JEV replicon plasmid-based chimaeric virus production

risk of infection. In this study, to establish a DNA-based
production system for SRIPs, we constructed a JEV
subgenomic replicon plasmid, which lacked the C-prM-E
coding region, under the control of the cytomegalovirus
(CMV) promoter. As DNA-based replicons can be
transfected directly into eukaryotic cells without in vitro
transcription, SRIPs can be rapidly produced by co-
transfection with structural protein-expression plasmids.

In order to generate a subgenomic replicon from the JEV
Nakayama strain (McAda et al, 1987), viral RNA was
extracted from infected Vero cells, reverse transcribed into
¢DNA and amplified in individual dsDNA fragments
containing T7 RNA polymerase promoter and hepatitis
delta virus ribozyme (HDV-RZ) as shown in Fig. 1(a). For
deletion of the C-prM-E region, a synthetic antisense
oligonucleotide was used to add a BspTT site at codons 17—
18 of the C-coding region following the cyclization
sequence, and a sense oligonucleotide was designed that
added the BspTI site before the C-terminal transmembrane
domain, which consists of 30 aa of the E protein coding
sequence, in order to permit ligation of C to NSI. The five
individual fragments required to produce a replicon-length
¢DNA were readily assembled into the low-copy-number
plasmid pACYC177, designated pJEVrep#97. Replication
of in vitro-transcribed RNAs derived from the plasmid was
confirmed in RNA-transfected cells (data not shown).
Next, to construct a DNA-based replicon plasmid, the T7
RNA polymerase promoter was replaced with the CMV
promoter, and the simian virus 40 polyadenylation signal
was inserted downstream of the HDV-RZ; the resulting
plasmid was designated pCMV-JErep (Fig. la). pCMV-
JErep-fs, which contains a frameshift mutation through a
4 nt insertion upstream of the GDD motif of RNA-
dependent RNA polymerase in NS5, was also constructed
as a negative control with no replication activity. To
characterize the replication activity of the plasmid-derived
replicon, 293T cells were transfected with plasmids as
described previously (Suzuki et al., 2013). Indirect immuno-
fluorescence with an anti-dsRNA antibody showed positive
staining in the cytoplasm of cells transfected with pCMV-
JErep plasmid or infected with JEV Nakayama strain,
whereas no signal was detected in the cells transfected with
pCMV-JErep-fs, indicating the ability of viral RNAs
transcribed intracellularly from the plasmid pCMV-JErep
to replicate in cells (Fig. 1b). It should be noted that NS1
protein was detected in the cytoplasm of cells transfected
with both pCMV-JErep and pCMV-JErep-fs.

We also constructed expression plasmids for JEV C-E,
mature C consisting of 105 aa, and prM-E, which we
designated pCAG-JECE, pCAG-JEC and pCAG-JEprME,
respectively (Fig. 2a). To reduce sequence homology and
intergenomic recombination potential with the truncated
C and E genes in the subgenomic replicon, 21 nt mutations
were incorporated into the 5’ region of the C gene and 3’
region of the E gene. These changes also include two
nucleotides in the conserved 5’ cyclization sequence (CS)
(Hahn et al., 1987; Khromykh et al.,, 2001), producing a

sequence that was non-complementary to the 3’ CS of the
replicon genome, thereby preventing replication of a
recombinant genome. To produce SRIPs of JEV, 293T
cells were transfected with a mixture of two (pCMV-JErep
and pCAG-JECE) or three (pCMV-]JErep, pCAG-JEC and
PCAG-JEprME) plasmids. The infectivity of SRIPs was
determined by inoculating the culture supernatant of
transfected cells into Vero cells, followed by immunostain-
ing with anti-NS1 antibody. 293T cells produced a titre of
6.9 10° TU ml ™" (Fig. 2b) or 7.9 x 10° TU ml ™" (Fig. 2c)
3 days after transfection with two or three plasmids,
respectively. In contrast, no infectious particles were
detected in the supernatant when one of the two or three
plasmids was omitted or the replicon containing a
frameshift mutation was introduced. The production levels
of SRIPs from cells transfected with two or three plasmids
were similar, as shown in Fig. 2(d).

In order to confirm that the SRIPs have only single-round
infectivity potential, Vero cells were inoculated with medium
harvested from 293T cells transfected with replicon and
structural protein plasmids, and were examined for antigen-
positive cells. SRIPs were demonstrated to be infectious in
the first round (Fig. 3a). However, no antigen-positive cells
were observed in a second round, in which the supernatants
of the cells infected with SRIPs were transferred to naive
Vero cells (Fig. 3a). As a control, supernatant from JEV-
infected cells produced antigen-positive cells in second-
round infection.

