iterative modeling and refinement
using the programs COOT?$, REFMAC5°, and PHENIX®. All molecular figures
were prepared with PyMol (www.pymol.org). The crystallographic data and
refinement statistics are summarized in Table 1.

Cell viability. HepG2.2.15 cells and HepG2 cells transfected with the pHBV1.2x
plasmid were seeded on 96-well plates at a density of 2 x 10% cells per well. After
treatment with the indicated compound(s), the medium was removed and the cells
were incubated at 37 °C for 1 h in EZ-CYTOX solution (EZ-5000, DoGenBio). The
absorbance at 450 nm was then measured.

ELISAs. An HBsAg ELISA kit (KA0286, Abnova) was used to quantify HBsAg
protein. Briefly, culture media were incubated in individual wells of the capture
plates for 2 h. After washing, horseradish peroxidase-labeled rabbit anti-HBV
surface antibody was added, followed by incubation for an additional 2 h. The
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substrate solution was added for 15-60 min and absorbance at 450 nm was
measured.

Mouse model. Human liver-chimeric uPA/SCID (PXB) mice were generated by
PhoenixBio Co., Ltd. (Higashi-Hiroshima, Japan)®!. At age 3 weeks, uPA/SCID
mice underwent transplantation of human hepatocytes (105-10° cells per mouse)
via the spleen. At 9 weeks after transplantation, the replacement index in all the
mice exceeded 90%. At age 17 weeks, the mice were transferred to the laboratory
animal research center of CHA University where they received a single intravenous
injection of human HBYV virions (5 x 107 copies per mouse, genotype D). After

6 weeks, persistent HBV infection of the human hepatocytes was established in the
chimeric liver. At 22 weeks of age the mice began daily oral treatment with
ciclopirox (5 mg per kg). TDF (5 mg per kg) was also administered orally every day.
Serum samples were collected from the orbital sinus each week to measure HBsAg
(WB-1296, Wantai Bio-Pharm), HBeAg (WB-2496, Wantai Bio-Pharm), HBV
DNA, ALT (ab234578, Abcam), and human albumin (ab179887, Abcam). The
animals were killed by CO, gassing after 35 days. Liver tissue samples were ana-
lyzed to measure cccDNA, and sectioned for immunohistochemical staining with
anti-HBV core antibodies (OAAI00128, Aviva Systems Biology). Intrahepatic
cccDNA levels were determined in DNA extracted from liver specimens using a
G-spin™ Total DNA extraction kit (17046, Intron) after digestion with T5 nuclease
(10 U per pg for 0.5h). For normalization, numbers of human hepatocytes in the
liver specimens were estimated by measuring human hemoglobin beta (assay ID
Hs00758889_s1, Thermo Fisher Scientific, USA). Animal procedures were per-
formed in accordance with the guidelines of the Committee for Animal Experi-
ments of CHA University. Infection, extraction of serum samples, and sacrifice
were performed under ether anesthesia. All animal protocols were approved by the
Institutional Animal Care and Use Committee of CHA University (IACUC-
180090).

Statistical analysis. The bar-graph data show the means and standard deviations
of one representative of 2-3 independent experiments. Groups were compared
using two-tailed student’s t-test. P values of < 0.05 were considered significant.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

The crystal structure presented in this work has been deposited in the Protein Data Bank
(PDB) with accession code 6]10. A reporting summary for this article is available as a
Supplementary Information file. The source data underlying Fig. 1-7 and Supplementary
Figs. 1, 2, 8, 11-15 are provided as a Source Data file. Other data supporting the ﬁndings
of this manuscript are available from the corresponding authors upon request.

Received: 12 June 2018 Accepted: 25 April 2019
Published online: 16 May 2019

References

1. Liang, T.]. Hepatitis B: the virus and disease. Hepatology 49, S13-S21 (2009).

2. Yan, H. et al. Sodium taurocholate cotransporting polypeptide is a functional
receptor for human hepatitis B and D virus. Elife 1, €00049 (2012).

3. Patient, R. et al. Hepatitis B virus subviral envelope particle morphogenesis
and intracellular trafficking. J. Virol. 81, 3842-3851 (2007).

4. Kobiler, O., Drayman, N., Butin-Israeli, V. & Oppenheim, A. Virus strategies
for passing the nuclear envelope barrier. Nucleus 3, 526-539 (2012).

5. Kim, S. Y. et al. Proteomic analysis of liver tissue from HBx-transgenic mice at
early stages of hepatocarcinogenesis. Proteomics 9, 5056-5066 (2009).

6. Ng, S. A. & Lee, C. Hepatitis B virus X gene and hepatocarcinogenesis. J.
Gastroenterol. 46, 974-990 (2011).

7.  De Clercq, E., Ferir, G., Kaptein, S. & Neyts, J. Antiviral treatment of chronic
hepatitis B virus (HBV) infections. Viruses 2, 1279-1305 (2010).

