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Isothiafludine, a novel non-nucleoside compound,
inhibits hepatitis B virus replication through blocking
pregenomic RNA encapsidation
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Aim: To investigate the action of isothiafludine (NZ-4), a derivative of bis-heterocycle tandem pairs from the natural product leucamide
A, on the replication cycle of hepatitis B virus (HBV) in vitro and in vivo.

Methods: HBV replication cycle was monitored in HepG2.2.15 cells using qPCR, gRT-PCR, and Southern and Northern blotting. HBV
protein expression and capsid assembly were detected using Western blotting and native agarose gel electrophoresis analysis. The
interaction of pregenomic RNA (pgRNA) and the core protein was investigated by RNA immunoprecipitation. To evaluate the anti-HBV
effect of NZ-4 in vivo, DHBV-infected ducks were orally administered NZ-4 (25, 50 or 100 mgkg™d™) for 15 d.

Results: NZ-4 suppressed intracellular HBV replication in HepG2.2.15 cells with an 1Cs, value of 1.33 pymol/L, whereas the compound
inhibited the cell viability with an IC, value of 50.4 pmol/L. Furthermore, NZ-4 was active against the replication of various drug-
resistant HBV mutants, including 3TC/ETV-dual-resistant and ADV-resistant HBV mutants. NZ-4 (5, 10, and 20 ymol/L) concentration-
dependently reduced the encapsidated HBV pgRNA, resulting in the assembly of replication-deficient capsids in HepG2.2.15 cells. Oral
administration of NZ-4 dose-dependently inhibited DHBV DNA replication in the DHBV-infected ducks.

Conclusion: NZ-4 inhibits HBV replication by interfering with the interaction between pgRNA and HBcAg in the capsid assembly process,
thus increasing the replication-deficient HBV capsids. Such mechanism of action might provide a new therapeutic strategy to combat

HBV infection.
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Introduction

Although a hepatitis B vaccine has been available for more
than 20 years, the estimated 400 million persons are still chron-
ically infected with the hepatitis B virus (HBV) worldwide!.
The currently approved antiviral therapies for hepatitis B virus
infection include immunomodulators [interferon (IFN)-a and
pegylated IFN-a)] and nucleoside or nucleotide analogues.
Because of poor tolerability, the adverse effects of IFN-a, and

nucleotide analogue resistance of HBV, new potent antiviral
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agents are required for the improvement of chronic hepatitis
B (CHB) treatment”. Thus, potential new targets, aside from
HBV polymerase, have been explored and include viral RNA
transcription factors, capsid formation, and envelope protein
modification”. Because the HBV core protein (HBcAg) is
highly conserved and the capsid provides the only site of HBV
genome synthesis, the process of capsid assembly has been
evaluated as a novel drug target for CHB therapeutics®.

To discover novel drugs that inhibit HBV replication, our
high-throughput screening campaign yielded a series of
structurally related, 2,2-bis-heterocycle tandem derivatives
that potently inhibited HBV replication'®. Here, we report a
novel, potent HBV inhibitor, isothiafludine (NZ-4), which is a
derivative of bis-heterocycle tandem pairs and is derived from



the natural product leucamide A. Our results showed that as
a small-molecule effector of HBV capsid assembly, NZ-4 was
effective against the replication of HBV DNA by blocking the
encapsidation of pregenomic RNA (pgRNA) and interfering in
the assembly of nucleocapsids. Furthermore, NZ-4 efficiently
inhibited the replication of HBV mutants that were resistant
to nucleoside and nucleotide analogues. Hence, NZ-4 repre-
sented a novel chemical entity with a unique anti-HBV mecha-
nism that warrants further development as a novel anti-HBV
therapeutic for the treatment of chronic hepatitis B infection.

Materials and methods

Reagents

NZ-4, Bay38-7690", and 8-1"/ were synthesized in our insti-
tute. The structure of these compounds was identified using
proton nuclear magnetic resonance, and the purity was deter-
mined as 99.5% using high-performance liquid chromatog-
raphy (HPLC). 3TC was purchased from Tianfeng Chemical
Technology Co, LTD (Suizhou, Hubei, China), and the purity
was determined as 99.1% by HPLC.