We then evaluated whether the SRIPs could be used in
neutralization tests instead of infectious live virus by using
anti-JEV sera raised in rabbits as a representative antibody.
Serial fourfold dilutions of serum were mixed with aliquots
of SRIPs or virus of equivalent infectivity. The virus—
antibody mixture was incubated for 1 h at room tem-
perature, followed by titration for infectivity on Vero cell
monolayers in a 96-well plate. The neutralizing activity of
each antibody dilution was expressed as a percentage of the
infectivity obtained with the control, which was tested in
the absence of any serum. Infection with SRIPs and JEV
Nakayama strain were similarly neutralized by anti-JEV
antibody in a dose-dependent manner, although normal
serum did not affect infection with SRIPs and JEV (Fig.
3b).

Next, to examine whether SRIPs derived from other
flaviviruses could be generated using our plasmid-based
method, we used prM-E expression plasmids for the
following viruses: DENV1, Mochizuki strain; DENV2, New
Guinea C strain; DENV3, H87 strain; DENV4, H241 strain
(Konishi et al., 2006); WNV, NY99-6922 strain (Ishikawa
et al, 2007); YFV, 17D strain; and TBEV, Oshima 5-10
strain (Yoshii et al, 2003). Detection of each E protein
in cells transfected with prM-E expression plasmids by
immunofluorescence revealed indistinguishable efficiency of
transfection as shown in Fig. S1 (available in JGV Online).
Efficient production of chimaeric flavivirus SRIPs by co-
transfection with JEV C and JEV replicons was achieved for

http://virsgmjournals.org

61



R. Suzuki and others

@) 5UTR NS2 NS4 3UTR
CpM E NS1T AB NS3 A B NS5
JEV genome LIERE 11 |
| I | I—
Notl BspTl  Bsptl BspEl BamHI Miul Xhol Xbal
PCR fragments 5, S {1 L j [ S
T7 pramoter HDV-RZ
dC dE
pJEVrep#97 [T LI |\
POMV-JErep  [GRIM-~-~"""~~~] [1 [T] g\
pCMV-JErep-fs @1\2}}-* ~~~~~~~ I T [T | Frame shifl peeiNGA
) pCMV-JErep

dsRNA

NS1

pCMV-JErep-fs

JEV Mock

Fig. 1. (a) Schematic representation of the position of the JEV genome showing restriction enzymes sites (Notl, BspTl, BspEl,
BamHI, Mlul, Xhol and Xbal), fragments used to assemble for replicon construction, position of the T7 promoter, CMV promoter
(CMV), HDV-RZ and polyadenylation signal (pA). {b) 293T cells were transfected with the indicated plasmids or were infected
or mock-infected with JEV. Two days post-transfection or post-infection, cells were fixed and permeabilized as described
previously (Suzuki et al., 2013). Samples were then incubated with anti-dsRNA antibody (J2; English & Scientific Consulting) or
anti-NS1 antibody (2D5; Konishi et al., 2004). Green signals were obtained with Alexa-Fluor-488-labelled goat anti-mouse IgG
secondary antibody (Invitrogen). Cell nuclei were counterstained with DAPI.

WNV and TBEV, although production of SRIPs was less
efficient for DENV1-4 and YFV (Fig. 3c).

It is curious that TBEV prM-E protein can be utilized
efficiently for assembly of SRIPs in combination with the
JEV C protein and replicon RNA producing equivalent
titres to JEV and WNV, as TBEV is a tick-borne virus and
is classified as a distinct serogroup from JEV. In contrast,
production of DENV- and YFV-SRIPs was less efficient.
The low infectious titre of SRIPs containing at least dengue
prM-E may be explained by the low specific infectivity of
particles encapsidated in DENV envelope protein (van der
Schaar et al., 2007; Winkelmann ez al, 2011), although we
were unable to exclude the possibility that the viral
assembly and/or secretion with dengue prM-E is not

