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ABSTRACT

Anti-hepatitis B virus (HBV) drugs are currently limited to nucleos(t)ide analogs (NAs) and interferons. A challenge of drug de-
velopment is the identification of small molecules that suppress HBV infection from new chemical sources. Here, from a fungus-
derived secondary metabolite library, we identify a structurally novel tricyclic polyketide, named vanitaracin A, which specifi-
cally inhibits HBV infection. Vanitaracin A inhibited the viral entry process with a submicromolar 50% inhibitory concentration
(ICsp) (IC50 = 0.61 = 0.23 uM), without evident cytotoxicity (50% cytotoxic concentration of >256 wM; selectivity index value
of >419) in primary human hepatocytes. Vanitaracin A did not affect the HBV replication process. This compound was found to
directly interact with the HBV entry receptor sodium taurocholate cotransporting polypeptide (NTCP) and impaired its bile acid
transport activity. Consistent with this NTCP targeting, antiviral activity of vanitaracin A was observed with hepatitis D virus
(HDV) but not hepatitis C virus. Importantly, vanitaracin A inhibited infection by all HBV genotypes tested (genotypes A to D)
and clinically relevant NA-resistant HBV isolate. Thus, we identified a fungal metabolite, vanitaracin A, which was a potent,
well-tolerated, and broadly active inhibitor of HBV and HDV entry. This compound, or its related analogs, could be part of an
antiviral strategy for preventing reinfection with HBV, including clinically relevant nucleos(t)ide analog-resistant virus.

IMPORTANCE

For achieving better treatment and prevention of hepatitis B virus (HBV) infection, anti-HBV agents targeting a new molecule
are in great demand. Although sodium taurocholate cotransporting polypeptide (NTCP) has recently been reported to be an es-
sential host factor for HBV entry, there is a limited number of reports that identify new compounds targeting NTCP and inhibit-
ing HBV entry. Here, from an uncharacterized chemical library, we isolated a structurally new compound, named vanitaracin A,
which inhibited the process of entry of HBV and hepatitis D virus (HDV). This compound was suggested to directly interact with
NTCP and inhibit its transporter activity. Importantly, vanitaracin A inhibited the entry of all HBV genotypes examined and of a
clinically relevant nucleos(t)ide analog-resistant HBV isolate.

hronic hepatitis B virus (HBV) infection, constituting a public

health problem, with an estimated 240 million carriers world-
wide (1), elevates the risk of development of liver cirrhosis and
hepatocellular carcinoma (2). Antiviral agents against HBV in-
clude nucleos(t)ide analogs (NAs) and interferons (IFNs), which
can achieve significant reductions in HBV loads (3). Although
IFN-a and its pegylated form (peg-IFN-a) modulate host im-
mune responses to HBV infection or directly inhibit HBV repli-
cation in hepatocytes, these regimens show low tolerability be-
cause of serious adverse effects (3, 4). NAs, including lamivudine
(LMV), adefovir, entecavir (ETV), tenofovir, and telbivudine, in-
hibit reverse transcription to suppress HBV replication, but long-
term treatment with some of these NAs often results in selection
for a significant number of drug-resistant viruses, which decreases
treatment efficacy; i.e., the introduction of two substitutions,
L180M and M204V, in the polymerase region leads to resistance to
LMYV, and an additional mutation of either T184, S202, or M250
with the L180M/M204V mutations confers further ETV resistance
(5). More notably, it is difficult for the above-mentioned anti-
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HBYV drugs to completely eliminate HBV from infected cells. Fu-
ture antiviral strategies include multidrug treatment with an ex-
isting drug and a new anti-HBV agent. Consequently, there is a
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high demand for development of alternative drugs that specifically
inhibit HBV infection via a different mode of action (2).

Sodium taurocholate cotransporting polypeptide (NTCP), a
hepatic membrane transporter for bile acid uptake (6-8), was re-
cently reported to be an HBV entry receptor (9). The pre-S1 re-
gion of the HBV large surface protein (LHBs) interacts with
NTCP, which is known to be essential for HBV infection, in me-
diating the viral entry process (9, 10). This finding disclosed one of
the most essential requirements for host cells to support HBV
infection, and the HBV entry step has thus emerged as an attrac-
tive target for the development of HBV-specific inhibitors. An
advantage of targeting this step is that interference with viral entry
can efficiently block virus replication before the formation of co-
valently closed circular DNA (cccDNA), which is a persistent viral
reservoir that is generally difficult to eliminate via NA treatment
(11-13). Previously, we established a highly HBV-susceptible cell
line, HepG2-hNTCP-C4, which overexpresses the human NTCP
gene, and proved that it is useful for drug screening (14). In the
present study, we took advantage of this cell line and identified a
new anti-HBV compound.