8. Marcellin, P. et al. Combination of tenofovir disoproxil fumarate and
peginterferon alpha-2a increases loss of hepatitis B surface antigen in patients
with chronic hepatitis B. Gastroenterology 150, 134-144 €110 (2016).

9. Xie, Q. L, Zhu, Y., Wy, L. H,, Fu, L. L. & Xiang, Y. The efficacy and safety of
entecavir and interferon combination therapy for chronic hepatitis b virus
infection: a meta-analysis. PLoS ONE 10, 0132219 (2015).

10. Iwamoto, M. et al. Evaluation and identification of hepatitis B virus entry
inhibitors using HepG2 cells overexpressing a membrane transporter NTCP.
Biochem Biophys. Res. Commun. 443, 808-813 (2014).

11. Guo, J. T. & Guo, H. Metabolism and function of hepatitis B virus cccDNA:
implications for the development of cccDNA-targeting antiviral therapeutics.
Antivir. Res 122, 91-100 (2015).

15.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

Zhou, Z. et al. Heteroaryldihydropyrimidine (HAP) and Sulfamoylbenzamide
(SBA) inhibit hepatitis B virus replication by different molecular mechanisms.
Sci. Rep. 7, 42374 (2017).

Bogomolov, P. et al. Treatment of chronic hepatitis D with the entry inhibitor
myrcludex B: first results of a phase Ib/Ila study. J. Hepatol. 65, 490-498
(2016).

Klumpp K., et al. Efficacy of NVR 3-778, alone and in combination with
pegylated interferon, vs entecavir In uPA/SCID mice with humanized livers
and HBV infection. Gastroenterology. 154, 652-662 (2017).

Delaney WEt et al. Phenylpropenamide derivatives AT-61 and AT-130 inhibit
replication of wild-type and lamivudine-resistant strains of hepatitis B virus
in vitro. Antimicrob. Agents Chemother. 46, 3057-3060 (2002).

Stray, S. J. & Zlotnick, A. BAY 41-4109 has multiple effects on Hepatitis B
virus capsid assembly. J. Mol. Recognit. 19, 542-548 (2006).

Cai, D. et al. Identification of disubstituted sulfonamide compounds as specific
inhibitors of hepatitis B virus covalently closed circular DNA formation.
Antimicrob. Agents Chemother. 56, 4277-4288 (2012).

Gane, E. J. et al. The oral toll-like receptor-7 agonist GS-9620 in patients with
chronic hepatitis B virus infection. J. Hepatol. 63, 320-328 (2015).
Korolowicz, K. E. et al. Antiviral efficacy and host innate immunity associated
with SB 9200 treatment in the woodchuck model of chronic hepatitis B. PLoS
ONE 11, 0161313 (2016).

Gaggar, A. et al. Safety, tolerability and immunogenicity of GS-4774, a
hepatitis B virus-specific therapeutic vaccine, in healthy subjects: a
randomized study. Vaccine 32, 4925-4931 (2014).

Manzoor, S., Saalim, M., Imran, M., Resham, S. & Ashraf, J. Hepatitis B virus
therapy: what’s the future holding for us? World J. Gastroenterol. 21,
12558-12575 (2015).

Bourne, C. R, Finn, M. G. & Zlotnick, A. Global structural changes in
hepatitis B virus capsids induced by the assembly effector HAP1. J. Virol. 80,
11055-11061 (2006).

Cohen, B. J. & Richmond, J. E. Electron microscopy of hepatitis B core antigen
synthesized in E. coli. Nature 296, 677-679 (1982).

Crowther, R. A. et al. Three-dimensional structure of hepatitis B virus core
particles determined by electron cryomicroscopy. Cell 77, 943-950 (1994).
Wrynne, S. A., Crowther, R. A. & Leslie, A. G. The crystal structure of the
human hepatitis B virus capsid. Mol. Cell 3, 771-780 (1999).

Alexander, C. G. et al. Thermodynamic origins of protein folding, allostery,
and capsid formation in the human hepatitis B virus core protein. Proc. Natl
Acad. Sci. USA 110, E2782-E2791 (2013).

Bourne, C. R, Katen, S. P, Fulz, M. R,, Packianathan, C. & Zlotnick, A. A
mutant hepatitis B virus core protein mimics inhibitors of icosahedral capsid
self-assembly. Biochemistry 48, 1736-1742 (2009).

Klumpp, K. et al. High-resolution crystal structure of a hepatitis B virus
replication inhibitor bound to the viral core protein. Proc. Natl Acad. Sci. USA
112, 15196-15201 (2015).

Packianathan, C., Katen, S. P., Dann, C. E. 3rd & Zlotnick, A. Conformational
changes in the hepatitis B virus core protein are consistent with a role for
allostery in virus assembly. J. Virol. 84, 1607-1615 (2010).