efficient (Chang et al., 2003; Hsieh et al., 2008). Adaptive
mutations in structural and NS proteins could possibly
enhance the production of infectious particles by improv-
ing the specific infectivity of the resulting particles
(Winkelmann et al, 2011). In addition, it has been
reported that a chimaeric WNV genome with DENV2
prM-E genes but lacking the C gene replicates much better
in DENV2-C-expressing cells than in WNV-C-expressing
cells (Suzuki et al, 2009), thus suggesting that the
combination of homologous C protein and prM-E proteins
improves the production of viral particles. Therefore, it is
possible to obtain a better yield of dengue SRIPs by using
DENV C protein instead of JEV C protein. Such DENV-
SRIPs can be useful for studying infection-enhancing and
neutralizing antibody activities.
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Fig. 2. Schematic representation of JEV replicon and structural protein-expression plasmids. (a) Top: JEV subgenomic replicon
with deletion of structural proteins. This replicon contains a partial C and E gene. Bottom: JEV structural protein-expression
plasmids showing the region of overlap with JEV replicon. Boxes indicate the 8 nt in the 5’ CS that are 100 % conserved among
all mosquito-borne flaviviruses. The JEV C-E, C and prM-E coding sequences harbour silent mutations designed to prevent
homologous recombinations that included two changes to the CS sequence, which must be 100 % complementary to the 3’
CS of JEV in order to permit genome replication. The termination codon is underlined. Nucleotide substitutions are shown in red.
(b, ¢) Titres of JEV-SRIPs produced by transfection of 293T cells with replicon plasmid and structural protein-expression
plasmids. Dilutions of supernatant collected at 3 days post-transfection were used to inoculate monolayers of Vero cells. Cells
were fixed at 2 days post-infection and stained with anti-NS1 antibody. Stained cells were then counted to determine the titres
umi™ produced by transfections. ND, Not detected. {d) Time course of JEV SRIP production from transfected cells. At each
time point, medium was removed and frozen for subsequent titration and fresh medium was added. JEV SRIP titres were
determined by assaying infectivity in Vero cells.

The plasmid-based production system offers an advantage
for vaccine production in terms of stability and safety, as
this method is able to reduce the chance of mutations
in the structural protein region, as well as the risk
of infection when compared with live virus production.
In addition, our replicon plasmids have the potential
for application to DNA-based vaccines, as described

previously (Cao et al, 2011; Chang et al, 2008; Huang
et al., 2012).

In conclusion, we established a DNA-based production
system for SRIPs of flaviviruses. This system has potential
value as a basic research and diagnostic tool, and could be
used to enhance the safety of neutralization assay, as well as
vaccine production.
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Fig. 3. Vero cells were inoculated with supernatant of 293T cells transfected with the indicated plasmids or infected with JEV.
Two days post-inoculation, culture supernatants were collected, and cells were fixed and stained with NS1 antibodies (first
round). Naive Vero cells were reinfected with culture supernatants from the first round. Two days post-inoculation, cells were
fixed and stained with NS1 antibodies (second round). Cell nuclei were counterstained with DAPI. (b) JEV SRIP inoculum was
incubated with serially diluted (1:2000, 1:8000 and 1:32000) rabbit normal serum or anti-JEV serum for 1 h at room
temperature, followed by inoculation onto Vero cells. Cells were immunostained with anti-NS1 antibody at 2 days post-
infection, and antigen-positive cells were counted and used to calculate a titre based on f.f.u. ml™ for spreading infections or IU
mi™" for non-spreading infections. Data for each condition are means of values obtained from three independent experiments
with error bars showing sb. The value for controls without serum (no serum) was set at 100 %. (c) Infectious titres of flavivirus
SRIPs, including dengue types 1-4 (D1-4), produced by transfection of 293T cells with pCMV-JErep, pCAG-JEC and
flavivirus prM-E expression plasmids. Dilution of supernatant collected at 3 days post-transfection was used to inoculate
monolayers of Vero cells. Cells were fixed at 2 days post-infection and stained with anti-JEV NS1 antibody, and stained cells

were counted in order to determine titres.
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Hepatitis B virus (HBV) entry has been analyzed using infection-susceptible cells, including primary
human hepatocytes, primary tupaia hepatocytes, and HepaRG cells. Recently, the sodium taurocholate
cotransporting polypeptide (NTCP) membrane transporter was reported as an HBV entry receptor. In this
study, we established a strain of HepG2 cells engineered to overexpress the human NTCP gene (HepG2-

