HEPATOLOGY COMMUNICATIONS, VOL. 5,NO. 4,2021

Establishment of a Cell Culture Model
Permissive for Infection by Hepatitis B and
C Viruses
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Compared with each monoinfection, coinfection with hepatitis B virus (HBV) and hepatitis C virus (HCV) is well
known to increase the risks of developing liver cirrhosis and hepatocellular carcinoma. However, the mechanism by
which HBV/HCV coinfection is established in hepatocytes is not well understood. Common cell culture models for
coinfection are required to examine viral propagation. In this study, we aimed to establish a cell line permissive for
both HBV and HCV infection. We first prepared a HepG2 cell line expressing sodium taurocholate cotransporting
polypeptide, an HBV receptor, and then selected a cell line highly permissive for HBV infection, G2/NT18-B. After
transduction with a lentivirus-encoding microRNA-122, the cell line harboring the highest level of replicon RNA was
selected and then treated with anti-HCV compounds to eliminate the replicon RNA. The resulting cured cell line was
transduced with a plasmid-encoding CD81. The cell line permissive for HCV infection was cloned and then designated
the G2BC-C2 cell line, which exhibited permissiveness for HBV and HCV propagation. JAK inhibitor I potentiated
the HCV superinfection of HBV-infected cells, and fluorescence-activated cell-sorting analysis indicated that HBV/
HCYV double-positive cells accounted for approximately 30% of the coinfected cells. Among several host genes tested,
cyclooxygenase-2 showed synergistic induction by coinfection compared with each monoinfection. Conclusion: These
data indicate that our in vitro HBV/HCV coinfection system provides an easy-to-use platform for the study of host
and viral responses against coinfection and the development of antiviral agents targeting HBV and HCV. (Hepatology
Communications 2021;5:634-649).

epatitis B virus (HBV) and hepatitis C with HCV worldwide are also infected with HBV.?

virus (HCV) are causative agents of chronic
hepatitis and are well-recognized major
risk factors for cirrhosis and hepatocellular carci-
noma (HCC). Chronic HBV and HCV infections
affect approximately 250 million people world-
wide. Approximately 10% to 15% of all patients

Several reports have shown that, compared with each
monoinfection, HBV/HCV coinfection exacerbates
liver disorders, including hepatitis and cirrhosis, and
is associated with increased risks of cirrhosis and

HCC.?* Rodriguez-Thigo et al. reported that HBV
and HCV coexisted in the same hepatocyte prepared
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infection; IFN, interferon; IgG, immunoglobulin G; ISG, interferon-stimulated gene; JAK, Janus kinase; miR-122, microRINA-122; moi, multiplicity
of infection; mRINA, messenger RNA; NTCR sodium taurocholate cotransporting polypeptide; PBS, phosphate-buffered saline; PCR, polymerase chain
reaction; PHH, primary human hepatocyte; PMM, primary maintenance medium; SGR, subgenomic replicon; STAT, signal transducer and activator

of transcription; VEGE, vascular endothelial growth factor.
Received April 15, 2020; accepted November 22, 2020.

Additional Supporting Information may be found at onlinelibrary.wiley.com/doi/10.1002/hep4.1653/suppinfo.

*These authors contributed equally to this work.

Supported by the Takeda Science Foundation, Japan Agency for Medical Research and Development (19f%021005370001, 19fk031010250303,
19fk031010550103, 19fk0310119s0003, 20fk02100535h1202, 20fk031010250304, and 20fk0310105h0004), GSK Japan Research Foundation,

and Japan Society for the Promotion of Science (19K07574).

634


mailto:﻿
https://onlinelibrary.wiley.com/doi/10.1002/hep4.1653/suppinfo

HEPATOLOGY COMMUNICATIONS, Vol.5, No. 4, 2021

from liver biopsy samples of a patient.®) Furthermore,
current HCV therapeutics involving direct-acting anti-
virals (DAAs) achieve sustained virological responses
more than 95% of the time, although several reports
have suggested that HCV elimination by DAA treat-
ment induces HBV reactivation and hepatitis flareups
in coinfected patients.(2’3) However, the virological
mechanisms by which HBV/HCV coinfection exac-
erbates liver disorders and how HBV is reactivated
after HCV elimination are not yet understood.