Plasmids

The plasmid pHBV1.3 contains a 1.3-mer, over-length HBV
genotype A2 genome (adw2 subtype; GenBank accession
number: X02763.1)"”) and was kindly provided by Prof Dr
Dong-liang YANG (Tongji Hospital of Tongji Medical Col-
lege, Wuhan, China). The HBV genome region that encoded
the full-length Cp185 protein was amplified by PCR using
pHBV1.3 as a template!"” ", The plasmid expressing full-
length HBcAg pHBc185 was constructed by cloning the
respective PCR product into the vector pcDNA3.1 (Invitrogen,
Carlsbad, CA, USA). The plasmid pHBV1.3M204V/L180M,
which contained a lamivudine/entecavir (3TC/ETV)-dual-
resistant (rtM204V/rtL180M) HBV genome, and the plasmid
pHBV1.3A181T/N236T, which contained an adefovir (ADV)-
resistant (rtA181T/rtN236T) HBV genome, were generated by
site-directed mutagenesis using a Site-directed Gene Muta-
genesis Kit (Beyotime, Haimen, Jiangsu, China) according to
instruction.

Cell culture and transient transfection

The HepG2.2.15 cell line is a HepG2 hepatoma-derived cell
line that stably replicates HBV from four integrated, tandem
copies of the HBV genome (ayw serotype, GenBank accession
number: U95551)" and was maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Gibco, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (FBS; Thermo Sci-
entific, Hyclone, USA) and 380 pg/mL G418 (Sigma-Aldrich
Co LLC, St Louis, MO, USA). The Huh7 hepatoma cell line
was grown in DMEM supplemented with 10% FBS. Huh7
cells were seeded in 6-well plates with 1x10° cells per well and
transfected with 1 pg plasmid DNA using the Lipofectamine
2000 Transfection Reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. All cell lines were
cultured at 37°C in the presence of 5% CO,.
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Cytotoxicity assay

Cell viability was determined using the MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich
Co LLC, St Louis, MO, USA) method. Briefly, HepG2.2.15
cells were seeded in 96-well culture plates at a density of
5x10” cells per well in triplicate with different concentrations
of NZ-4. The culture medium was removed 4 d later and
replaced with new medium that was supplemented with or
without NZ-4. After 8 d of culture, the medium was removed
from the cells, and 100 pL MTT (final concentration 2.5
mg/mL) reagent was added for 4 h at 37°C. The cells were
then lysed with 10% sodium dodecyl sulfate (SDS) and 50%
N,N-dimethylformamide, pH 7.2. OD values were read at 570

nm, and the percentage of cell death was calculated”.

HBV DNA quantification by qPCR
HepG2.2.15 cells were cultured in 96-well plates at a den-
sity of 5x10° cells per well for 8 d under standard condi-
tions. At d 4, the medium was changed, and new inhibitor
was added. At d 8, HBV progeny DNA was extracted from
the cell culture supernatants using the QlAamp DNA Blood
Mini kit (Qiagen, Hilden, Germany) and quantified using
real-time quantitative polymerase chain reaction (qPCR), as
described previously!
fluorogenic probe (HBVayw/Probe) and primers for HBV
(HBVayw/Sp and HBVayw/ Asp) were as follows: HBVayw/
Sp, 5'-CACCTCTCTTTACGCGGACT-3’, HBVayw/Asp,
5-CGACGTGCAGAGGTGAAG-3’, and HBVayw/Probe,
5-ATCTGCCGGACCGTGTGCAC-3'.

HepG2.2.15 cells were cultured in 24-well plates at a den-

. The sequences of the HBV-specific

sity of 1x10° cells per well. After an 8-d treatment with dif-
ferent concentrations of NZ-4, the cells were collected, and
the capsid-associated HBV DNAs from the intracellular HBV
capsids were extracted. Briefly, the cells were lysed with cold
lysis buffer (0.5% NP-40, 50 mmol/L Tris-HCl, 1 mmol/L
EDTA-2 Na, pH 7.0) at 4°C for 15 min. The cell lysate was
then digested with 100 U/mL Cyronase cold-active nuclease
(TaKaRa, Dalian, China) for 30 min at 37°C and then incubated
with proteinase K at a concentration of 500 mg/mL at 56 °C
for 2 h to release the associated HBV DNA. Capsid-associated
DNA was purified by phenol/chloroform (1:1, v/v) extraction

151, The nucleic acid

and then precipitated in 3 vol of ethano
pellets were resuspended in TE buffer and quantified using

qPCR, as described above.