Keywords: hNTCP-C4 cells). HepG2-hNTCP-C4 cells were shown to be susceptible to infection by blood-borne and
HBV cell culture-derived HBV. HBV infection was facilitated by pretreating cells with 3% dimethyl sulfoxide
g’éﬁf’on permitting nearly 50% of the cells to be infected with HBV. Knockdown analysis suggested that HBV infec-
DMSO tion of HepG2-hNTCP-C4 cells was mediated by NTCP. HBV infection was blocked by an anti-HBV surface
Cyclosporin protein neutralizing antibody, by compounds known to inhibit NTCP transporter activity, and by cyclo-
Oxysterol sporin A and its derivatives. The infection assay suggested that cyclosporin B was a more potent inhibitor

of HBV entry than was cyclosporin A. Further chemical screening identified oxysterols, oxidized deriva-
tives of cholesterol, as inhibitors of HBV infection. Thus, the HepG2-hNTCP-C4 cell line established in this
study is a useful tool for the identification of inhibitors of HBV infection as well as for the analysis of the
molecular mechanisms of HBV infection.

© 2013 The Authors. Published by Elsevier Inc. All rights reserved.

1. Introduction

Approximately 350 million people are estimated to be infected
with hepatitis B virus (HBV) worldwide {1-4}. Chronically infected
patients are at a greater risk of developing hepatocellular carci-
noma. Currently, clinical treatment for HBV infection includes

Abbreviations: Ab, antibody; cccDNA, covalently closed circular DNA; Cs,
cyclosporin; DMSO, dimethyl sulfoxide; GEq, genome equivalent; HBc, HBV core
protein; HBs, HBV surface protein; HBV, hepatitis B virus; NTCP, sodium taurocho-
late cotransporting polypeptide; OHC, hydroxycholesterol; PHH, primary human
hepatocytes; PTH, primary tupaia hepatocytes.
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interferon (IFN)a and nucleos(t)ide analogs {2,4]. IFNa therapy
yields long-term clinical benefit in less than 40% of the treated
patients and can cause significant side effects. Nucleos(t)ide analog
treatment can suppress HBV replication with substantial biochem-
ical and histological improvement; however, such analogs may
select drug-resistant viruses, thereby limiting the efficacy of
long-term treatment. Thus, the development of new anti-HBV
agents targeting a different molecule in the HBV life cycle is
urgently needed.

HBV is a hepatotropic virus that mainly or exclusively infects
human liver {1,5]. HBV infection can be reproduced in cell culture
using primary human hepatocytes (PHH), primary tupaia hepato-
cytes (PTH), and HepaRG cells {6]. Although HBV infection into
these cells is robust, these models have significant limitations as
tools for analyzing the mechanisms of HBV infection. Notably,
these models can yield unstable reproducibility among lots and
low tolerability of transfection efficiency with plasmid and siRNA:
preparation and culturing of these cells require significant

0006-291X/$ - see front matter © 2013 The Authors. Published by Elsevier Inc. All rights reserved.
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technical skill. In the case of hepatitis C virus (HCV), development
of the HCV cell culture (HCVcc) system, in which HCV produced
from a JFH-1 strain-based molecular clone can reinfect Huh-7 cells,
greatly contribute to the characterization of the HCV life cycle and
the evaluation of novel anti-HCV drug candidates {7]. However, the
above-noted limitations of HBV-susceptible cells have hampered
analysis of the HBV life cycle and impeded identification of new
anti-HBV drug targets. Thus, establishment of a novel cell line
supporting HBV infection is expected to accelerate the molecular
analyses of HBV infection as well as the development of anti-
HBV agents.

Recently, the sodium taurocholate cotransporting polypeptide
(NTCP) membrane transporter was reported as an HBV entry
receptor [8]. NTCP is a sodium-dependent transporter for tauro-
cholic acid, and belongs to a family of solute carrier proteins that
consist of seven members (SLC10A1-A7) 9,101 NTCP is expressed
at the basolateral membrane of hepatocytes and mediates the
transport of conjugated bile acids and some drugs from portal
blood to the liver {111 NTCP specifically interacts with the large
surface protein of HBV, thereby functioning as a viral entry recep-
tor [8].

In this study, we established a strain of HepG2 cells engineered
to overexpress the NTCP-encoding gene. One of these clones, des-
ignated HepG2-hNTCP-C4, was shown to be highly susceptible
for HBV infection, confirming that this infection is mediated by
NTCP and permitting evaluation in these cells of the anti-HBV
activity of various compounds: reduction of HBV infection of
HepG2-hNTCP-C4 cells was observed upon treatment with com-
pounds that blocked HBV entry in other assays and by known
inhibitors of NTCP transporter activity {12]. A small-scale chemical
screen permitted use to identify oxysterols as inhibitors of HBV
infection. Thus, the cell line established in this study is useful for
screening for anti-HBV agents, as well as for analysis of the molec-
ular mechanisms of HBV infection.