It is difficult to elucidate the virological aspects
of HBV/HCV coinfection, as distributed reliable
models for in wvitro coinfection are not established.
Hepatoma cell lines, including Huh7 and others, have
generally been used because of their permissiveness
to HCV infection and to replication(6’7); however,
these cell lines are not susceptible to HBV infection.
The Huh?7 cell line is permissive for HBV replica-
tion and viral particle formation, but not to events
related to viral uncoating and replication due to the
lack of unidentified host factor(s).®) On the other
hand, the HepaRG cell line, primary human hepato-
cytes (PHHs), and HepG2-derived cell lines stably
expressing human sodium taurocholate cotransport-
ing polypeptide (NTCP), which has been identi-
fied as a functional HBV receptor,(g) have generally
been used as in vitro culture models for HBV infec-
tion. However, these models are not permissive for
HCV infection or replication. HCV cannot enter
into and replicate in HepG2 cells because they lack
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cluster of differentiation 81 (CD81) and liver-specific
microRNA-122 (miR-122), the key host factors
responsible for HCV entry and replication, respec-
tively.(lo_u) The HLCZO01 cell line was isolated from
a liver tumor and has been reported to be susceptible
to infection with HBV and HCV."® The replication
levels of HBV and HCV in coinfected HLLCZ01 cells
are comparable to those in individually monoinfected
cells, suggesting no or low interference between HBV
and HCV replication.(m) The HLCZO01 cell line was
isolated from the liver tumor of a patient with chronic
HCYV and then inoculated into immunodeficient mice
before establishment(13); however, this cell line was
not derived from a common cell line and has not been
thoroughly characterized. The H7HBV-93.1-522041
cell line, 2 Huh7-derived cell line, harbors the HBV
genome under the control of a tetracycline-regulated
promoter and subgenomic HCV RNA with an adap-
tive mutation in NS5A.%% As HCV can superinfect
this cell line but HBV cannot, whether HBV and
HCYV interfere with each other remains unclear.

In this study, we established a HepG2-derived cell
line, G2BC-C2, that is infectable by both HBV and
HCYV and then determined the cell culture conditions
suitable for coinfection. Several host factors related to
viral pathogenesis were expressed at higher levels in
the coinfection cultures than in each monoinfection
culture. Host gene expression induced by coinfec-
tion may be correlated with the exacerbation of liver
disorders.
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Materials and Methods

CELLS
The human embryonic kidney (HEK) 293T cell

line, human hepatoma Huh7-derived cell lines, and
HepG2 cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma-Aldrich,
St. Louis, MO), supplemented with 10% fetal bovine
serum (FBS; Gibco, Cambrex, MD), nonessen-
tial amino acids (Sigma-Aldrich), sodium pyruvate
(Sigma-Aldrich),100 U/mL penicillin,and 100 pg/mL
streptomycin  (Gibco). "% Huyh7-derived and
HepG2-derived cell lines harboring HCV replicon
RNAs were maintained in culture medium sup-
plemented with 0.5 mg/mL or 1.0 mg/mL G418
(Nacalai Tesque, Kyoto, Japan), respectively. HepG2-
derived cell lines stably expressing human NTCP or
CD81 were maintained in the presence of 1 pg/mL
puromycin (Nacalai Tesque) or 400 pg/mL zeocin
(Invitrogen, Carlsbad, CA), respectively. PHHs, PXB
cells, were purchased from Phoenix Bio (Hiroshima,
Japan) and cultured in the manufacturer’s medium
for PXB cells (PhoenixBio). All cell lines were cul-
tured at 37°C in a 5% CO, humidified incubator.

COLONY FORMATION ASSAY

The plasmids pFK-I389neo/NS3-3/NK5.1 and
pFK-1389neo/full-genomic replicon (FGR),"” which
encode subgenomic replicon (SGR) and FGR, respec-
tively, of the HCV genotype 1b isolate Conl were
linearized with Scal and transcribed in witro using
a MEGAscript T7 kit (Ambion, Austin, TX). The
synthesized RNA was electroporated into HepG2
cell derivatives according to the method described by
Date et al.™® The cells were seeded in a 10-cm dish
and cultured in a medium containing 1 mg/mL G418
at 24 hours after transfection. The resulting colonies
were fixed with ice-cold methanol at 21 days after
transfection and stained with crystal violet.

DETECTION AND
QUANTIFICATION OF VIRAL
AGENTS

The plasmid pBluescript-NS3 was linearized with
HindIII and transcribed iz vifro with a DIG Northern
Starter kit (Roche, Indianapolis, IN) to synthesize
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a specific probe against HCV positive-strand RNA.
Total RNA was extracted from cells using an RNeasy
Mini Kit (Qiagen, Valencia, CA) and subjected to
northern blotting according to a method described
previously.(lg) For detection of intracellular proteins,
cells were lysed on ice in lysis buffer (20 mM Tris-
HCI [pH 7.5], 135 mM NaCl, 10% glycerol, and
1% Nonidet P-40) supplemented with a complete
protease inhibitor cocktail (Roche) and subjected to
western blotting according to a method described
previously.(7) The amount of HCV core in the lysate
was determined by a chemiluminescent immunoassay

(SRL Inc., Tokyo, Japan).