Southern blotting analysis

HepG2.2.15 cells were cultured in 24-well plates, and the HBV
DNAs from the intracellular HBV capsids were extracted
according to the protocol described above. HBV replicative
intermediates were detected by Southern blotting with a mod-
ification that included using a DIG-labeled PCR fragment that
encompassed genome position 463 to 1499, All given nucle-
otide positions began with the adenine of the initiation codon
of the C gene. Briefly, HBV DNAs were separated by electro-
phoresis using 0.8% agarose and transferred to a nylon mem-
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brane (Hybond-N+ membrane, GE, Connecticut, USA) using
the capillary transfer method with 20xSSC buffer overnight at
room temperature. After UV crosslinking, the membrane was
hybridized with the DIG-labeled HBV DNA probe overnight
at 42°C and washed with 2xSSC/0.1% SDS twice for 5 min at
room temperature and 0.2xSSC/0.1% SDS twice for 20 min at
55°C"l. The membrane was immunoblotted with an antibody
that recognized DIG (Roche, Mannheim, Germany) followed
by detection using the DIG Luminescent Detection Kit (Roche,
Mannheim, Germany) according to the manufacturer’s proto-
col.

Native agarose gel electrophoresis analysis

After treatment with the compounds, the HepG2.2.15 cell
lysate was prepared similarly and resolved on a 1.8% native
agarose gel. The capsids were electrophoresed at 70 V with
TAE buffer and then transferred directly to a nitrocellulose
membrane (GE, Connecticut, USA) using the capillary transfer
method with 10xSSC buffer overnight. The membranes were
then immunoblotted with a primary antibody that recognized
HBcAg (Abcam, Cambridge, UK) followed by detection with a
secondary antibody using chemiluminescence. Another repli-
cate was transferred to a nylon membrane (Hybond-N+ mem-
brane, GE, Connecticut, USA) under the same conditions, but
the encapsidated nucleic acid was released from the capsids
by denaturation. Prehybridization and hybridization were

performed identically to that for Southern blotting analysis"®.

Western blotting analysis

The HepG2.2.15 cells that were treated with different concen-
trations of compounds were collected and lysed in SDS sample
buffer (62.5 mmol/L Tris-HCI, pH 6.8; 2% SDS; 10% glycerol;
5% 2-mercaptoethanol; and 0.02% bromophenol blue) and
boiled for 5 min at 100°C. The samples were submitted to 15%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and blotted with primary antibodies that recog-
nized HBcAg (Abcam, Cambridge, UK) and actin (Abmam,
Cambridge, UK). Subsequently, bound secondary antibodies
were detected with a chemiluminescence substrate (GE, Con-
necticut, USA) and exposed to X-ray film (Sigma-Aldrich Co
LLC, St Louis, MO, USA).

Immunofluorescence analysis

For immunofluorescence staining, HepG2.2.15 cells were
cultured on non-coated, glass coverslips’. After an 8-d treat-
ment with the compounds, the cells were rinsed with PBS
twice, fixed with 4% paraformaldehyde in PBS for 10 min at
room temperature, and blocked with 10% BSA in PBS for 1
h. The primary antibody that recognized HBcAg (Abcam,
Cambridge, UK) and the secondary antibody that was coupled
to fluorescein isothiocyanate (Abcam, Cambridge, UK) were
diluted in blocking buffer containing 0.1% (w/v) saponin. The
nuclei were counterstained with 5 pg/mL DAPIL. The cover-
slips were mounted on slips in mounting medium, and the
specimens were viewed using a fluorescence microscope with
a 40xobjective (Olympus, Tokyo, Japan).
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ELISA

The levels of HBsAg and HBeAg in the HepG2.2.15 cell cul-
ture were measured using specific-ELISA kits (Sino-American
Biotechnology Company, Henan, China) following the manu-
facturer’s recommendations.

HBV RNA quantification by qRT-PCR

HepG2.2.15 cells were cultured in 24-well plates as described
above. The cell lysates were digested with 20 U/mL Cyronase
cold-active nuclease (TaKaRa, Dalian, Liaoning, China) for
15 min at 4°C, and encapsidated HBV pgRNA was isolated
using the QIAamp MinElute Virus Spin Kit (Qiagen, Hilden,
Germany) that included digestion with a DNase Set (Qiagen,
Hilden, Germany). Total RNA was extracted from HepG2.2.15
cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
The HBV RNA samples were quantified using qRT-PCR and
the QuantiTect Virus Kit (Qiagen, Hilden, Germany). For each
sample, QRT-PCR was performed in duplicate.

Northern blotting analysis

Total RNAs and the encapsidated pgRNA were isolated as
described above. For Northern blotting, these samples were
electrophoresed in a 1% formaldehyde agarose gel contain-
ing 5% formaldehyde and transferred to a nylon membrane
(Hybond-N+ membrane, GE, Connecticut, USA). The transfer
and hybridization were performed following the protocol of
the NorthernMax® kit (Ambion, Austin, TX, USA).