Natural products, possessing a wide range of structural and
bioactive diversity with drug-like structures, have served as a rich
source of drugs for treatment of a variety of diseases (15, 16): 34%
of drugs approved in the last 30 years consist of compounds from
natural sources or optimized from natural products, and 47% of
anti-infectives are derived from natural products (16). Here, we
used our in-house chemical library derived from fungal strains,
which comprises 214 compounds. We identified a new tricyclic
polyketide, named “viral and NTCP inhibitor from Talaromyces-
acin A” (vanitaracin A), which strongly inhibited infection by
HBV and hepatitis D virus (HDV). Vanitaracin A interacted with
NTCP and inhibited its bile acid uptake activity. Importantly, van-
itaracin A showed pangenotypic anti-HBV activity and inhibited
infection by a clinically relevant ETV-resistant HBV in primary
human hepatocyte cultures. These findings indicate that vanitara-
cin A or its related compounds represent strong candidates for
leading a new class of anti-HBV agents.

MATERIALS AND METHODS

Cell culture. HepG2-hNTCP-C4 cells, Hep38.7-Tet cells, Huh-7.5.1 cells
(kindly provided by Francis Chisari at The Scripps Research Institute),
and primary human hepatocytes (PhoenixBio Co., Ltd.) were cultured as
described previously (14, 17, 18).

HBV preparation and infection. HBV used in this study was derived
mainly from Hep38.7-Tet cells (genotype D), prepared as described
previously (17). For the experiments in Fig. 7B, HBV (genotype A, C, or C
carrying the L180M/S202G/M204V mutations) was prepared from
HepG2 cells transfected with the corresponding expression plasmid, as
described previously (19). For the experiments in Fig. 7A, HBV derived
from serum of an infected patient was used (genotypes A, B, and C). HBV
was infected at 12,000 genome equivalents (GEq)/cell (see Fig. 1C to H
and 4A), 1,000 GEq/cell (see Fig. 2 and 7B), 100 GEq/cell (see Fig. 7A), and
2,700 and 900 GEq/cell (see Fig. 1I) in the presence of 4% polyethylene
glycol 8000 (PEG 8000) (except for Fig. 2E) for 16 h, as described previ-
ously (20).

Natural-product library. Natural products were extracted from cul-
ture broths of fungal strains isolated from seaweeds, mosses, and other
plants, as described previously (21, 22), and an in-house natural-product
library consisting of 214 isolated compounds was prepared.

Real-time PCR. Real-time PCR for quantification of HBV cccDNA
was performed by using 5'-CGTCTGTGCCTTCTTCTCATCTGC-3' and
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5'-GCACAGCTTGGACGCTTGAA-3" asa primer set and 5'-CTGTAGG
CATAAATTGGT-MGB-3’ as a probe (14).

Detection of HBs and HBe antigens. HBe antigen was detected by a
chemiluminescence immunoassay (CLIA) (LSI Medience). The level of
HBs was quantified by an enzyme-linked immunosorbent assay (ELISA),
essentially as described previously (20), or by a CLIA (LSI Medience).

Indirect-immunofluorescence analysis. Inmunofluorescence analy-
sis was conducted by using an anti-HBc antibody (catalog number B0586;
Dako) at a dilution of 1:1000, essentially as described previously (20).

MTT assay. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-
lium bromide (MTT) cell viability assays were performed with XTT cell
proliferation kit IT (Roche), as described previously (17).

HBV replication assay. After 3 days in a postseeding culture with
tetracycline, Hep38.7-Tet cells were treated with compounds without tet-
racycline for 9 days. Nucleocapsid-associated HBV DNAs in the cells were
recovered and quantified by real-time PCR, as described previously (20).

Southern blot analysis. Isolation of nucleocapsid-associated DNA
and Southern blot analysis to detect HBV DNAs were performed as pre-
viously described (20).

HBYV attachment assay. HepG2-hNTCP-C4 and HepG2 cells pre-
treated with compounds at 4°C for 2 h were exposed to HBV at 6,000
GEg/cell in the presence of the compound at 4°C for 30 min. After wash-
ing out free HBV, HBV DNA on the cell surface was recovered with a
QIAamp minikit (Qiagen) and quantified by real-time PCR. To show
NTCP-dependent hepatic attachment, amounts of HBV DNA on the sur-
face of HepG2-hNTCP-C4 cells, subtracted by that on the surface of
HepG2 cells, are shown.