FOCUS-FORMING AND
IMMUNOFLUORESCENCE ASSAYS

HCV titers in culture supernatants were deter-
mined by a focus-forming assay as described previ-
ously.”) Cells were fixed with 4% paraformaldehyde
(Wako Pure Chemical Industries, Ltd., Osaka, Japan)
and permeabilized with 0.5% Triton X-100 (Wako).
The cells were blocked with phosphate-buffered
saline (PBS) containing 2% BSA (PBS/BSA) and
then incubated with an appropriate antibody at 4°C
overnight. The cells were washed with PBS and
incubated with PBS/BSA containing Alexa 488-
conjugated or Alexa 594-conjugated secondary anti-
bodies and 4’,6-diamidino-2-phenylindole (DAPI)
at room temperature for 1 hour. The cells were then
washed three times with PBS and observed with a
fluorescence microscope (Keyence, Tokyo, Japan) or
a FluoView FV1000 laser scanning confocal micro-
scope (Olympus, Tokyo, Japan). To quantify mean flu-
orescent intensity of HCV or HBV signal, arbitrarily
selected five fields of image were analyzed using
Image J software.

FLUORESCENCE-ACTIVATED CELL
SORTING ANALYSIS

Fluorescein amidite—conjugated wild-type and
NI9K-mutant forms of a preS1 lipopeptide were
synthesized as described previously.' The ability
of the preS1 lipopeptide to bind to NTCP on the
cell surface was analyzed as described previously.(lé)
For evaluation of CD81 expression, 1 x 10° cells
were incubated with a peptide-conjugated mouse
anti-human CD81 antibody or an isotype control



HEPATOLOGY COMMUNICATIONS, Vol.5, No. 4, 2021

mouse immunoglobulin G (IgG) antibody (BD
Biosciences, San Jose, CA) at room temperature for
30 minutes in 50 puL of PBS containing 2% FBS
(PBS/FBS) and washed twice with PBS/FBS. For
the detection of hepatitis B core (HBc) and NS5A
expression, infected cells were sequentially incubated
with mouse anti-HBc and/or rabbit anti-NS5A
antibodies at 4°C overnight and with an Alexa-488-
conjugated anti-mouse IgG rabbit antibody and/or
an Alexa-647-conjugated anti-rabbit IgG mouse
antibody on ice for 90 minutes. After washing, indi-
vidual treated cells were suspended in PBS con-
taining 0.5% BSA. The stained cells were analyzed
with a FACSCalibur instrument (BD Biosciences).
The cytometric data were analyzed with Cell Quest
(BD Biosciences) or FlowJo software (FlowJo, LLC,
Ashland, OR).

Other materials and methods are available in the
Supporting Information.

Results

ESTABLISHMENT OF HBV-
PERMISSIVE HepG2 CELL LINES

We previously established an HBV-permissible
cell line, HepG2/NTCPA3.'9 The HepG2/
NTCPAS3 cell line showed higher messenger RNA
(mRNA) expression of NTCP and a higher bind-
ing ability for preS1 lipopeptides than the HepG2-
hNTCP-C4 cell line, which was established as
another HBV-permissive cell line®” (Fig. 1A and
Supporting Fig. S1). However, the infectivity of
HBV was higher in HepG2-hNTCP-C4 cells
than in HepG2/NTCPA3 cells (Fig. 1B,C). In this
study, we further cloned three cell lines expressing
NTCP and designated them as G2/NT18-A, G2/
NT18-B, and G2/NT18-C. The G2/NT18-A, G2/
NT18-B, and G2/NT18-C cell lines possessed a
better ability to bind to a preS1 lipopeptide than
the HepG2/NTCPA3 and HepG2-hNTCP-C4
cell lines (Fig. 1A). These cells were incubated with
various amounts of HBV under previously reported
nonadherent conditions.*® HBV infection was
detected in the HepG2-hNTCP-C4, G2/NT18-A,
and G2/NT18-B cell lines when HBV was inoc-
ulated at 10 genome equivalents (GEq)/cell. On
the other hand, at least 30 or 100 GEq/cell HBV
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FIG. 1. Establishment of cell lines permissive for HBV infection.
(A) Binding of the wild-type form (black line) or N9K-mutant
form (gray histogram) of a preS1 lipopeptide to each cell line was
analyzed by FACS analysis. (B) HepG2-derived cell lines were
infected with various amounts of HBV. The resulting cells were
harvested at 6 dpi to measure the amount of intracellular HBV
RNA by quantitative real-time polymerase chain reaction (PCR).
(C) Cells were infected with various amounts of HBV. The amounts
of supernatant HBV DNA harvested at the indicated times were
measured by quantitative PCR. #Not detected. Abbreviations: A3,
HepG2/NTCPA3; C4, HepG2-hNTCP-C4; 18-A, G2/NT18-A;
18-B, G2/NT18-B; 18-C, G2/NT18-C.