2. Materials and methods
2.1. Reagents

Dimethyl sulfoxide (DMSO), anti-FLAG antibody (Ab), dextran
sulfate, cholate, progesterone, 22(S)-hydroxycholesterol (OHC),
25-0HC, 20a-OHC, and 7B-OHC were purchased from Sigma.
Ursodeoxycholate was purchased from Tokyo Chemical Industry.
Bromosulfophthalein was from MP biomedicals. Cyclosporin
(Cs)A, CsB, CsC, CsD, and CsH were obtained from Enzo Lifesci-
ences. Anti-HBV surface protein (HBs) Ab was from Abcam. Hepa-
rin was obtained from Mochida Pharmaceuticals. Myrcludex-B was
kindly provided by Dr. Stephan Urban at University Hospital
Heidelberg and was synthesized by CS Bio (Shanghai, China).

2.2. Cell culture and plasmid transfection

HepG2 and HepG2-hNTCP-C4 cells were cultured with DMEM/
F-12 + GlutaMax (Invitrogen) supplemented with 10 mM HEPES
(Invitrogen), 200 units/ml penicillin, 200 pg/ml streptomycin, 10%
FBS, 50 uM hydrocortisone and 5 pg/ml insulin in the presence
(HepG2-hNTCP-C4 cells) or absence (HepG2 cells) of 400 pg/ml
G418 (Nacalai). HepAD38 (kindly provided by Dr. Christoph Seeger
at Fox Chase Cancer Center) {13] and HepaRG cells (BIOPREDIC)
were cultured as described previously {141

An expression plasmid for hNTCP {15] was transfected into
HepG2 cells with TransIT-LT1 (Mirus) according to the manufac-
turer’s instruction to establish HepG2-hNTCP-C4 cells.

2.3. HBV preparation and infection

HBV was prepared and infected as described {14]. Except as
noted, the HBV used in this study was genotype D derived from He-
pAD38 cells {13]. HBV was infected into NTCP-expressing HepG2
cells at 6 x 10° or 1.8 x 10* genome equivalent (GEq)/cell or into
HepaRG cells at 6 x 10° GEqg/cell. All infections were performed
in the presence of 4% PEG8000 at 37 °C for 16 h as previously de-
scribed {14]. Dr. Urban’s group reported that a quantity of more
than 10* GEq/cell (i.e. 1.25 — 40 x 10* GEq/cell) of HBV derived
from HepAD38 or HepG2.2.15 cells was required as an inoculum
for efficient infection into HepaRG cells in the presence of 4%
PEG8000 | 1&]. A limited number of infections were performed with
HBV of genotype C, derived from the serum of an HBV-infected pa-
tient, at 100 GEq/cell.

2.4. Real-time PCR and RT-PCR

Real-time PCR for quantification of HBV covalently closed circu-
lar (ccc)DNA were performed as described {14]. Isolation of total
RNA from cell lysates and reverse transcription PCR (RT-PCR) using
a One step RNA PCR kit (Takara) were performed as described pre-
viously {171 Primers used in this study were as follows: 5-AGG-
GAGGAGGTGGCAATCAAGAGTGG-3' and 5'-CCGGCTGAAGAACATT
GAGGCACTGG-3' for NTCP, 5'-CCATGGAGAAGGCTGGGG-3' and
5'-CAAAGTTGTCATGGATGACC-3’ for GAPDH, respectively.

2.5. Detection of HBs and HBe antigens

HBs antigen was quantified by ELISA as described previously
{14]. HBe antigen was detected by Chemiluminescent Immuno As-
say (Mitsubishi Chemical Medience).

2.6. Southern blot analysis

Isolation of cellular DNA and southern blot analysis to detect
HBV DNAs were performed as described previously {14].

2.7. Indirect immunofluorescence analysis

Immunofluorescence was conducted essentially as described
{14] using an anti-HBc Ab (#B0586, DAKO) at a dilution of 1:1000.