Pre-S1 binding assay. To examine binding between a pre-S1 peptide
and host cells, we treated HepG2-hNTCP-C4 cells with 40 nM 6-car-
boxytetramethylrhodamine (TAMRA)-labeled pre-S1 peptide (pre-S1—
TAMRA) for 30 min and then washed out free peptide, fixed the cells with
paraformaldehyde, and finally stained the samples with 4’,6-diamidino-
2-phenylindole (DAPI), as described previously (19).

Pretreatment of HBV particles or host cells with compounds. To
evaluate the effect of compounds on HBV, virions were pretreated with or
without compounds for 30 min at 37°C before the compounds were re-
moved by two rounds of ultrafiltration (AmiconUltra; Millipore). Theo-
retically, the ultrafiltration process leads to a 1/900 dilution of the com-
pounds. The ultrafiltration step itself slightly reduced (to ~70%) the
infectivity of HBV, but the infectivity value was high enough to be used to
evaluate the pretreatment effect on HBV.

To examine the effect of the compound on host cells, HepG2-
hNTCP-C4 cells were pretreated with compounds for 2 h at 37°C and then
washed out three times. These compound-pretreated cells were subjected
to a pre-S1 binding assay.

Synthesis of recombinant NTCP protein. The synthesized DNA frag-
ment (operon) encoding the NTCP gene with the tobacco etch virus
(TEV) protease site and a C-terminal His tag was digested with Ndel and
Xhol and ligated into multicloning-site-modified plasmid pIVEX2.3d
(5'Prime) for cell-free protein synthesis. Cell-free protein synthesis was
performed by using 1 ml RTS500 Escherichia coli HY (5'Prime) with 10 pg
plasmid and a 0.4% final concentration of digitonin for solubilization of
expressed NTCP. After incubation at 37°C for 16 h, the reaction solution
was collected and centrifuged at 21,500 X g at 4°C for 10 min. The super-
natant and 5 ml wash buffer (50 mM Tris-HCI [pH 8.0], 0.5 M NaCl, 0.1%
n-dodecyl-B-p-maltopyranoside (DDM), 15% glycerol, 20 mM imida-
zole) were mixed and agitated at 4°C with 2 ml Ni-nitrilotriacetic acid
(NTA) for 1 h. Ni-NTA was washed with 50 ml wash buffer, and protein
was eluted with a solution containing 50 mM Tris-Cl (pH 8.0), 0.5 M
NaCl, 0.5 M imidazole, and 0.05% DDM. The fractions containing NTCP
were pooled and dialyzed against a solution containing 50 mM Tris (pH
8.0), 0.5 M NaCl, and 0.1% DDM.

Surface plasmon resonance. Surface plasmon resonance was per-
formed with Biacore 3000 (Biacore, Herts, UK). Vanitaracin A (6.25 to
100 M) as analyte was injected across the recombinant NTCP and BSA
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immobilized on a CM5 chip in HEPES (N-2-hydroxyethylpiperazine-
NN-2-ethanesulfonic acid) saline (pH 7.4) supplemented with 150 mM
NaCl. An analyte-free buffer was incubated for 120 s. The data were ana-
lyzed by BIA evaluation (GE Healthcare).

NTCP transporter assay. HepG2-hNTCP-C4 cells pretreated with
compounds for 30 min were incubated with [*H]taurocholic acid (TCA)
in the presence of compounds at 37°C for 15 min to allow substrate uptake
into the cells. After removal of free [*H]taurocholic acid, cells were lysed
to measure intracellular radioactivity (17).

HCV infection assay. Hepatitis C virus (HCV) envelope-mediated
viral entry was evaluated with the HCV pseudoparticle (HCV ) system,
which was kindly provided by Francois-Loic Cosset at the Universite de
Lyon (23). Huh-7.5.1 cells preincubated with compounds for 1 h were
inoculated with HCV , in the presence of compounds for 4 h. After wash-
ing out virus and compounds, cells were incubated for an additional 72 h
and lysed to measure luciferase activity (22, 23).

HDV infection assay. HDV was recovered from culture supernatants
of Huh-7 cells transfected with pSVLD3 (kindly provided by John Taylor
at the Fox Chase Cancer Center) and pT7HB2.7 (24, 25). HepG2-
hNTCP-C4 cells were incubated with HDV at 15 GEq/cell in 5% PEG 8000
for 16 h, followed by washing out free virus and culturing of the cells for
six additional days, according to a protocol described previously (26).
Intracellular HDV RNA was quantified by real-time reverse transcription-
PCR (RT-PCR) using 5'-GGACCCCTTCAGCGAACA-3" and 5'-CCTA
GCATCTCCTCCTATCGCTAT-3" as a primer set and 5'-AGGCGCTTC
GAGCGGTAGGAGTAAGA-3" as a probe (26).