was required for detectable infection of the G2/
NT18-C and HepG2/NTCPAS3 cell lines (Fig. 1B).
The amount of supernatant HBV in G2/NT18-B or
G2/NT18-C cell cultures was remarkably increased
at 9 and 12 days post infection (dpi) (Fig. 1C). The
amounts of supernatant HBV antigens and intra-
cellular HBc were also produced at a higher level
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in the G2/NT18-B and G2/NT18-C cells than in
others (Supporting Fig. S1B,C). Thus, we used the
G2/NT18-B and G2/NT18-C cell lines for subse-

quent experiments.

ESTABLISHMENT OF A
HepG2-DERIVED CELL LINE
HIGHLY PERMISSIVE FOR HCV
REPLICATION

Exogenous expression of miR-122 has been
reported to support efficient replication of HCV
in several hepatic cell lines, including the HepG2
cell line and nonhepatic cell lines."*"? Thus, we
transduced G2/NT18-B cells with lentiviruses
encoding miR-122 and then prepared cells express-
ing miR-122 (G2/NT/122). The level of miR-122

-4
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was significantly lower in G2/NT18-B cells than
in Huh7 cells, whereas G2/NT/122 cells expressed
approximately two times more miR-122 than Huh7
cells (Fig. 2A). We carried out a colony formation
assay to investigate whether G2/NT/122 cells sup-
port HCV replication. The G2/NT/122 cells exhib-
ited a colony formation activity of 32.8 colonies/pg
of RNA using HCV-SGR RNA, whereas G2/
NT18-B cells transfected with SGR RNA and
G2/NT/122 cells transfected with replicase-dead
SGR RNA exhibited no colony formation ability
(Supporting Fig. S2A). We isolated several colonies
from the G418-resistant colonies of the transfected
G2/NT/122 cells, selected the clone harboring the
highest level of replicon RNA, and designated it as
the G2/NT/SGR1 cell line (Fig. 2B). Unfortunately,
no replicon cell line could be prepared using G2/
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FIG. 2. Establishment of HepG2-derived cell lines supporting HBV infection and HCV replication. (A) Ratio of the relative expression
levels of miR-122 and U6 small nuclear RNA was evaluated by quantitative real-time PCR. Statistical significance was calculated by one-
way analysis of variance (ANOVA) followed by Dunnett’s posz hoc test to compare values for other cell lines with that for Huh7 cells (b,
P <0.01). (B) Amount of intracellular HCV RNA was measured by quantitative real-time PCR. Statistical significance was calculated by
Student # test (**P < 0.01). (C) Upper half of the panel: Total RNA was subjected to northern blot analysis using an RNA probe specific
for the NS3 gene. Ribosomal RNAs were stained with ethidium bromide. In vitro—transcribed SGR RNA was applied as a size control.
Lower half of the panel: Cell lysates were subjected to western blot analysis. (D) Cells were incubated with the wild-type form (black line)
or N9K-mutant form (gray histogram) of a preS1 lipopeptide and analyzed by flow cytometry. “Not detected. Abbreviation: G2/NT, G2/
NT18-B.
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NT18-C cells expressing miR-122 (data not shown).
G2/NT/SGR1 cells were treated with both daclat-
asvir and telaprevir for 1 week to eliminate HCV-
SGR RNA. The resulting cells lacking the replicon
RNA were designated as G2/NT/SGR1™ cells.
The amount of intracellular HCV-SGR RNA was
significantly lower in G2/NT/SGR1 cells than in a
Huh7-derived cell line harboring HCV SGR (Huh7/
SGR), whereas HCV-SGR RNA was not detected
in HepG2, G2/NT18-B, or G2/NT/SGR1°" cells
(Fig. 2B). G2/NT/SGR1 cells, but not G2/NT/
SGR17 cells, harbored HCV-SGR RNA at the
same molecular size as the replicon RNA of Huh7/
SGR cells (Fig. 2C, upper half of the panel), whereas
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NS5A was expressed in G2/NT/SGR1 cells but not
in G2/NT/SGR1°" cells (Fig. 2C, lower half of the
panel). The mRNA levels of NTCP and the binding
extent of preS1 lipopeptides were almost comparable
among the G2/NT18-B, G2/NT/SGR1, and G2/
NT/SGR1° cell lines (Fig. 2D and Supporting
Fig. S2B). We also established HepG2-derived cell
lines harboring HCV-FGR RNA (G2/NT/FGR)
based on G2/NT/SGR1°" cells. The G2/NT/FGR6
cell line, which harbored the highest level of replicon
RNA, was treated with DAAs to completely elimi-
nate the replicon RNA. The resulting cells (G2/NT/
FGR6) possessed no replicon RNA, expressed
NTCP, and exhibited an ability to bind a preS1
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FIG. 3. Effect of culture conditions on the replication of HBV and HCV. (A-C) Cells were infected with HBV and then maintained for
6 days in various culture media, as shown in Supporting Fig. S4. The amounts of intracellular HBV RNA (A), extracellular HBV DNA
(B), and intracellular HCV RNA (C) were measured by quantitative real-time PCR or quantitative PCR. Statistical significance was
calculated by one-way ANOVA followed by Dunnett’s pos boc test to compare the results for other groups with those for the condition 1
group (a, P < 0.05; b, P < 0.01). (D,E) Cells were infected with HBV and then incubated for 6 days in condition 4 supplemented without
(white bar) or with (black bar) 2% DMSO. The amounts of intracellular HBV RNA (D) and extracellular HBV DNA (E) were measured
by quantitative real-time RT-PCR or quantitative PCR. (F) Cells infected with HBV (HBV™) or mock-infected cells (HBV") were
cultured for 6 days in the presence (black bar) or absence (white bar) of 2% DMSO. The amount of intracellular HCV RNA was measured
by quantitative real-time PCR. (D-F) Statistical significance was calculated by one-way ANOVA followed by Dunnett’s post hoc test to
compare the DMSO groups with the non-DMSO groups (b, P < 0.01). *Not detected.
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peptide (Supporting Fig. S3). Additional infor-
mation is available in the Supporting Information
Results.