RNA immunoprecipitation (RIP)

After a 48-h treatment with the compounds, pHBV1.3-trans-
fected Huh 7 cells were treated with 37% formaldehyde for 20
min at room temperature to generate protein-RNA cross-links.
After stopping the reaction with 2 mol/L glycine, a whole-
cell extract was prepared in the presence of RNase inhibitors
[50 mmol/L HEPES, pH 7.5; 140 mmol/L NaCl; 1 mmol/L
EDTA; 1% (v/v) Triton X-100; 0.1% (w/v) sodium deoxycholate;
and 40 U RNasin] to maintain the integrity of the RNA, and
the extract was then treated with DNase I at a final concentra-
tion of 240 pg/mL to remove DNA. Immunoprecipitation
was performed by incubating the lysates with rabbit poly-
clonal HBcAb (Abcam, Cambridge, UK) overnight at 4°C, and
protein A-Sepharose beads were added (equilibrated in lysis
buffer containing 1 mg/mL BSA) for 1 h. The protein-RNA
complexes were eluted from the beads with elution buffer (100
mmol/L Tris-HCI, pH 8.0; 10 mmol/L EDTA; 1% (w/v) SDS),
and reversal of the formaldehyde cross-linking was performed
by incubating the complexes at 65°C. The immunoprecipi-
tated pgRNA was detected using RT-PCR with a pair of HBV-
specific primers that targeted the & sequence at the 5" end of
the pgRNA.

Animals

3-d-old Hubei ducks (Tadorna tadorna) were obtained from
a commercial hatchery (Chunjiang QinYe Limited Liability
Company, Wuhan, China) and were held in the animal house
of Tongji Hospital of Tongji Medical College, Huazhong



University of Science and Technology. The ducklings were
maintained under normal daylight and fed a standard, com-
mercial diet, which was in accordance with the guidelines
for animal care at the facilities of the Institute of Medicinal
Biotechnology, Chinese Academy of Medical Sciences under
permission of the Ethical Committee for Animal Experiments
of the Institute of Medicinal Biotechnology, and given water.
3-d-old Hubei ducklings were experimentally infected via
intra-peritoneal injection with the DHBV inoculation (1x10”
copies/200 pL) (Day-10) that was collected from the super-
natant of the culture transfected with the 1.5-fold-overlength
genome recombinant plasmid™®. 10 d after inoculation
(Day 0), DHBV-positive ducklings were randomly divided
into 6 groups that each contained 10 ducklings. The com-
pounds were administered orally, twice per day for 15 d.
Blood samples were obtained every 5 d, and serum samples
from the experimentally infected ducklings were obtained
at the initiation of treatment (Day 0), on the 5th day of treat-
ment (Day 5), on the 10th day of treatment (Day 10), on the
15th d of treatment (Day 15), and on the 5th d (Day 20) of the
post-treatment follow-up. The DHBV DNA in the sera was
detected using qPCR with the sense primer (DHBV 1450F)
5-GATACTGGAGCCCAAACC-3" and anti-sense primer
(DHBV 1737R) 5-GGCAGAGGAGGAAGTCAT-3'.

Results
NZ-4 effectively inhibited HBV DNA replication in vitro
NZ-4 is a novel, non-nucleosidic anti-HBV compound, and its
chemical structure is shown in Figure 1A. The cytotoxicity of
NZ-4 was studied using MTT conversion assays in HepG2.2.15
cells (ayw serotype, wild type genome)", and the concentra-
tion of 50% cytotoxicity (CCsy) was 50.4 pmol/L after 8 d of
culture (Figure 1B). In vitro, the anti-HBV activities of NZ-4
were examined using HepG2.2.15 cells, and qPCR was used
to quantify the HBV DNA after treatment with NZ-4. The
50% inhibitory concentration (ICs)) of NZ-4 for HBV DNA in
HepG2.2.15 cell culture supernatants was 1.33 pmol/L (Fig-
ure 1C). The supernatant ICs, of the three nucleoside analogs,
3TC, ADV, and ETV, that were used in our assay are shown in
Table 1 as a reference. The ICs, for intracellular HBV replica-
tion based on the detection of capsid-associated HBV DNA
was 1.05 pmol/L (Figure 1D), which was much lower (=50-
fold) than the CCs, of HepG2.2.15 cells. These results con-
firmed the antiviral activity of NZ-4 against HBV.

Southern blotting analyses were performed to measure the

Table 1. Anti-HBV activity and cytotoxicity of NZ-4 and reference
nucleoside analogs in the HepG2.2.15 cell line.