Statistics. We basically repeated the experiments, except for those
using primary human hepatocytes, three times, and the means of data
from three independent experiments as well as standard deviations (SDs)
are shown. Statistical significance was determined by using Student’s ¢
test.

RESULTS

Vanitaracin A inhibits HBV infection. We screened for natural
products that inhibited HBV infection using HepG2-hNTCP-C4
cells, an HBV-susceptible cell line expressing the human NTCP
gene in HepG2 cells (14). In this study, we screened an in-house
natural-product library that comprises 214 fungus-derived sec-
ond metabolites (21,22). As shown in Fig. 1A, HepG2-hNTCP-C4
cells were pretreated with individual compounds for 5 h and then
inoculated with HBV in the presence of compounds for 16 h. After
washing out free HBV and compounds, cells were cultured for an
additional 12 days in the absence of compounds. HBV infection
and cell viability were evaluated by measuring HBs antigen in the
culture supernatant and MTT activity in cells, respectively. In this
screening, one compound that has not been chemically reported
previously (Fig. 1B) demonstrated the strongest anti-HBV activ-
ity; we named this novel compound vanitaracin A (“viral and
NTCP inhibitor from Talaromyces-acin A”) based on subsequent
observations.

Treatment with vanitaracin A, as shown in Fig. 1A, dramati-
cally decreased the levels of HBe as well as HBs antigens in the
culture supernatant after HBV infection, without significant cyto-
toxicity, as is the case with a known HBV entry inhibitor, pre-S1
peptide (9, 27) (Fig. 1C to E). Additionally, cccDNA (Fig. 1F) and
HBc protein (Fig. 1G and H) levels in cells were consistently de-
creased upon vanitaracin A treatment. A similar anti-HBV effect
was observed with inoculation of a smaller amount of HBV in the
infection experiment (Fig. 1I). These data showed that vanitaracin
A inhibited HBV infection in HepG2-hNTCP-C4 cells.

Anti-HBYV effect of vanitaracin A in primary human hepato-
cytes. To examine the effect of vanitaracin A under more physio-
logically relevant conditions, we used primary human hepatocytes
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to evaluate HBV infection. Treatment with vanitaracin A de-
creased HBc and cccDNA levels in cultures of primary human
hepatocytes inoculated with HBV (Fig. 2A and B). Vanitaracin A
showed a dose-dependent reduction in the level of secreted
HBsAg (Fig. 2C); the 50% inhibitory concentration (ICs,) was
calculated to be 0.61 = 0.23 wM. This compound was not cyto-
toxic to primary human hepatocyte cultures, with a 50% cytotoxic
concentration (CCs,) of >256 wM (Fig. 2D). The selectivity index
(CCs/1Cs, ratio) of vanitaracin A was calculated to be >419. In
the above-described experiments (Fig. 1 and 2A to D), HBV was
incubated with cells in the presence of PEG 8000 to facilitate in-
fection efficiency. As shown in Fig. 2E, the anti-HBV effect of
vanitaracin A was also seen when the infection assay was con-
ducted in the absence of PEG 8000, under more physiologically
relevant conditions (Fig. 2E).

Vanitaracin A blocks processes required for viral attachment
to host cells. We investigated which step in the HBV life cycle was
blocked by vanitaracin A. The HBV life cycle comprises multiple
steps, including the early phase (attachment/entry, trafficking to
the nucleus, and cccDNA formation) and the late replication
phase (transcription, encapsidation, reverse transcription, envel-
opment, and release) (17). We examined the effect of vanitaracin
A on the HBV replication process using Hep38.7-Tet cells, which
support HBV replication under depletion of tetracycline but not
viral entry (17). HBV replication was induced by the depletion of
tetracycline in the presence or absence of compounds for 9 days,
and nucleocapsid-associated HBV DNA was detected by Southern
blotting. Entecavir, a nucleoside analog used as a positive control,
drastically decreased the HBV DNA level, while vanitaracin A had
little effect (Fig. 3A). Next, we assessed HBV attachment to the
host cell surface by incubating HepG2-hNTCP-C4 cells with HBV
at4°C, which allows viral attachment but not internalization. Cells
preincubated with the compounds were exposed to HBV in the
presence or absence of compounds for 30 min at 4°C, and free
virus was washed out to detect HBV DNA attached to the cell
surface. Vanitaracin A significantly reduced HBV attachment to
the cell surface (Fig. 3B). It is known that the pre-S1 region of the
LHBs envelope protein is critically involved in the HBV entry
process through binding to an entry receptor, NTCP (9, 27-29).
Therefore, we next used a fluorescence-labeled pre-S1 peptide as a
probe to assess the effect of compounds on the attachment of
pre-S1 to target cells. Treatment with vanitaracin A or nonlabeled
pre-S1 peptide dramatically blocked the attachment of fluores-
cence-labeled pre-S1 to cells (Fig. 3C). Taken together, these find-
ings indicated that vanitaracin A at least blocked the pre-S1-me-
diated attachment of HBV to host cells, although it may also affect
another step(s) in the HBV life cycle.