EFFECTS OF DIMETHYL
SULFOXIDE ON HBV INFECTION
AND HCV REPLICATION

Huh7 cells and their derivatives are generally
maintained in DMEM-based medium for HCV
infection,""1? whereas HepG2-derived cell lines
are cultured in primary maintenance medium
(PMM) or DMEM/F-12 (F-12)-based medium
for HBV infection.”''%?Y The medium com-
positions are listed in Supporting Table S1. Thus,
we attempted to determine the culture conditions
suitable for infections with HBV and HCYV. Cell
lines were infected with HBV in the medium con-
ditions shown in Supporting Fig. S4. The cells were
infected with HBV and then incubated in PMM,
F-12, or DMEM-based medium, corresponding
to conditions 1, 3 and 4, respectively (Supporting
Fig. S4), whereas other cells were inoculated with
HBYV in PMM and then incubated in the DMEM-
based medium (condition 2). The cells were har-
vested at 6 dpi. The amount of intracellular HBV
RNA was higher in G2/NT/SGR1™ and G2/
NT/SGR1 cells under conditions 1 and 4 than
under conditions 2 and 3 (Fig. 3A). The amount
of intracellular HBV RNA was lower in the G2/
NT18-B and G2/NT/122 cell lines than in the G2/
NT/SGR1° and G2/NT/SGR1 cell lines when
those cell lines were cultivated under conditions 1
or 4. In contrast, the amount of extracellular HBV
DNA was highest in each cell line under condition
3 (Fig. 3B). In G2/NT18-B and G2/NT/SGR1
cells, the amount of extracellular HBV DNA was
also slightly higher in condition 3 than in the other
conditions (Fig. 3B). The amount of HCV replicon
RNA was significantly lower in each replicon cell
line under condition 1 than under the other con-
ditions (Fig. 3C), suggesting that PMM impaired
HCYV replication. We finally selected condition 4 for
maintaining HBV infection and HCV replication
because the amounts of intracellular viral RNAs
tended to be higher in each cell line under condi-
tion 4 than under the other conditions (Fig. 3A,C).
Intracellular HBV RNA was easier to detect than
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extracellular DNA due to technical issues, although
condition 3 induced the highest production of HBV
DNA in each cell line (Fig. 3B). Furthermore, HBV
infection was reported to be enhanced by treatment
with dimethyl sulfoxide (DMSO).®?” Then, we
examined the effect of DMSO on the replication
of both viruses. DMSO treatment increased the
amounts of intracellular HBV RNA and extracel-
lular HBV DNA (Fig. 3D,E), although it decreased
the amount of intracellular HCV RNA in the repl-
icon cell lines (Fig. 3F). These results suggest that
treatment with DMSO remarkably potentiates HBV
propagation but not HCV replication. The HBV or
HCV permissiveness of the G2/NT/SGR1™ cell
line was similar to that of the G2/NT/FGR6 cell
line (Fig. 3D-F). The G2/NT/SGR1™™ cell line

was used for further study.