Compounds ICso (umol/L) CCso (Mmol/L)
HBV extracellular DNA
NZ-4 1.33+0.7 50.4+4
3TC 0.28+0.09 >100
ADV 0.93+0.12 >100
ETV 0.06+0.02 >100
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Figure 1. NZ-4 efficiently inhibited HBV DNA replication in vitro. (A)
Chemical structure of isothiafludine (NZ-4). (B) HepG2.2.15 cells were
treated with NZ-4 at the indicated concentrations for 8 d. The cytotoxicity
was determined using the MTT assay. The 50% cytotoxicity concentration
(CCsp) was calculated as the compound concentration that was necessary
to reduce the cell viability by 50%. (C and D) HBV DNA in culture
supernatants of HepG2.2.15 cells and capsid-associated HBV DNA in
cells were quantified using qPCR. The 50% inhibitory concentration (ICs)
was calculated as the concentration of the compounds that was required
to reduce the HBV DNA load by 50%. The results are expressed as the
meanzSD of three independent experiments.

HBYV replication intermediates. The results showed that NZ-4
potently inhibited the various forms of the HBV intracellular
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DNA replication intermediates (RC, DSL, and SS HBV DNA)
in a dose-dependent manner. 3TC was used as a positive
control and inhibited HBV DNA synthesis effectively (Figure
2). Moreover, NZ-4 was active against various drug-resistant
HBV mutants, including 3TC/ETV-dual-resistant and ADV-
resistant HBV mutants, which indicated that the antiviral
mechanism of NZ-4 is distinct from that of the nucleosidic
inhibitors (Figure 3).

HepG2.2.15
Nz-4 3TC
Control 20 10 5 2.5 1 pmol/L
RC — va—
DSL — 3 ‘
SS — -

Figure 2. NZ-4 reduced the HBV replication intermediates with com-
parable efficiency. HepG2.2.15 cells were cultured in 6-well plates
and treated with NZ-4 and/or 3TC at the indicated concentrations for
8 d. HBV replication intermediates were detected by Southern blotting
hybridization using a DIG-labeled HBV genomic fragment as a probe.
The various forms of the HBV replication intermediates were inhibited
by NZ-4 in a concentration-dependent manner. RC, relaxed circular HBV
DNA; DSL, double-stranded linear DNA; SS, single-stranded HBV DNA.
As a polymerase inhibitor, 3TC specifically decreased the amount of
intracellular HBV DNA.

NZ-4 reduced encapsidated RNA with no influence on total HBV
RNA synthesis

To explore whether the observed reduction of HBV DNA rep-
lication in HepG2.2.15 cells by NZ-4 was due to its impact on
HBV RNA synthesis or pgRNA encapsidation, Northern blot-
ting was performed to measure the intracellular HBV RNA
and encapsidated pgRNA levels after treatment with NZ-4.
As shown in Figure 4A, HBV RNA synthesis was not affected
by NZ-4 or the negative control, 3TC, in HepG2.2.15 cells. As
a positive control, the transcription inhibitor, 8-1, significantly
inhibited the synthesis of the 3.5-kb and 2.1/2.4-kb RNAs
of HBV®. The encapsidated pgRNA was also isolated after
digestion with DNase. Northern blotting results showed that
treatment with increasing amounts of NZ-4 induced a dose-
dependent decrease in the levels of encapsidated HBV pgRNA
(Figure 4B). The total intracellular HBV RNAs and encapsid-
ated pgRNA were quantified using qRT-PCR (Figure 4C),
and the reduction in encapsidated pgRNA but not total HBV
RNAs indicated that NZ-4 might interfere in capsid assembly.

NZ-4 treatment led to the accumulation of replication-deficient
capsids

The HBV core proteins (HBcAg) assemble into nucleocap-
sids®!; therefore, the intracellular HBcAg levels after treatment
with NZ-4 were measured using Western blotting analy-
ses. As observed for the transcription of HBV RNA, HBcAg
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Figure 3. NZ-4 inhibited the replication of 3TC/ETV-dual-resistant and
ADV-resistant HBV mutants. The plasmids pHBV1.3 with wild type (A),
3TC/ETV-dual-resistant (rtM204V/rtL180M) (B), and ADV-resistant
(rtA181T/rtN236T) HBV genomes (C) were separately transiently
transfected into Huh7 cells. The cells were treated with the compounds
at the indicated concentrations for 48 h. Intracellular HBV replication
intermediates were analyzed by Southern blotting hybridization. When
compared with wild type HBV, the drug-resistant HBV mutants showed
resistance to 3TC, ADV, and ETV but were sensitive to NZ-4 treatment.

expression was not affected by NZ-4 or 3TC in HepG2.2.15
cells. However, Bay38-7690 reduced the steady-state level of
HBcAg, as reported” (Figure 5A). Furthermore, HBcAg dis-
tribution was not affected by NZ-4 or 3TC in HepG2.2.15 cells
but was inhibited by the transcription inhibitor 8-1 (Figure
5B). In addition, NZ-4 treatment showed no influence on the
secretion of HBsAg and HBeAg (Figure 5C).