2.8. Flow cytometry

An aliquot of 1 x 10° of HepG2 or HepG2-hNTCP-C4 cells was
incubated for 30 min with a 1:50 dilution of anti-NTCP Ab (Ab-
cam), then washed and incubated with a dye-labeled secondary
Ab (Alexa Fluor 488, Invitrogen) at 1:500 dilution in the dark.
Staining and washing were carried out at 4 °C in PBS supplemented
with 0.5% bovine serum albumin and 0.1% sodium azide. The sig-
nals were analyzed with Cell Sorter SH8000 (SONY).

2.9. siRNA transfection
siRNAs were transfected into the cells at a final concentration of

10-30 nM using Lipofectamine RNAIMAX (Invitrogen) according to
the manufacturer’s protocol. siRNAs were purchased from Sigma.

2.10. Statistical analyses

Statistical analyses are done with student t-test.
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3. Results and discussion
3.1. Establishment of a cell line susceptible to HBV infection

To establish a cell line permanently expressing NTCP, we trans-
fected an NTCP-encoding plasmid into HepG2 cells and selected
with G418 at 1 mg/ml for 3 weeks. The resultant 9 cell clones were
isolated and NTCP expression was analyzed by RT-PCR. One of
these clones, designated HepG2-hNTCP-C4, was used in the follow-
ing experiments because this specific clone exhibited high
expression of NTCP and high susceptibility to HBV infection, as
shown below. Specifically, NTCP mRNA was abundantly expressed
in HepG2-hNTCP-C4 cells, in contrast to little to no expression of
NTCP mRNA in the parental HepG2 cells (Fig. 1A). Consistent with
the mRNA levels, NTCP protein was detected on the cell surface in
HepG2-hNTCP-C4 cells (Fig. 1B). To evaluate HBV infection, these
cells were inoculated with HBV for 16 h and cultured in normal
growth medium for an additional 12 days, and then HBV surface
protein (HBs) and HBe antigens in the culture supernatant as well
as HBV DNAs, covalently closed circular (ccc)DNA, and HBV core
(HBc) in the cells were assessed. The HBV inoculum used in this
experiment was of genotype D, and was derived from the culture
supernatant of HepAD38 cells that produce HBV by depletion of
tetracycline [ 13]. To confirm that the detected signals were derived
from HBV infection and did not represent non-specific background,
the cells were incubated with 1 WM Myrcludex-B (or with DMSO
vehicle) for 3 h prior to and for 16 h during HBV infection. Myrclu-
dex-B is a lipopeptide consisting of amino acid residues 2-48 of the
pre-S1 region of HBV, and is known to block HBV entry {18].

Following HBV exposure, little or no HBs and HBe antigens was
detected in the culture supernatant of the parental HepG2 cells,
and little HBc protein was observed in these cells (¥ig. 1C, D, and
G). However, these proteins, as well as HBV DNAs and cccDNA,
were detected in HBV-treated HepG2-hNTCP-C4 cells (Fig. 1C-G).
The corresponding signals were significantly reduced in the cells
treated with an HBV entry inhibitor, Myrcludex-B, but not in the
cells treated with DMSO (Fig. 1C-G). These data suggested that
HepG2-hNTCP-C4 cells are HBV-susceptible, in contrast to the
parental HepG2 cells. The HepG2-hNTCP-C4 cell line also was sus-
ceptible to infection with HBV genotype C, which was derived from
the serum of an HBV-infected patient (Fig. 1H and I).