Qiu, Z. et al. Design and synthesis of orally bioavailable 4-methyl
heteroaryldihydropyrimidine based Hepatitis B Virus (HBV) capsid
inhibitors. J. Med. Chem. 59, 7651-7666 (2016).

Koschel, M., Oed, D., Gerelsaikhan, T., Thomssen, R. & Bruss, V. Hepatitis B
virus core gene mutations which block nucleocapsid envelopment. J. Virol. 74,
1-7 (2000).

Jia, B. et al. Hepatitis B virus core protein sensitizes hepatocytes to tumor
necrosis factor-induced apoptosis by suppression of the phosphorylation of
mitogen-activated protein kinase kinase 7. J. Virol. 89, 2041-2051 (2015).
Qiu, Z. et al. Discovery and pre-clinical characterization of third-generation 4-
H Heteroaryldihydropyrimidine (HAP) analogues as Hepatitis B Virus (HBV)
capsid inhibitors. J. Med Chem. 60, 3352-3371 (2017).

Deres, K. et al. Inhibition of hepatitis B virus replication by drug-induced
depletion of nucleocapsids. Science 299, 893-896 (2003).

Katen, S. P, Tan, Z., Chirapu, S. R,, Finn, M. G. & Zlotnick, A. Assembly-
directed antivirals differentially bind quasiequivalent pockets to modify
hepatitis B virus capsid tertiary and quaternary structure. Structure 21,
1406-1416 (2013).

Zhou, H. et al. The antitumor activity of the fungicide ciclopirox. Int J. Cancer
127, 2467-2477 (2010).

Sells, M. A., Chen, M. L. & Acs, G. Production of hepatitis B virus particles in
Hep G2 cells transfected with cloned hepatitis B virus DNA. Proc. Natl Acad.
Sci. USA 84, 1005-1009 (1987).

Wu, G. et al. Preclinical characterization of GLS4, an inhibitor of hepatitis B
virus core particle assembly. Antimicrob. Agents Chemother. 57, 5344-5354
(2013).

Niewerth, M. et al. Ciclopirox olamine treatment affects the expression pattern
of Candida albicans genes encoding virulence factors, iron metabolism

| (2019)10:2184 | https://doi.org/10.1038/s41467-019-10200-5 | www.nature.com/naturecommunications 13


https://www.rcsb.org/structure/6J10
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

proteins, and drug resistance factors. Antimicrob. Agents Chemother. 47,
1805-1817 (2003).

Sun, Y., Qi, Y., Peng, B. & Li, W. NTCP-reconstituted in vitro HBV infection
system. Methods Mol. Biol. 1540, 1-14 (2017).

Dimou, E., Papadimitropoulos, V. & Hadziyannis, S. J. The role of entecavir in
the treatment of chronic hepatitis B. Ther. Clin. Risk Manag 3, 1077-1086
(2007).

Kim, Y. J. et al. Tenofovir rescue therapy for chronic hepatitis B patients after
multiple treatment failures. World J. Gastroenterol. 18, 6996-7002 (2012).
Yang, P. L., Althage, A., Chung, J. & Chisari, F. V. Hydrodynamic injection of
viral DNA: a mouse model of acute hepatitis B virus infection. Proc. Natl
Acad. Sci. USA 99, 13825-13830 (2002).

Ampuero, J., Reddy, K. R. & Romero-Gomez, M. Hepatitis C virus genotype 3:
meta-analysis on sustained virologic response rates with currently available
treatment options. World J. Gastroenterol. 22, 5285-5292 (2016).

Kapoor, R. & Kottilil, S. Strategies to eliminate HBV infection. Future Virol. 9,
565-585 (2014).

Blank, A. et al. The NTCP-inhibitor myrcludex B: effects on bile acid
disposition and tenofovir pharmacokinetics. Clin. Pharm. Ther. 103, 341-348
(2018).

Eberhard, Y. et al. Chelation of intracellular iron with the antifungal agent
ciclopirox olamine induces cell death in leukemia and myeloma cells. Blood
114, 3064-3073 (2009).

Kim, Y. et al. Targeting the Wnt/beta-catenin pathway with the antifungal
agent ciclopirox olamine in a murine myeloma model. In Vivo 25, 887-893
(2011).

Zhou, H. et al. Ciclopirox olamine inhibits mTORCI signaling by activation of
AMPK. Biochem. Pharmacol. 116, 39-50 (2016).

Yang, J. et al. Targeting histone demethylases in MYC-driven neuroblastomas
with ciclopirox. Cancer Res. 77, 4626-4638 (2017).

