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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
;];E;mn 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 interferon (IFN)o and nucleos(t)ide analogs [2,4]. IFNo therapy

yields long-term clinical benefit in less than 40% of the treated

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, dimethy! 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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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 [G]. 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
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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) [9,10]. 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 [11]. 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, 202-0OHC, and 7p-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 utM 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 [14].

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° GEq/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 [16]. 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 [17]. 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 f-test.

- 430 -



810
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 pM 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].
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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 (Fig. 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
[18]. 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 1 uM 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 (I) 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 immunofluorescence 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 Fig. 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 [U/ml heparin and 1 mg/ml dextran sulfate (C); NTCP inhibitors including
100 puM ursodeoxycholate, 100 uM cholate, 40 pM progesterone, and 100 M 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 puM (F); or oxysterols including 22(S)-OHC, 25-0OHC, 202-0HC, and 78-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. ICsys 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, 20%-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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BASIC AND TRANSLATIONAL—LIVER

Thromboxane A, Synthase Inhibitors Prevent Production of Infectious
Hepatitis C Virus in Mice With Humanized Livers
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BACKGROUND & AIMS: A 3-dimensional (3D) culture
system for immortalized human hepatocytes (HuS-E/2
cells) recently was shown to support the lifecycle of blood-
borne hepatitis C virus (HCV). We used this system to
identify proteins that are active during the HCV lifecycle
under 3D culture conditions. METHODS: We compared
gene expression profiles of HuS-E/2 cells cultured under
2-dimensional and 3D conditions. We identified signaling
pathways that were activated differentially in the cells,
and analyzed their functions in the HCV lifecycle using
a recombinant HCV-producing cell-culture system, with
small interfering RNAs and chemical reagents. We
investigated the effects of anti-HCV reagents that altered
these signaling pathways in mice with humanized livers
(carrying human hepatocytes). RESULTS: Microarray
analysis showed that cells cultured under 2-dimensional
vs 3D conditions expressed different levels of messenger
RNAs encoding prostaglandin synthases. Small inter-
fering RNA-mediated knockdown of thromboxane A2
synthase (TXAS) and incubation of hepatocytes with a
TXAS inhibitor showed that this enzyme is required for
production of infectious HCV, but does not affect repli-
cation of the HCV genome or particle release. The TXAS
inhibitor and a prostaglandin I2 receptor agonist, which
has effects that are opposite those of thromboxane A,
reduced serum levels of HCV and inhibited the infection
of human hepatocytes by blood-borne HCV in mice.
CONCLUSIONS: An inhibitor of the prostaglandin
synthase TXAS inhibits production of infectious HCV
particles in cultured hepatocytes and HCV infection
of hepatocytes in mice with humanized livers. It
therefore might be therapeutic for HCV infection.

Keywords: Infectious Virus Particle; Lipid Mediator;
Antiviral Drug.

pproximately 170 million people worldwide are
infected with hepatitis C virus (HCV),' with the ma-
jority suffering from chronic hepatitis, cirrhosis, and/or
hepatocellular carcinoma.” HCV currently is treated using a

combination of polyethylene glycol-conjugated interferon
and ribavirin, although no more than 60% of individuals
adequartely respond.® Recently, inhibitors of HCV non-
structural proteins have been developed as direct-acting
antiviral agents to treat HCV effectively.“‘6 However, HCV
often acquires resistance against treatment with direct-
acting antiviral agents in cases of monotherapy.” Current
efforts therefore are focused on better understanding the
lifecycle of HCV to find the cellular target of novel anti-
HCV drugs to use the options for multi-drug therapy.

A cell-culture system that allows the production of re-
combinant infectious HCV (HCVcc) recently was devel-
oped using a cloned HCV genome and the hepatocellular
carcinoma-derived Huh-7 cell line.*'° Experiments using
the culture system have provided novel insights on the
HCV lifecycle such as finding the production of infectious
HCV particles near lipid droplets (LDs) and endoplasmic
reticulum-derived LD-associated membranes."! Huh-7
cells, however, only allow the proliferation of recombi-
nant HCV, and not blood-borne HCV (bbHCV).