PREPARATION OF A CELL

LINE PERMISSIVE FOR HBV
AND HCV INFECTION BY
SUPPLEMENTATION WITH CD81

HepG2 cells expressing CD81, an HCV entry
factor, are reported to be permissive for the entry of
HCV pseudoparticles (HCVpp) and cell culture—
derived HCV (HCVcc) but exhibit lower infectivity
than Huh?7 cells."®*" Thus, we introduced a plasmid-
encoding CD81 into G2/NT/SGRI®™ cells and
isolated two clones, the G2BC-C2 and G2BC-D5
cell lines. CD81 was expressed on the cell surface of
G2BC-C2 and G2/BC-D5 cells at a level similar to
that of Huh7 cells (Fig. 4A). SR-B1, OCLN, and
CLDNI1 were expressed in G2BC-C2 and G2BC-D5
cells at levels similar to those in Huh7 cells (Fig. 4B).
HCVpp could infect the G2BC-C2 and G2BC-D5
cell lines but not the HepG2 cell line, although the sus-
ceptibility of the G2BC-C2 and G2BC-D5 cell lines
was lower than that of the Huh7 cell line (Fig. 4C).
The mRNA level of NTCP was slightly lower in
G2BC-C2 and G2BC-D5 cells than in G2/NT-18B
cells (Supporting Fig. S5A), while the binding extent
of a preS1 lipopeptide was comparable among these
cell lines (Fig. 4D). Furthermore, the expression level
of miR-122 was maintained in the G2BC-C2 and
G2BC-D5 cell lines (Supporting Fig. S5B). These
data suggest that the G2BC-C2 and G2BC-D5 cell

lines can support HCV replication and infection.
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FIG. 4. Efficiency of HCV entry into HepG2-derived cell lines. (A) Expression of CD81 on the cell surface was analyzed by FACS
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western blot analysis. (C) Cells of each line were inoculated with HCVpp, vesicular stomatitis virus pseudoparticles, or nonenveloped
pseudoparticles. The cells were harvested at 24 hpi and subjected to a luciferase assay. Statistical significance was calculated by Student
¢ test (P < 0.05; **P < 0.01). (D) Cells of each line were incubated with the wild-type form (black line) or N9K-mutant form (gray
histogram) of a preS1 lipopeptide and then analyzed by FACS. Abbreviations: C2, G2BC-C2; D5, G2BC-D5; ENV(-), nonenveloped

pseudoparticles; G2, HepG2; VSVpp, vesicular stomatitis virus pseu

SUSCEPTIBILITY OF THE G2BC-C2
AND G2BC-D5 CELL LINES TO HBV
OR HCV INFECTION

To test whether the G2BC-C2 and G2BC-D5 cell
lines permit HCV infection, the cell lines were inoc-
ulated with HCVecc. The levels of intracellular HCV
RNA and infectious HCV particles were increased by
24 hours post infection (hpi) and then reached a plateau
in the G2BC-C2 and G2BC-D5 lines (Fig. 5A,B),
whereas the same parameters increased logarithmically

until 72 hpi in the Huh?7 cell line (Fig. 5A,B). The

doparticles.

intercellular spread of HCV may have been ineffective
or slow in the G2BC-C2 and G2BC-D5 cell lines.
Interferon (IFN) is known to suppress HCV replica-
tion through the induction of IFN-stimulated genes
(1SGs).%? We tested whether treatment with Janus
kinase (JAK) inhibitor I (a pan-JAK inhibitor) could
improve the HCV propagation in G2BC-C2 cells by
suppressing the JAK/signal transducer and activator of
transcription (STAT) pathway. Treatment with JAK
inhibitor I, but not AG490 (a JAK2 inhibitor), sig-
nificantly increased the amounts of intracellular HCV
RNA and supernatant infectious particles produced by
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FIG.5. Permissiveness of the HepG2-derived cell lines for HCV. (A,B) The indicated cells were incubated with the HCVec JFH1 strain
at a multiplicity of infection (moi) of 1 for 4 hours and then cultured in fresh medium until the indicated time points. The amounts of
intracellular HCV RNA (A) and supernatant infectious particles (B) were measured by quantitative real-time PCR and a focus-forming
assay, respectively. (C,D) G2BC-C2 cells were incubated with HCVec at an moi of 1 for 4 hours and then cultured in fresh medium
containing 10 pM JAK inhibitor I or AG490. DMSO was used as a vehicle control. The amounts of intracellular HCV RNA (C) and
supernatant infectious particles (D) were measured by quantitative real-time PCR and a focus-forming assay, respectively. (E) Cells were
incubated with HCVce or mock-infected, immunostained with an anti-HCV core Ab (red), and counterstained with DAPI (blue). The
mean fluorescent intensity of HCV core signal was evaluated using Image] software (right graph). Statistical significance was calculated
by Student # test (P > 0.05). #Not detected. Abbreviations: FFU, focus-forming unit; n.s., not significant.