Caceres, C. J. et al. Targeting deoxyhypusine hydroxylase activity impairs cap-
independent translation initiation driven by the 5'untranslated region of the
HIV-1, HTLV-1, and MMTV mRNAs. Antivir. Res. 134, 192-206 (2016).
Minden, M. D. et al. Oral ciclopirox olamine displays biological activity in a
phase I study in patients with advanced hematologic malignancies. Am. J.
Hematol. 89, 363-368 (2014).

Nair, A. B. & Jacob, S. A simple practice guide for dose conversion between
animals and human. J. Basic Clin. Pharm. 7, 27-31 (2016).

Hirt, B. Selective extraction of polyoma DNA from infected mouse cell
cultures. J. Mol. Biol. 26, 365-369 (1967).

Tong, S. & Revill, P. Overview of hepatitis B viral replication and genetic
variability. J. Hepatol. 64, $4-S16 (2016).

Choi, Y., Gyoo Park, S., Yoo, J. H. & Jung, G. Calcium ions affect the hepatitis
B virus core assembly. Virology 332, 454-463 (2005).

McCoy, A. J. et al. Phaser crystallographic software. J. Appl. Crystallogr. 40,
658-674 (2007).

Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics.
Acta. Crystallogr. D. Biol. Crystallogr. 60, 2126-2132 (2004).

Murshudov, G. N., Vagin, A. A. & Dodson, E. J. Refinement of
macromolecular structures by the maximum-likelihood method. Acta.
Crystallogr. D. Biol. Crystallogr. 53, 240-255 (1997).

Adams, P. D et al. PHENIX: a comprehensive Python-based system for
macromolecular structure solution Acta. Crystallogr. D. Bio.l Crystallogr
213-221 (2010).

Tsuge, M. et al. Infection of human hepatocyte chimeric mouse with
genetically engineered hepatitis B virus. Hepatology 42, 1046-1054 (2005).

62. Heinig, M. & Frishman, D. STRIDE: a web server for secondary structure
assignment from known atomic coordinates of proteins. Nucleic Acids Res. 32,
W500-W502 (2004).

Acknowledgements

We thank the beamline 7A staff at Pohang Accelerator Laboratory (PAL) for help with
data collection. We also thank Dr. Julian D. Gross for critical reading of the manuscript.
This work was supported by a grant of the Korea Health Technology R&D Project
through the Korea Health Industry Development Institute (KHIDI), funded by the
Ministry of Health & Welfare, Republic of Korea (grant number: HI16C1074) and by the
Basic Science Research Program through the National Research Foundation of Korea
(NRF) funded by the Ministry of Education (grant numbers: NRF-
2018R1A6A3A01013029, NRF-2016R1A5A1007318, NRF-2017R1E1A1A01074299 and
NRF-2017M3A9F6029753).

Author contributions

S-G.P. conceived the study; J-A.K,, SK, Y-CK,, YJK, Y.C, M.SJ,, and S-G.P. designed
the research; J-A.K,, SK., M.P,, H-].P,, J-HK, J-RH,, S.P,, and S-G.P. performed the
research; S.K. and M.S.J. contributed the structure analysis; J-A.K., S.K, M.P., H-].P.,, J-H.
K., S.P, JRH,, and S.G.P. analyzed the data; and J-A.K,, SK, Y.C, M.SJ.,, and S.G.P.
wrote the paper.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-10200-5.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information: Nature Communications thanks Balasubramanian
Venkatakrishnan and other anonymous reviewer(s) for their contribution to the peer
review of this work.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

B Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

| (2019)10:2184 | https://doi.org/10.1038/s41467-019-10200-5 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-019-10200-5
https://doi.org/10.1038/s41467-019-10200-5
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Ciclopirox inhibits Hepatitis B Virus secretion by blocking capsid assembly
	Results
	Effect of FDA-approved compounds on HBV replication
	Ciclopirox inhibits in�vitro and intracellular HBV capsid assembly
	Overall structure of HBV core protein complexed with ciclopirox
	Characterization of ciclopirox binding sites on HBV core protein
	Ciclopirox inhibits HBV replication
	Ciclopirox inhibits HBV replication in in�vitro infection models
	Effects of treatments combining ciclopirox with TDF or ETV
	Antiviral effect of ciclopirox in a mouse model of HBV infection

	Discussion
	Methods
	Cell lines
	Quantitative PCR to measure intracellular HBV DNA and cccDNA
	Southern blot analysis for detecting HBV DNA
	Infection of HepG2-NTCP and Huh-7-NTCP cells with HBV
	Quantitative RT-PCR for measuring HBV transcription
	Analysis of intracellular HBV capsid assembly
	Expression and purification of HBV core protein
	Immunoblot analysis of HBV capsid assembly in�vitro
	Sucrose density gradient analysis of HBV capsid assembly in�vitro
	Electron microscopy of HBV capsid assembly in�vitro
	Crystallization and data collection
	Structure determination
	Cell viability
	ELISAs
	Mouse model
	Statistical analysis
	Reporting summary

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