To study the lifecycle of bbHCV, we cloned immortalized
human hepatocyte HuS-E/2 cells, which permitted some
degree of bbHCV infection."? Integrating hollow fibers into
the 3-dimensional (3D) culture system resulted in efficient
continuous proliferation of infected HCV production from
the cells.”®> By using the improved system, we previously
compared the gene expression profiles of HuS-E/2 cells
under the 2-dimensional (2D) and 3D culture conditions
using microarray analysis. This allowed us to identify
signaling pathways that contribute to the proliferation
of HCV, for example, peroxisome proliferator-activated

Abbreviations used in this paper: 2D, 2-dimensional; 3D, 3-dimensional;
AAC, arachidonic acid cascade; bbHCV, blood-borne hepatitis C virus;
cAMP, cyclic adenosine monophosphate; COX, cyclooxygenase; HCV,
hepatitis C virus; HCVcc, hepatitis C virus from cell culture; IP, prosta-
glandin |, receptor; LD, lipid droplet; mRNA, messenger RNA; PG, pros-
taglandin; PGIS, prostaglandin |, synthase; RT-PCR, reverse-transcription
polymerase chain reaction; gRT-PCR, quantitative reverse-transcription
polymerase chain reaction; siRNA, small interfering RNA; TP, throm-
boxane A, receptor; TXA,, thromboxane A,; TXAS, thromboxane A, syn-
thase; TXB,, thromboxane Bs.
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receptor « signaling, which enhances HCV replication.'*
This result was confirmed by other groups,'*'¢ corrobo-
rating that our strategy can uncover cellular events that
support the proliferation of HCV. We therefore hypothe-
sized that leveraging the in vitro systems described earlier
may help elucidate the molecular mechanisms underlying
the HCV lifecycle.

Prostanoids are metabolites of the arachidonic acid
cascade (AAC) that possess various physiologic activities.'”
These metabolites include prostaglandin (PG) E,, D, I,
and F,, and thromboxane A, (TXA,).!” Although several
studies have shown that PG signaling contributes to liver
regeneration,'®'® the physiologic functions of these lipid
mediators in human hepatocytes still are unknown. Inter-
estingly, one report showed that PGE, might support
HCV genome replication in cells bearing self-replicating
HCV subgenomic replicon RNA?® Whether prostanoids
are involved in the HCV lifecycle, however, has not been
precisely investigated.

In this study, we provide evidence that TXA, synthase
(TXAS) is involved in the formation of infectious HCV, by
cell culture system, and that a TXAS inhibitor and PGI,
receptor (IP) agonist that has opposite physiological
effects to TXA, can be used as a novel ant-HCV drug by
using chimeric mice bearing transplanted human hepa-
tocytes.>' This report shows the contribution of the AAC
to HCV infectivity and the potency of a prostanoid as an
anriviral agent.

Materials and Methods
Cell Culture

The human hepatocellular carcinoma-derived Huh-7
and Huh-7.5 cell lines were cultured as described previously.?
HuS-E/2 cells are immortalized human hepartocytes transduced
with E6 and E7 genes of human papilloma virus 18 and human
telomerase reverse-transcription gene as described previously.'?
The 2D and 3D culture conditions for HuS-E/2 cells were as
described previously.'?

Reagents and Antibodies

FR122047, PGH,, ONO1301, daltroban, and dibutyryl
cyclic adenosine monophosphate (cAMP) sodium salt were
purchased from Sigma-Aldrich (St. Louis, MO). Cyclooxygenase
(COX)-2 inhibitor 1 and Ozagrel were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). U-46619 was purchased
from Cayman Chemical (Ann Arbor, MI). Beraprost was a
generous gift from Toray, Co (Tokyo, Japan). FR122047, PGH,,
ONO1301, Daltroban, COX-2 inhibitor 1, Ozagrel, Beraprost,
and calcium ionophore were dissolved in dimethyl sulfoxide.
U-46619 and chromboxane B, (TXB,) were dissolved in methyl
acetate. Dibutyryl cAMP was dissolved in water. The effect of
each reagent on cell viability was analyzed using a Cell Prolif-
eration Kit 2 (Roche, Basel, Switzerland) based on the manu-
facturer’s instructions. An antibody specific for core protein
(antibody 32-1) was a gift from Dr Michinori Kohara (Tokyo
Metropolitan Institute of Medical Science, Tokyo, Japan).
Rabbit polyclonal anti-NSSA protein CL1 antibody and
anti-HCV protein antibody in human serum were described
previously.'*

PROSTANOID SIGNALS AS ANTI-HCV TARGETS 659

Microarray Analysis

Total RNA purified from HuS-E/2 cells cultured under 2D
or 3D conditions in the absence of HCV infection was analyzed
with a 3D-Gene Human Chip 25k (Toray, Co) to compare gene
expression profiles as described previously."* The accession num-
ber of the results is listed as “E-MTAB-1491” in ArrayExpress.

Production of HCVcc and Sample Preparation

HCVecc was produced from the Huh-7 or Huh-7.5
cells transfected with in vitro synthesized Jikei Fulminant Hepa-
ticis (JFH) 1527 or J6/JFH1 RNA as described previously.“ The
transfected cells and culture medium were harvested at 4 days
post-transfection. For JFH1E?L RNA-transfected Huh-7 cells
treated with TXAS-specific small interfering RINA (siRNA),
cells and culture medium were harvested 3 days after transfection.
Culture medium including HCVec was concentrated and used for
infection experiments as described previously.'! Concentrated
culture medium from JFH1 RNA-transfected Huh-7 cells was
fractionated as described previously.'" The infectivity titer in each
fraction was analyzed by focus-formation assay, which was deter-
mined by the average number of HCV-positive foci.