Vanitaracin A targets host cells and blocks HBV attachment.
We next examined whether vanitaracin A targeted HBV particles
or host cells. First, we measured the infectivity of compound-
pretreated HBV particles using HepG2-hNTCP-C4 cells. HBV
particles were pretreated with or without the compounds for 30
min at 37°C before they were removed by ultrafiltration. As shown
in Fig. 4A, infectivity of HBV was significantly reduced upon pre-
treatment of the HBV inoculum with heparin, which targets HBV
particles (30, 31) and was used as a positive control, but not with
vanitaracin A (Fig. 4A). We next examined the susceptibility
of compound-pretreated host cells to pre-S1 binding. HepG2-
hNTCP-C4 cells were pretreated with compounds for 2 h and then
washed out extensively to eliminate the compounds. These com-
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FIG 1 Vanitaracin A inhibits HBV infection. (A) Schematic representation of the schedule for chemical screening for HepG2-hNTCP-C4-based HBV infection.
HepG2-hNTCP-C4 cells were pretreated with individual compounds for 5 h and then inoculated with HBV in the presence of the compounds for 16 h. After
washing out free HBV and compounds, cells were cultured with medium in the absence of compounds for an additional 12 days, and HBV infection was evaluated
by measuring HBs antigen levels in the culture supernatant. Black and white bars show periods of treatment and nontreatment, respectively. (B) Chemical
structure of vanitaracin A. (C to H) HepG2-hNTCP-C4 cells were treated with or without 100 nM pre-S1 peptide or 45 wM vanitaracin A according to the
protocol described above for panel A, and HBs (D) and HBe (E) antigens in the culture supernatant and cccDNA (F) and HBc protein (G and H) in cells were
detected by CLIA, real-time PCR, and immunofluorescence analyses. Cell viability was also measured by an MTT assay (C). HBc-positive cells were counted and
are shown as relative numbers of HBV-positive cells in panel H. OD 5, optical density at 450 nm; S/CO, signal to cut off. (I) HBV infection assays were performed
with HBV at 2,700 and 900 GEq/cell inoculum, by monitoring the HBs antigen level. The data show the means of data from three independent experiments. SDs
are also shown as error bars. Statistical significance was determined by using Student’s ¢ test (¥, P < 0.05; **, P < 0.01).

pound-pretreated cells were then used for a pre-S1 binding assay
in the absence of compounds. As shown in Fig. 4B, the attachment
of the fluorescence-labeled pre-S1 peptide was reduced in cells
pretreated with either vanitaracin A or a nonlabeled pre-S1 pep-
tide, a host-targeting HBV entry inhibitor, as a positive control
(Fig. 4B). From this analysis, it was concluded that vanitaracin A
targeted host cells, not HBV particles, to inhibit HBV attachment.

Vanitaracin A interacts with NTCP. Thus, vanitaracin A in-
hibited pre-Sl-cell binding by targeting host cells, which
prompted us to investigate the interaction between NTCP and
vanitaracin A. We immobilized recombinant His-tagged NTCP or

ner, and these signals were dissociated following the removal of
vanitaracin A at 120 s (Fig. 5A, left). These vanitaracin A-depen-
dent signals were not evident with the BSA-immobilized chip (Fig.
5A, right). Some of the drugs known to bind NTCP, including
pre-S1 peptide, cyclosporine, irbesartan, ezetimibe, and ritonavir,
reportedly inhibit the transporter activity of NTCP as well as block
viral entry (32-37). We then determined whether vanitaracin A
could affect NTCP-dependent bile acid uptake. The uptake of bile
acids by HepG2-hNTCP-C4 cells was measured by incubating
these cells with [*H]taurocholic acid in either a sodium-free or a
sodium-containing buffer in the presence or absence of com-

bovine serum albumin (BSA), as a negative control, on sensor
chips to detect interactions with vanitaracin A by surface plasmon
resonance. As shown in Fig. 5A, injection of vanitaracin A across
recombinant NTCP produced signals in a dose-dependent man-