G2BC-C2 cells (Fig. 5C,D). HCV-positive cells were
found in G2BC-C2 and Huh?7 cells (Fig. 5E).
Furthermore, we attempted to evaluate the per-
missibility for HBV infection in these cell lines. The
amounts of intracellular HBV RNA and extracellu-
lar viral DNA produced in G2BC-C2 cell cultures
were similar to those produced in cultures of G2/
NT18-B (Fig. 6A,B) and G2BC-D5 (Fig. 6A,B)
cells. HBV-positive cells were detected in G2/
NT18-B and G2BC-C2 cell cultures (Fig. 6C). The
amount of HBc was slightly lower in G2BC-C2

642

cells than in G2/NT18-B cells, while intracellular
nucleocapsid—associated relaxed circular DNA was
produced at higher levels in G2BC-C2 cells than
in G2/NT18-B cells (Fig. 6D,E). Treatment with
entecavir reduced the intracellular HBV-DNA lev-
els in G2BC-C2 cells (Fig. 6E). These data sug-
gest that the G2BC-C2 cell line was permissive for
HBYV infection at a level similar to the G2/NT18-B
cell line. Thus, the G2BC-C2 cell line was used for
further study on the basis of its HCV permissive-
ness (Fig. 5).
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incubated in the presence (+) or absence (-) of 10 nM entecavir.
rcDNA, relaxed circular DNA.

EFFECT OF HCV REPLICATION ON
THE EXPRESSION OF ISGs

Because HCV  propagation was lower in
G2BC-C2 and D5 cells than in Huh7-derived cells,
and the treatment with JAK inhibitor I enhanced
HCYV replication in G2BC-C2 cells (Fig. 5A-D),
we hypothesized that HCV infection induced IFN
signaling in G2BC-C2 and D5 cells at a higher
level than in Huh7 cells. We therefore evaluated the
ISG levels in HCV-infected G2BC-C2 cells. The
expression of MxA, ISG12a, OAS1, IFIT3, ISG15,
and IRF5 was induced in Huh?7 cells through

*Not detected. Abbreviations: ETV, entecavir; n.s., not significant;

IFN-a stimulation but not through HCV infection
(Fig. 7A-C and Supporting Fig. S6A-C). In con-
trast, the levels of ISG mRNAs other than IRF5
mRNA were significantly up-regulated in G2BC-C2
and G2BC-D5 cells by not only IFN-a stimulation
but also HCV infection (Fig. 7A-C and Supporting
Fig. S6A-C). Furthermore, treatment with JAK
inhibitor I significantly inhibited the induction
of MxA, 1SG12a, and OAS1 in HCV-inoculated
G2BC-C2 cells (Fig. 7D-F); however, the induction
of IFIT3, ISG15, and IRF5 in HCV-inoculated
G2BC-C2 cells was not inhibited by treatment
with JAK inhibitor I (Supporting Fig. S6D-F).
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FIG. 7. Innate immune response in cells infected with HCV. (A-C) The indicated cells were infected with HCVee at an moi of 1 or
mock-infected and then treated with 500 IU/mL IFN-a2b or vehicle. The relative mRNA levels of MxA (A),1SG12a (B),and OAS1 (C)
compared with the GAPDH mRNA level were measured by quantitative real-time PCR. Each value was normalized to that of the control
group (IFN-o2b, -; HCV, -). Statistical significance was calculated by one-way ANOVA followed by Dunnett’s posz boc test to compare the
other groups with the control group (a, P < 0.05; b, P < 0.01). (D-F) G2BC-C2 cells were infected with HCVcc at an moi of 1 and then
treated with or without 10 pM JAK inhibitor I or AG490. The relative mRNA levels of MxA (D), ISG12a (E), and OAS1 (F) compared
with the GAPDH mRNA level were measured by quantitative real-time PCR. Each value was normalized to that of the DMSO-treated
group. Statistical significance was calculated by one-way ANOVA followed by Dunnett’s pos¢ boc test to compare the other groups with
the DMSO-treated group (b, P < 0.01). Abbreviation: GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