Reverse-Transcription Polymerase Chain
Reaction and Quantitative Reverse-
Transcription Polymerase Chain Reaction

Total RNA was isolated from the cells and medium using
Sepasol I Super and Sepasol II (Nacalai Tesque, Kyoto, Japan),
respectively, according to the manufacturer’s instructions.
By using 200 ng of total RNA as a template, we performed
reverse-transcription polymerase chain reaction (RT-PCR) and
quantitative RT-PCR (qRT-PCR) with a l-step RNA PCR kit
and a I-step SYBR Primescript RT-PCR kit 2 (Takara, Shiga,
Japan), respectively, according to the manufacturer’s in-
structions. Information on both experiments is shown in
Supplementary Tables 1 and 2.

Infection of HCVecc

Infection experiments of HCVcc and detection of infected
Huh-7.5 cells by indirect immunofluorescence analysis were
performed mainly as described previously.'' The number of
infection-positive cells detected in 4 x 10* targer cells 1 day after
infection with HCVcc including 107 copies of RNase-resistant
HCV genome was defined as the specific infectivity in the infec-
tion experiments in our protocol.

Indirect Immunofluorescence Analysis

HCV proteins were examined in cells using a Leica SP2
confocal microscope (Leica, Heidelberg, Germany), and infected
cells were counted using a BioZero fluorescence microscope
(Keyence, Tokyo, Japan).

Preparation of Intracellular HCV Particles

Intracellular HCV particles were prepared as described
previously.??

Pharmacologic Test in Chimeric Mice Bearing

Transplanted Human Hepatocytes

All mouse studies were conducted at Hiroshima Uni-
versity (Hiroshima, Japan) in accordance with the guidelines of
the local committee for animal experiments. Chimeric mice
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transplanted with human hepatocytes were generated as
described previously.*! The experimental protocol was approved
by the Ethics Review Commirttee for Animal Experimentation of
the Graduate School of Biomedical Sciences (Hiroshima Uni-
versity). The reagents were first administered 1 week after the
chimeric mice were infected with a 1.0 x 10° titer of bbHCV.
ONO1301 was injected subcutaneously at a dose of 200 ug/
mouse. Beraprost and Ozagrel were administrated orally at a
dose of 10 and 300 ug/mouse, respectively. For a positive control
experiment, telaprevir was administered as described previ-
ously.”* All reagents were administrated twice each day. Serum
samples were collected at 2, 3, and 4 weeks after starting the
treatments. HCV-RNA levels in the samples were evaluated in
qRT-PCR.

Statistical Analyses of Data

The significance of differences in the means was deter-
mined by the Student ¢ test (Figures 1-6, and Supplementary
Figures 1-13) or the Wilcoxon signed-rank test (Figure 7 and
Supplementary Figure 14).

Results

Expression of PG Synthase messenger RNA in

HuS-E/2 Cells Cultured Under 3D Conditions

To identify signaling pathways that contribute to
HCV proliferation under the 3D culture conditions, we
compared the gene expression profiles of 2D- and 3D-
cultured HuS-E/2 cells as described previously.'* We
found that the expression of 984 genes was up-regulated
more than 2 times in both of 2 types of 3D-cultured
HuS-E/2 cells, and expression of 1491 genes was down-
regulated less than half the time. For the two 3D condi-
tions, we identified the expression of a set of genes
encoding enzymes of the AAC. The expression levels
of messenger RNAs (mRNAs) for AAC enzymes, COXI,

>
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PGD, synthase, and TXAS increased in HuS-E/2
cells cultured under 3D conditions (Figure 1A), whereas
those for PGE, and PGI, synthases (PGIS) decreased
(Figure 1A4). These results were confirmed by qRT-PCR
analysis (Figure 1A, gray bars). The relative protein levels
of those enzymes in 2D- and 3D-cultured HuS-E/2 cells
reflected the quantitative difference of those mRNAs,
except PGD, synthase (PGDS) (Figure 1B). The expression
of those genes and the production of those proteins also
were observed in the liver tissues from patients with
hepatitis C, suggesting the functional roles of those
products in the human liver (Supplementary Figure 1).