11948 jvi.asm.org Journal of

pounds. As shown in Fig. 5B, bile acid uptake was remarkably
observed in sodium-containing buffer, which indicated NTCP
transporter activity (Fig. 5B, lane 2). As previously reported,
pre-S1 peptide greatly decreased NTCP transporter activity
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FIG 2 Anti-HBV effect of vanitaracin A on primary human hepatocytes. Pri-
mary human hepatocytes were treated with or without vanitaracin A (16 pM
[A, B, and EJ]; 0.25, 1, 4, and 16 uM [C]; and 4, 16, 64, and 256 uM [D]) or
pre-S1 peptide as a positive control (A, D, and E), as shown in Fig. 1A. (A to C)
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levels in cells and HBs antigen levels in the culture supernatant (C). (D) Cell
viability was also quantified by an MTT assay. (E) HBV infection was per-
formed in the absence of PEG 8000.

(Fig. 5B, lane 4). Treatment with vanitaracin A also reduced the
sodium-dependent uptake of taurocholic acid in a dose-depen-
dent manner (Fig. 5B, lanes 6, 8, 10, and 12). Thus, our study
clearly revealed that vanitaracin A targeted NTCP, a receptor for
HBYV entry.

Vanitaracin A inhibits infection by HDV but not by HCV.
We further examined the effect of vanitaracin A on other hepatitis
viruses, HCV and HDV. HDV entry into host cells depends on
NTCP, but HCV entry does not (9, 11, 38). HCV entry, evaluated
by using the HCV pseudoparticle (HCV,,,) system (22, 23), was
drastically reduced by treatment with a known HCV entry inhib-
itor, bafilomycin A (39), but vanitaracin A had no effect (Fig. 6A).
In contrast, HDV infection of HepG2-hNTCP-C4 cells was dras-
tically reduced in the presence of vanitaracin A in a dose-depen-
dent manner (Fig. 6B), which was consistent with the usage of
NTCP for HDV entry. Vanitaracin A also inhibited HDV infection
in the absence of PEG 8000, which is frequently used to enhance
the infectivity of HBV/HDV (Fig. 6C).

Pangenotypic and robust anti-HBYV effect on entecavir-resis-
tant HBV. All of the above-described results were obtained by
using an HBV genotype D strain that was prepared from cell cul-
tures. To further examine the relevance of the effect of vanitaracin
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FIG 3 Vanitaracin A blocks HBV attachment to host cells. (A) HBV replica-
tion was induced in Hep38.7-Tet cells by depletion of tetracycline in the pres-
ence or absence of the indicated compounds (45 M vanitaracin A or 100 nM
entecavir as a positive control) for 9 days. Nucleocapsid-associated HBV DNA
was detected by Southern blot analysis. rc DNA, relaxed circular DNA; ss DNA,
single-stranded DNA. (B) HepG2-hNTCP-C4 and HepG2 cells were pre-
treated with or without the indicated compounds (100 nM pre-S1 peptide or
45 uM vanitaracin A) at 4°C for 2 h and then exposed to HBV at 4°C for 30 min
in the presence or absence of compounds to allow HBV attachment to cells.
After washing out free HBV, cell surface HBV DNA was extracted and quan-
tified by real-time PCR. The data show the levels of HBV DNA in HepG2-
hNTCP-C4 cells, which were subtracted by the level of HBV DNA in HepG2
cells, as a background level. (C) HepG2-hNTCP-C4 cells pretreated with or
without the indicated compounds (1 wM pre-S1 peptide and 45 M vanitara-
cin A) were exposed to 40 nM TAMRA-conjugated pre-S1 peptide (pre-S1-
TAMRA) at 37°C for 30 min. Pre-SI-TAMRA attached to the cells was visu-
alized as described in Materials and Methods.

A, we used blood-borne HBVs of different genotypes. As shown in
Fig. 7A, the anti-HBV activity of vanitaracin A was conserved for
all HBV genotypes examined (genotypes A, B, and C), which were
derived from HBV-infected patients (Fig. 7A). Importantly, van-
itaracin A was also found to be effective against infection by a clin-
ically relevant entecavir-resistant HBV strain [C(L180M/S202G/
M204V)] to a similar extent as the corresponding wild-type genotype C
strain (Fig. 7B).

Thus, in this study, we identified a novel anti-HBV polyketide,
vanitaracin A, and revealed its mode of action, which involves
NTCP.