Because NZ-4 had no significant effect on the expression
and distribution of HBcAg, we further investigated whether a
failure in capsid formation was the cause of the reduced HBV
DNA replication. To investigate the effect of NZ-4 on HBV
capsid assembly, HBV capsids from HepG2.2.15 cells exposed
or not exposed to drug treatment were characterized using
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Figure 4. NZ-4 treatment reduced the encapsidation of pgRNA.
HepG2.2.15 cells were treated with or without NZ-4 at the indicated
concentrations for 8 d. (A) Total cellular RNA was extracted and subjected
to Northern blotting hybridization to detect the HBV transcripts. As a
transcription factor inhibitor, 8-1 decreased the HBV RNA level. (B)
After digestion with DNase, the isolated, encapsidated pgRNA was
electrophoresed in a 1% formaldehyde agarose gel and detected by
Northern blotting hybridization. The encapsidated pgRNA was significantly
reduced by NZ-4 treatment. (C)Total intracellular HBV RNAs and
encapsidated pgRNA were quantified using qRT-PCR. 3TC and 8-1 were
used as the negative and positive control, respectively. The results are
expressed as the mean+SD of three independent experiments.

1.8% native (non-reducing) agarose gel electrophoresis. As
shown in Figure 5D, NZ-4 disturbed the assembly of the HBV
capsid. In addition to the normal HBV capsid, a faster-migrat-
ing capsid band that contained no HBV DNA was the domi-
nant band in the NZ-4-treated samples. This type of capsid
was also present in untreated cells, but NZ-4 treatment led to
the accumulation of this DNA-free capsid in a dose-dependent
manner. In contrast, 3TC, which is a well-characterized inhibi-
tor of HBV replication that is used for the treatment of chronic
HBYV infections, did not affect HBV capsid formation but effi-
ciently inhibited HBV DNA synthesis, as expected. Bay38-
7690, which is a capsid assembly inhibitor, effectively reduced
the amount of viral capsids and core-associated DNA!. These
results indicated that NZ-4 inhibited HBV DNA replication by
interfering with capsid assembly but did not affect the expres-
sion or secretion of viral protein.
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NZ-4 interfered with the binding of pgRNA and HBcAg and
reduced encapsidated HBV pgRNA.

HBYV nucleocapsid formation begins when the RNA prege-
nome, HBV polymerase and HBcAg dimers complex forms!"”).
Therefore, we then determined whether the pgRNA encapsi-
dation process was directly blocked by NZ-4 treatment. To
study the interaction of the pgRNA with HBcAg during NZ-4
treatment, RIP was performed. The HBcAg and pgRNA
complex was immunoprecipitated by an antibody to HBcAg
(HBcAb). The crosslinks were then reversed, and the immu-
noprecipitated HBcAg was detected by Western blotting
(Figure 6A). In parallel, the immunoprecipitated RNA sam-
ples were identified by PCR to prove that DNA was clearly
removed (Figure 6B), and this was followed by RT-PCR with a
pair of primers that targeted the € sequence at the 5" end of the
PgRNA after digestion of the cross-linked HBcAg. The results
showed that NZ-4 significantly interfered with the interaction
between the pgRNA and HBcAg in the capsid assembly pro-
cess (Figure 6C).

NZ-4 suppressed DHBV DNA replication in a DHBV-infected duck
model.

The inhibitory effect of NZ-4 on DHBYV replication in vivo was
analyzed in experimentally infected ducklings. In the first set
of experiments, we observed the level of DHBV DNA in duck
serum after treatment with different concentrations of NZ-4
and 3TC. When compared with the vehicle-treated group,
qPCR analysis of the DHBV DNA in the sera indicated that
DHBV DNA replication was suppressed by oral administra-
tion of NZ-4 in a dose-dependent manner on Day 15 after
treatment (Figure 7). The reduction of the serum level of
DHBV-DNA indicates that NZ-4 also showed its anti-DHBV
efficacy in the DHBV-infected duck model.