3.2. HBV susceptibility of HepG2-hNTCP-C4 cells was augmented by
pretreatment with DMSO

It has been reported that a prolonged HBV infection in primary
human hepatocytes can be enhanced by pretreatment with DMSO
[19]. Therefore, we examined whether pretreatment with DMSO
affected HBV infection of HepG2-NTCP-C4 cells. The cells were
pretreated with 3% DMSO for 24 h and then the HBV infectivity
was investigated following the protocol as in Fig. 1. Immunofluo-
rescence analysis revealed that approximately 50% of the DMSO-
pretreated cells were HBc-positive at 12 days post-infection
(Fig. 2A, middle), while only 10-20% of cells were HBc-positive
cells in the absence of pretreatment (Fig. 1G, upper right). The ef-
fect of DMSO pretreatment on HBV susceptibility was both concen-
tration~(Fig. 2B) and time-dependent (Fig. 2C).
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Fig. 1. Establishment of a cell line susceptible to hepatitis B virus (HBV) infection. (A) mRNAs for sodium taurocholate cotransporting polypeptide (NTCP) and GAPDH in
HepG2 and HepG2-hNTCP-C4 cells were detected by RT-PCR. (B) NTCP protein on cell surface of HepG2 (black) and HepG2-hNTCP-C4 cells (red) was detected by flow
cytometry. (C-G) HepG2-hNTCP-C4 or the parental HepG2 cells pretreated with or without 1T pM Myrcludex-B or vehicle (DMSO) for 3 h were inoculated with HBV (genotype
D) for 16 h. After washing out of the free virus and the compounds, the cells were cultured for an additional 12 days in normal growth medium and then assayed for secretion
of HBs (C) and HBe antigens (D) secreted in the culture supernatant, and for the presence of HBV covalently closed circular (ccc)DNA (E), HBV DNAs (F), and HBV core (HBc)
proteins (G) in the cells. rc, dsl, and ss in (F) indicate relaxed circular, double strand linear, and single strand HBV DNA, respectively. Red and blue signals in (G) indicate HBc
protein and nuclear staining, respectively. (H and I) Infection of blood-borne HBV into HepG2-hNTCP-C4 cells. HBV (genotype C) derived from an HBV-infected patient was
used as an inoculum for the infection assay. Levels for HBs antigen in the culture supernatant (H) and HBV cccDNA in the cells (1) are shown. The data in C~E, H, and I show the

means of three independent experiments. *P < 0.05, **P < 0.01.
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Fig. 2. HBV infection was facilitated by pretreatment of HepG2-hNTCP-C4 cells with DMSO. (A) HepG2 or HepG2-hNTCP-C4 cells preincubated with 3% DMSO for 24 h were
inoculated with HBV in the presence of 3% DMSO for 16 h. Treatment with Myrcludex-B was used as a negative control for infection. At 12 days postinfection, HBc protein
(red) and the nucleus (blue) were detected by immunoflucrescence analysis. (B) Cells were pretreated by exposure for 24 h to various concentrations of DMSO (0-3%). (C)
Cells were pretreated by exposure to 3% DMSO for various treatment times (2, 6, 18, and 24 h). HBc protein (red) and the nucleus (blue) were detected as in (A).

3.3. HBV infection was mediated by NTCP in HepG2-hNTCP-C4 cells

We used knockdown analysis to determine whether HBV
infection of HepG2-hNTCP-C4 cells was mediated by NTCP. Trans-
fection with siRNA against NTCP (si-NTCP) and GAPDH (si-GAP-
DH) specifically knocked down mRNA for NTCP and GAPDH,
respectively, in HepG2-hNTCP-C4 cells (Fig. 3A). Consistent with
the effect on transcript level, treatment with si-NTCP depleted
NTCP protein on the cell surface (Fig. 3B). The HBV infection
assay, performed as in ¥ig. 1, indicated that depletion of NTCP
reduced the levels for HBs (Fig. 3C) and HBe antigens (Fig. 3D)
in culture supernatant as well as HBV cccDNA (Fig. 3E) and HBc
protein (Fig. 3F) in the cells at 12 days postinfection with HBV.
These data suggested that HBV infection into HepG2-hNTCP-C4
cells was mediated by NTCP.

3.4. Evaluation of HBV entry inhibitors in HepG2-hNTCP-C4 cells
To determine whether HepG2-hNTCP-C4 cells could be used to

evaluate anti-HBV activity of compounds, we examined the effect
of known entry inhibitors in these cells. The cells were pretreated