DISCUSSION

In this study, we identified a newly isolated tricyclic polyketide,
named vanitaracin A, with strong activity in inhibiting HBV in-
fection. The isolation of this compound from fungal metabolites
and its chemical identification have been reported (40). A number
of small molecules derived from natural sources have been re-
ported to be inhibitors of vial infections, including those of hu-
man immunodeficiency virus, HCV, herpesviruses, and influenza
virus (41-45). However, the poor understanding of the mode of
action in most of these cases has hampered the development of
antiviral drugs based on these findings, suggesting that mechanis-
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FIG 4 Vanitaracin A targets host cells to inhibit HBV attachment. (A) HBV
particles were pretreated with or without the indicated compounds (50 U/ml
heparin and 45 uM vanitaracin A) for 30 min, and the compounds were then
removed in two rounds of ultrafiltration. These compound-pretreated HBVs
were used for HBV infection assays in the absence of compounds. N.S., not
significant. (B) HepG2-hNTCP-C4 cells were pretreated with or without the
indicated compounds (100 nM pre-S1 peptide and 45 M vanitaracin A) for 5
h and then washed extensively. These compound-pretreated cells were used for
a pre-S1 binding assay (Fig. 3C) in the absence of compounds.

tic analysis, especially the identification of the target molecule, is a
very important issue for drug development. In this study, we dem-
onstrated that vanitaracin A interacted with NTCP to inhibit HBV
attachment to host hepatocytes. As the compound’s effect was
pre-S1 and NTCP dependent, vanitaracin A also inhibited infec-
tion by HDV, which requires the same envelope-receptor involve-
ment (9). This is the first report that identifies a new small mole-
cule with anti-HBV properties from a natural chemical source and

further describes its molecular target by using an NTCP-mediated
HBYV infection system.

As HBV entry is essential for the initiation, spread, and main-
tenance of HBV infection (46), this process represents an attrac-
tive target for the development of antiviral agents (11, 46—48).
HBV entry inhibitors should be useful for inhibiting HBV reinfec-
tion after liver transplantation, for preventing vertical transmis-
sion, and for postexposure prophylaxis (49). These agents are also
expected to be effective in treating chronic hepatitis B by cotreat-
ment with other anti-HBV agents such as NAs (46). Myrcludex-B,
a pre-S1 peptide that strongly inhibits HBV infection and the
NTCP transporter, is currently under clinical development in a
phase II study (46). Detailed adverse effects of this NTCP trans-
porter inhibitor have not been defined. Although there are no
available reports showing detailed side effects, myrcludex-B is well
tolerated so far (46). These evidences support the notion that
NTCP can serve as a potential target for the development of spe-
cific HBV inhibitors. Myrcludex-B is a lipopeptide and is therefore
difficult to administer orally. To date, we and another group have
reported that cyclosporine inhibits HBV infection by interrupting
the interaction between LHBs and NTCP (17, 35). As the immu-
nosuppressive activity of cyclosporine was dispensable for anti-
HBV activity, we showed that nonimmunosuppressive deriva-
tives, including alisporivir, which is under clinical development
for treatment of chronic hepatitis C, significantly inhibited HBV
infection, suggesting that these compounds are potential anti-
HBV candidates (17). In addition, three FDA-approved agents,
irbesartan, ezetimibe, and ritonavir, which are already known to
inhibit NTCP transporter activity, reduced LHBs-dependent viral
infection (32-34, 36). Although already known NTCP inhibitors
have been reported to inhibit viral infection, there is no report
identifying novel compounds that target NTCP and inhibit HBV
infection. (—)-Epigallocatechin-3-gallate (EGCG) and Ro4l-
5253 decreased cell surface NTCP expression and reduced HBV
infection (19, 50). Vanitaracin A was shown to have a greater
potential to inhibit HBV infection (ICs, of <1 wM) than these
compounds (Table 1). To obtain further insight into the potential
therapeutic application of vanitaracin A, we showed that this com-
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FIG 5 Interaction of vanitaracin A with NTCP. (A) Vanitaracin A was used as an analyte, injected into a sensor chip bearing immobilized recombinant NTCP
(left) or BSA (right), and analyzed with a BIAcore 3000 instrument. Real-time binding isotherms for increasing concentrations of vanitaracin A (6.25, 12.5, 25,
50, and 100 M) are shown. The analyte was removed at 120 s. RU, resonance units. (B) NTCP transporter activity was measured by using [*H]taurocholic acid
as a substrate in HepG2-hNTCP-C4 cells in the presence or absence of the indicated compounds (200 nM pre-S1 peptide and 2, 4, 8, or 16 wM vanitaracin A) in
either sodium-free or sodium-containing buffer, as described in Materials and Methods.
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FIG 6 Vanitaracin A inhibits infection by HDV but not infection by HCV. (A) HCV,, assay. Huh-7.5.1 cells were preincubated with or without compounds (10
nM bafilomycin Al or 5, 15, and 45 pM vanitaracin A) for 1 h and then inoculated with HCV ,; in the presence or absence of compounds for 4 h. After washing
out virus and compounds, cells were incubated for an additional 72 h and were recovered for quantification of luciferase activity that was driven by HCV,,
infection. (B and C) HDV infection assay. HepG2-hNTCP-C4 cells were treated with HDV in the presence (B) or absence (C) of 5% PEG 8000 and treated with
compounds (100 nM pre-S1 peptide or 6.25, 25, and 50 wM vanitaracin A) for 16 h. After washing out virus and compounds, the cells were further cultured for
6 days, and the amount of HDV RNA in the cells was quantified by real-time RT-PCR analysis.