Discussion

The present study analyzed a bis-heterocycle tandem deriva-
tive, NZ-4, which is a potent, non-nucleosidic inhibitor against
HBYV that blocks pgRNA encapsidation and interferes with
HBV capsid assembly. The novel chemical structure of NZ-4
was derived from a natural marine product, leucamide A. In
primary cell-based screening, we found that NZ-4 effectively
reduced the HBV DNA in the supernatant and the replicative
intermediates in the cytoplasm, and 3TC/ETV-dual-resistant
and ADV-resistant HBV mutants were sensitive to it. Further
experiments showed that although the amount of transcribed
PgRNA and translated core protein was not altered, the level
of encapsidated pgRNA was reduced and the level of abnor-
mal capsid without HBV DNA accumulated with treatments
of increasing concentrations of NZ-4. However, its precise
mechanism must be further explored. From these results, we
hypothesized that NZ-4 inhibited HBV replication by blocking
encapsidation of the pgRNA and interfering in the nucleocap-
sid assembly process. Without an RNA template, the genome
could not be synthesized. NZ-4-induced abnormal capsids
were replicate-deficient and had decreased HBV DNA; there-
fore, the deficient capsids without nucleic acid were incompe-
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Figure 5. NZ-4 treatment enhanced the production of replication-deficient HBV capsids but had no effect on the expression, distribution, or secretion
of the HBV protein. HepG2 and HepG2.2.15 cells were cultured in 6-well plates with different concentrations of compounds for 8 d. (A) The cell lysates
were loaded onto an SDS-PAGE gel to detect HBcAg by Western blotting with a rabbit polyclonal HBcAb. The expression of HBcAg was similar in NZ-4-
treated and control HepG2.2.15 cells (upper panel). Actin protein was detected as the loading control (lower panel). (B) The intracellular distribution
of HBcAg was visualized using immunofluorescence microscopy. After fixation, HepG2.2.15 cells were stained for HBcAg (green), and the nuclei were
stained with DAPI (blue). (a) HepG2 cells were used as a negative control. (b) Untreated HepG2.2.15 cells were used as a positive control for HBcAg
staining. (c) HepG2.2.15 cells were treated with NZ-4 at 20 pmol/L. NZ-4 inhibited HBV replication completely at this concentration but did not show
a visible effect on the intracellular distribution of HBcAg. (d) HepG2.2.15 cells were treated with NZ-4 at 2.5 ymol/L. (e and f) HepG2.2.15 cells were
treated with 3TC and 8-1, respectively. 3TC had no effect on the expression HBcAg, while 8-1 inhibited HBcAg expression. (C) Secreted HBsAg and
HBeAg in the supernatant were analyzed using a commercial ELISA. NZ-4 did not show a significant influence on the production of HBsAg and HBeAg,
even at a dose of 20 pmol/L, which was an effective concentration to inhibit HBV DNA replication. (D) The cell lysates were prepared and analyzed
for HBV capsids by native agarose gel electrophoresis and immunoblotting with a rabbit polyclonal HBcAb (upper panel). Capsid-associated HBV DNA
was detected by the transfer of HBV capsids onto a nylon sheet followed by Southern blotting hybridization upon disruption of the capsids in situ (lower
panel).

tent for replication, let alone viral infection.

The knowledge of the HBV life cycle has increased over the
past decades, and this has led to the identification of several
potential targets such as viral entry, cccDNA formation, capsid
assembly, and viral morphogenesis™. The HBV capsid assem-
bly has been proven to be a specific target of HBV inhibitors®.
NZ-4 induces the formation of replication-deficient HBV cap-
sids by interfering with the binding of the pgRNA and core
protein. Replication-deficient HBV capsids formed in the
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presence of NZ-4 would unlikely be infectious because the
majority are free of HBV DNA.

Previously, heteroaryldihydropyrimidines (HAPs) and
phenylpropenamides have been reported to disturb capsid for-
mation and maturation®. HAPs, including Bay 41-4109, Bay
38-7690, and Bay 39-5493, were first identified to prevent the
formation of the HBV capsid® . These analogues inhibited
HBV replication through binding within the assembly domain
of HBcAg at a site that bridged elements of the secondary
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Figure 6. NZ-4 interfered with the interaction between the pgRNA and
HBcAg. Huh7 cells were transfected with the plasmid pHBV1.3, which
contained a replication-competent, over-length HBV genome, or the
expression plasmid pHBc185, which had full-length HBcAg. The cells
were treated or not treated with the compounds for 48 h. The HBcAg and
pgRNA complex was immunoprecipitated using HBcAb, and after reversal
of the formaldehyde cross-linking, the immunoprecipitated HBcAg was
monitored using Western blotting analysis (A), and the immunoprecipitated
pgRNA was detected by PCR (B) or RT-PCR (C).

structure within a capsid-bound monomer and, thereby, mis-
directed capsid assembly”. HAPs bind at a sequence of the
assembly domain that is involved in forming inter-dimer con-
tacts, whereas DHBV-derived recombinant capsids show no
binding[7’ 21 therefore, HAPs did not inhibit DHBV replication
in cultured cells or in a DHBV-infected duck model.