with compounds for 3 h and then inoculated with HBV for 16 h in
the presence of compounds (Fig. 4A). Inoculation with HBV was
followed by culturing of the cells in normal growth medium for
an additional 12 days until detection of HBs antigen in the culture
supernatant and cccDNA in the cells (Fig. 4A). This protocol has
been used previously to evaluate the entry inhibition activity of
compounds {20]. Treatment with anti-HBs neutralizing Ab, but
not that with a non-relevant anti-FLAG Ab, inhibited HBV infection
(Fig. 4B). Heparin and dextran sulfate, which have been reported to
inhibit HBV attachment to the target cells {21}, also reduced HBV
infection (Fig. 4C). In addition, known NTCP substrates and inhibi-
tors, including ursodeoxycholate, cholate, progesterone, and
bromosulfophthalein {12}, blocked HBV infection in this assay
(Fig. 4D). We recently identified that cyclosporin A (CsA) and its
analogs blocked HBV entry through inhibition of interaction be-
tween NTCP and the HBV large surface protein {20}. As shown in
Fig. 4E, CsA and its analogs inhibited HBV infection in the present
assay, with CsB showing the highest potency for inhibition of HBV
infection among Cs analogs (Fig. 4E). These data indicate that
HepG2-hNTCP-C4 cells are useful for evaluating the effect of HBV
entry inhibitors.
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Fig. 3. HBV infection of HepG2-hNTCP-C4 cells was mediated by NTCP. (A) HepG2-hNTCP-C4 cells were transfected (for 48 h) with or without [siRNA(-)] siRNAs against
NTCP (si-NTCP) or GAPDH (si-GAPDH), and mRNA expression levels of NTCP and GAPDH were detected by RT-PCR. (B) Parental HepG2 and HepG2-hNTCP-C4 cells were
transfected (for 48 h) with or without si-NTCP or si-GAPDH, and cell surface-displayed NTCP protein was detected by flow cytometry. The red, blue, and green lines indicate
the signal in HepG2-hNTCP-C4 cells treated with si-NTCP, HepG2-hNTCP-C4 cells treated with si-GAPDH, and HepG2 cells, respectively. (C-F) The cells prepared as in (A)
were infected with HBV according to the protocol shown in Fig. 1. Culture supernatants were assayed for levels of secreted HBs (C) and HBe (D) antigens, and cells were
assayed for intracellular levels of HBV cccDNA (E) and HBc protein (F). The red and blue signals in (F) indicate HBc and nuclear staining, respectively.
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Fig. 4. Evaluation of HBV entry inhibitors in HepG2-hNTCP-C4 cells. (A) Schematic representation of the experimental procedure for evaluating HBV entry inhibition. HepG2-
hNTCP-C4 cells were pretreated with or without compounds for 3 h and then inoculated with HBV for 16 h. After washing out of free HBV and the compounds, the cells were
cultured with normal culture medium in the absence of compounds for an additional 12 days, and HBs antigen in the culture supernatant and/or HBV cccDNA in the cells
were detected. Black and white bars show period of treatment and without treatment, respectively. (B-G) HepG2-hNTCP-C4 cells were treated with or without 1 pM
Myrcludex-B, 10 pg/ml anti-HBs or anti-FLAG Ab (B); HBV attachment inhibitors including 100 IU/ml heparin and 1 mg/ml dextran sulfate (C); NTCP inhibitors including
100 pM ursodeoxycholate, 100 uM cholate, 40 uM progesterone, and 100 pM bromosulfophthalein (D); cyclosporins (CsA, CsB, CsC, CsD, CsH) at 1, 2, 4, and 8 uM (E); 22(S)-
hydroxycholesterol (OHC) at 11, 33, and 100 uM (F); or oxysterols including 22(S)-OHC, 25-OHC, 200-OHC, and 7B~OHC at 100 uM (G). For each assay, the cells were infected
with HBV as shown in (A) and the levels of HBs antigen secreted into the culture supernatant and/or cccDNA in the cells were detected. Pretreatment time of compounds in (F)
and (G) was 6 h, instead of 3 h. ICses of cyclosporin derivatives calculated in this assay are shown below the graph in (E). (H) HepaRG cells were treated with or without
various concentrations of 22(S)-OHC (0.3, 0.9, 3, and 9 uM) and infected with HBV according to the protocol shown in (A). HBV infection was monitored by detecting the level
of HBs secreted into the culture supernatant.

As there are only reverse transcriptase inhibitors currently HBV-susceptible PHH, PTH, and HepaRG cells. HepG2-hNTCP-C4

available as anti-HBV drugs that inhibit the HBV life cycle, develop- cells will facilitate knockdown analysis of host factors to define
ment of new anti-HBV agents targeting different steps in the HBV their roles in infection and screenings of compounds to identify no-
life cycle are greatly needed {1-4]. We therefore screened for com- vel inhibitors of HBV infection. As an example, we demonstrated

pounds that blocked HBV entry by following the same protocol as here that oxysterols blocked HBV infection. The molecular mecha-
in Fig. 4A. We found that an oxysterol, 22(S)-hydroxycholesterol nisms whereby oxysterols inhibit HBV infection are now under
(OHC), reduced HBV infection in a dose-dependent manner investigation. These analyses will be important for understanding
(Fig. 4F). Other oxysterols, 25-OHC, 200-OHC, and 7B-OHC, also the mechanisms of HBV infection as well as for developing new
significantly decreased HBV infection (Fig. 4G). To validate this anti-HBV agents.

result, we repeated the assay using HepaRG cells, a line that
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