pound was highly tolerated in primary cultures of human hepato-
cytes without toxicity at concentrations of up to 256 WM. More-
over, the antiviral effect was conserved for HBV genotypes A to D
and a clinically relevant entecavir-resistant HBV strain.

In addition, vanitaracin A was also effective against HDV in-
fection, as in the case of anti-HBV entry inhibitors reported so far

hepatitis than does hepatitis B (52-54). However, there is no spe-
cificanti-HDV treatment currently clinically available, and thus, a
new treatment option for HDV infection is needed. HDV lacks the
ability to synthesize its own envelope protein but utilizes HBV
envelope proteins to assemble and produce infectious particles in
HBV- and HDV-coinfected cells. As HBV and HDV share the

(32,35, 51). Coinfection of HDV with HBV occurs in ~15 million

same envelope, they are likely to follow a common pathway to
people worldwide, and HDV infection causes more severe viral

enter host cells that involves NTCP as an entry receptor. Our
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FIG 7 Vanitaracin A shows pangenotype anti-HBV activity. (A) Primary human hepatocytes were pretreated with or without the indicated compounds (100 nM
pre-S1 peptide or 16 uM vanitaracin A) for 5 h and then inoculated with blood-borne HBV (genotypes A, B, and C) in the presence or absence of the indicated
compounds for 16 h. After washing out free HBV and compounds, cells were cultured in the absence of compounds for an additional 12 days, and HBV infection
was evaluated by measuring levels of HBs antigens in the culture supernatant. (B) Primary human hepatocytes were pretreated with or without the indicated
compounds (100 nM pre-S1 peptide or 16 wM vanitaracin A) for 5 h and then inoculated with HBVs (genotypes A, C, and C carrying the L1I80M/S202G/M204V
mutations), which were prepared from cell culture as described in the legend of Fig. 1A and Materials and Methods. HBV infection was evaluated by measuring
levels of HBs antigens in the culture supernatant.
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TABLE 1 Antiviral activities and cytotoxicities of compounds reported so far

Antiviral activity Cytotoxicity (CCs,
Small molecule Mol wt (IC5 [nM]) [uM]) Experimental system (virus/cells) Reference
Vanitaracin A 447 0.61 £0.23 >256 HBV/primary human hepatocytes
Cyclosporine 1,203 1.17 £ 0.22 >10 HBV/HepaRG 37
0.8—4 NA HBV/HepaRG, HuH7-hNTCP, HepG2-hNTCP 35
1.25 NA HBV/HepG2-hNTCP-C4 14
Ezetimibe 409 1-40 >100 HBV/HepaRG 34
6.25-12.5 >50 HDV/Huh7-hNTCP 32
Irbesartan 429 6.25-12.5 >50 HDV/Huh7-hNTCP 32
3-10 >3,000 HBV/HepG2.N9 36
35 NA HBV/HepG2-NTCP 33
Ritonavir 721 6.25-12.5 >50 HDV/Huh7-hNTCP 32
EGCG 458 10-20 100-200 HBV/HuS-E2 50
Ro41-5253 485 5-10 >20 HBV/HepaRG 19

@ NA, not applicable.

analysis supports that both viruses use the same entry mechanism
and suggests that vanitaracin A targets this common mechanism
for HBV and HDV entry, which is an advantage for blocking in-
fection by both HBV and HDV. These findings strongly encourage
further analysis of vanitaracin derivatives for developing a novel
class of antiviral agents against both HBV and HDV.
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