Although NZ-4 targeted capsid assembly, its mechanism
of action is unique in that NZ-4 might target the nucleic acid
binding domain of HBcAg. Because of the highly similar

www.chinaphar.com
Yang L et al

109 -
__108f
§ 107F
b #
1 10°F
S E
oy 10°
<90 -
£ 8 10 ,
o g -o~ Vehicle
£ 10°F -m 3TC, 100 mg/kg
§ 102k % NZ-4,100 mg/kg
@ - NZ-4, 50 mg/kg
10'F - NZ-4, 25 mg/kg
100 A A A A d
0 5 10 15 20
Time (d)

Figure 7. NZ-4 inhibited DHBV replication in experimentally DHBV-infected
ducklings in vivo. Ten days after intra-peritoneal injection with a DHBV
inoculation, DHBV-positive ducklings were treated with the indicated
compounds, as described in the Materials and methods section. At
initiation of treatment (Day 0), on the 5th d of treatment (Day 5), on the
10th day of treatment (Day 10), on the 15th d of treatment (Day 15), and
on the 5th day (Day 20) of post-treatment follow-up, DHBV DNA in the
duck serum was detected by qPCR. Oral administration of NZ-4 for 15 d
reduced the serum level of DHBV-DNA in DHBV-infected ducks.

amino acid sequence between the HBV and DHBV core pro-
teins, NZ-4 showed its antiviral efficacy in the DHBV-infected
duck model by a substantial drop in viremia (Figure 7). Two
other phenylpropenamide derivatives, AT-61 and AT-130,
were reported to be assembly accelerators, which increased the

rate of capsid assembly'

. The phenylpropenamides trap HBV
capsid assembly intermediates and leads to the formation
of empty capsids but does not misdirect assembly™ *!. The
derivative AT-130 bound to the assembly domain of HBcAg
with weak affinity and induced the protein into a more assem-
bly active state. This increase in the concentration of the dimer
in the active conformation resulted in an increased nucleation

d? 31 In contrast,

rate that drove capsid assembly forwar
NZ-4 did not increase the rate of capsid assembly in vitro, and
the total amount of intracellular HBV capsids was not affected
by NZ-4. Moreover, these defective capsids showed a signifi-
cantly different electrophoretic mobility after NZ-4 treatment
(Figure 4A, 1st panel, lower band in each lane). We propose
that the loss of intra-capsid components, such as HBV genomic
material and/or proteins, will cause the HBV capsids to exert
a different behavior by gel analysis, and NZ-4 strongly aug-
ments the formation of these replication-deficient capsids.

The HBV nucleocapsid that is formed by HBcAg is divided
The C-terminal
domain is essential for packaging of the pgRNA/HBVPol

into N-terminal and C-terminal domains.

complex, controls the interaction with HBV pgRNA, and has
a strong influence on HBV DNA synthesis. We propose that
the C-terminus of the core protein is more than a wielding
hook for pgRNA attachment, and it might actively participate
in regulating HBV DNA synthesis. To date, the topological
structure of the C-terminal domain has not been determined
by complete, core protein background crystallography due
to its flexible nature. NZ-4 blocked the interaction between
PgRNA and the core protein and reduced the encapsidation of
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the pgRNA.

This novel mechanism could provide a new perspective for
the role of the HBV core protein C-terminal domain in HBV
RNA encapsidation and HBV capsid assembly and might
extend insights into the viral encapsidation of other related
viruses. Taken together, the bis-heterocycle tandem derivative
NZ-4 is shown to be a promising anti-HBV drug candidate.
Its mechanism is different from other HBV inhibitors, and it is
also found to effectively inhibit drug-resistant HBV mutants.
The efficacy of NZ-4 on DHBV-infected ducklings warrants its
further clinical investigation. Considering its specific mecha-
nism of action, NZ-4 may provide a useful addition to anti-
HBV drug research and development.
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