The AAC Contributes to Infections HCV

Production

To assess whether the AAC plays a role in the HCV
lifecycle, the contributions of the AAC rate-limiting en-
zymes COX1 and COX2 were examined using the JFH1
cell culture system. We first investigated the role of
COX1, which is known to be a constitutively expressed
gene in general, by adding the COX1 inhibitor FR122047
to JFH1-RNA-transfected cell cultures. Even at higher
concentrations, FR122047 did not markedly affect
the amount of HCV RNA in the medium or cells
(Figure 2A, black and white bars) with a little cytotoxicity
at 10 pmol/L. Nevertheless, FR122047 dose-dependently
decreased the infectivity of HCVcc in the culture me-
dium (Figure 2B and C). Because the infection experiment
using a lower titer of HCVcc from inhibitor-treated cells
showed that the inhibitor affected the number of foci,
but not the number of cells in a focus (Figure 2C), the
treatment of COX1 inhibitor seemed to decrease the
focus-forming ability of HCVcc. Next, the contribution of
inducible COX2 was examined using COX2 inhibitor 1.

*x =
HuS-E/2

3D
PGES s
rais B =
™As*  wme W
PGDS

WG

PGES PGIS TXAS PGDS

Figure 1. PG synthase mRNA expression under 3D culture conditions. (A) Results of microarray analysis. Black and white bars represent mRNA
expression levels in HUS-E/2 cells cultured with Mebiol gel and hollow fibers, respectively, relative to levels observed in cells cultured under 2D
conditions. Gray bars represent mRNA expression levels in HuS-E/2 cells cultured with Mebiol gel (Mebiol, Hiratuka, Japan) by quantifying with gRT-
PCRs. gRT-PCR data show the averages from guadruplicate samples in 2 independent experiments + SD. *Differs from control, P < .01; **differs
from control, P < .001. (B) Protein levels of TXAS and various PG synthases in 2D-cultured and 3D-cultured HuS-E/2 cells. PG synthases except for
TXAS were detected in whole-cell lysate. Asterisks show the result in membrane fraction.
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bars). Averages from quadru-
plicate samples in 2 indepen-
dent experiments + SD are
shown. (B) Effects of FR122047
on the infectivity of HCVcc
produced using this cell-culture
system. (C) FR122047 reduces
infectious HCVcce in the culture
medium. Huh-7.5 cells infected
with HCVcc from the culture
medium of cells treated with
(right panel) and without (left
panel) FR122047 at the indi-
cated concentrations were

(@

stained with anti-HCV anti- Lo_wer
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2-phenylindole (cyan). Lower

panels: infected cells at a lower
titer of inoculums. *Differs from
control, P < .01; **differs from
control, P < .001.

The inhibitor, however, did not affect the infectivity of
HCVcc in the medium (Supplementary Figure 2A and B),
probably because of the lack of COX2 gene expression
in Huh-7 cells (Supplementary Figures 2C and 3A).
These data suggest that COX1 and the AAC play a role in
infectious HCVce production without significant effects
on HCV genome replication or particle release from
the cells.

TXAS Plays a Key Role in Infectious HCV

Production

To further examine the contribution of the AAC
to infectious HCVcc production, we focused on TXAS,
because, similar to COX1 mRNA, TXAS mRNA levels
increased in HuS-E/2 cells cultured under 3D conditions.
Although PGD, synthase mRNA levels also increased, this
synthase was unlikely to contribute to these processes
because we did not detect PGD, synthase mRNA in Huh-7
cells in the JFH1 cell culture system (Supplementary
Figure 3A4). By using siRNA- and short hairpin RNA-
mediated suppression of mRINA expression, we found
that reducing TXAS mRNA levels in HCVcc-producing

COX1 inhibitor (uM)

Control

COX1 inhibitor (uM)

COX1 inhibitor 10pM

Huh-7 cells did not significantly affect the amount of
HCV RNA in the medium or cells (Figure 3B and
Supplementary Figure 4B, black and white bars), whereas
HCVcc in the medium was less infectious, as was observed
when the cells were treated with FR122047 (Figure 3C and
Supplementary Figure 4C). Treatment with the TXAS in-
hibitor Ozagrel also dose-dependently suppressed infectious
HCVcc production without significantly affecting HCV-
RNA levels in the medium or cells (Figure 3D and E).
Similar effects of Ozagrel were observed in another HCV cell
culture system using Huh-7.5 cells and chimeric recombi-
nant J6/JFH1 HCV, which encoded different structural
proteins from JFH1® (Supplementary Figure 5), indicating
that our results were not specific to the JFH1 cell culture
system. Furthermore, treatment with PGH,, a product of
COX1 and a substrate of TXAS, was shown to increase the
infectivity of HCVcc without effect on the HCV replication
and egression despite the short halflife of PGH,
(Supplementary Figure 6). These data suggest that the AAC,
in particular TXAS activity and probably TXA, produced
from PGH, by TXAS activity, contributes to infectious
HCV production.
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