Treatment with AG490 also suppressed ISG induc-
tion, but the effect was weaker than that of JAK
inhibitor I. We evaluated the phosphorylation of
STAT1 and STAT2 by western blotting. Treatment
with JAK inhibitor I, but not AG490, reduced
the phosphorylated STAT1 and total STAT1 lev-
els in HCV-infected G2BC-C2 cells (Supporting
Fig. S6G). These results were similar to those in
IFN-stimulated Huh7 cells reported by Yamauchi
et al.?®) The phosphorylation of STAT2 was induced
in HCV-infected cells, whereas the phosphorylated
STAT?2 level was not decreased by JAK inhibitor I
or AG490 (Supporting Fig. S6G). Cell viability was
not affected by treatment with 10 pM JAK inhibi-
tor I or AG490 for 3 days (Supporting Fig. S6H,I).
Determining whether the proviral effect of JAK
inhibitor I on HCV replication is due to the inhi-
bition of IFN stimulation alone is difficult. These
data suggest that treatment with JAK inhibitor I can
enhance HCV replication in an IFN-dependent or
IFN-independent manner.
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ESTABLISHMENT OF AN HBV/
HCV COINFECTION MODEL
USING A HepG2-DERIVED CELL
LINE

Next, we tried to determine the conditions
for coinfection. HBV-infected G2/NT18-B and
G2BC-C2 cell lines produced the highest amounts
of extracellular HBV DNA at 6 to 9 dpi (Figs. 1C
and 6B), whereas the amount of HCV RNA was
increased by 72 hpi in the HCV-infected G2BC-C2
cells (Fig. 5C,D). Thus, G2BC-C2 cells were incu-
bated for 6 days after HBV infection, superinfected
with HCV, and harvested at 3 days after HCV
superinfection in the presence or absence of JAK
inhibitor I. The amounts of intracellular HBV RNA
and extracellular HBV DNA were time-dependently
increased in the HBV-monoinfected and coinfected
cells, whereas HBV RNA and DNA were not
detected in mock-infected or HCV-monoinfected
cells (Fig. 8A,B). The amounts of intracellular
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FIG. 8. Evaluation of HBV and HCV propagation in HCV-superinfected and HBV-infected G2BC-C2 cells. (A-D,F) The indicated
cells were infected with HBV at 1,000 GEq/cell. A DMEM-based medium (condition 4 in Fig. 3) was used in these experiments. The
HBV-infected cells were further incubated with HCV at an moi of 1 for 4 hours, washed, and incubated in the presence or absence of
10 pM JAK inhibitor I. The resulting cells and supernatants were harvested at 4, 24,48, or 72 hours after HCV inoculation. The amounts
of intracellular HBV RNA (A), extracellular HBV DNA (B), and intracellular HCV RNA (C) were measured by quantitative real-time
PCR or quantitative PCR. (D) The amount of extracellular infectious HCV particles was measured by a focus-forming assay. (E) Cells
were infected with HBV at 10,000 GEq/cell, incubated for 6 days, and then infected with HCV at an moi of 1 in the presence of 10 pM
JAK inhibitor I. The resulting cells were fixed on day 3 following infection with HCV and then stained with anti-HBc (green) and anti-
NS5A (red) antibodies. All cells were counterstained with DAPI (blue). (F) The relative mRNA levels of COX-2 (upper graph) and
VEGF (lower graph) were measured by quantitative real-time PCR. Statistical significance was calculated by Student # test (*P < 0.05;
P < 0.01) or one-way ANOVA followed by Dunnett’s posz hoc test to compare the values of other groups with that of the mock-infected
group (b, P < 0.01). *Not detected.

HCV RNA and extracellular infectious particles RNA and infectious particles were not detected
were time-dependently increased in the HCV- in the mock-infected or HBV-monoinfected cells
monoinfected and coinfected cells, whereas HCV  (Fig. 8C,D). Treatment with JAK inhibitor I
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enhanced the propagation of HCV but not that
of HBV in the coinfected cells (Fig. 8A-D). The
coinfected cells were subjected to immunostaining.
HBV-positive cells were detected in the HBV-
monoinfected and coinfected cell cultures, and
HCV-positive cells were similarly detected. Several
HBV/HCV-positive cells were detected in the coin-
fected cell cultures (Fig. 8E). Then, we attempted
to determine the percentages of monoinfected and
coinfected G2BC-C2 cells by fluorescence micros-
copy. The results are shown in Supporting Figs. S7-
S9 and explained in the Supporting Information,
indicating that HBV/HCV double-positive cells
accounted for about 30% of total cells and com-
prised the majority of HBV-positive or HCV-
positive cells. Taken together, these data suggest that
the G2BC-C2 cell line can permit superinfection of
not only HCV but also HBV in cases of coinfection
and that HCV production suppresses HBV propa-
gation under the condition of HBV superinfection
and is promoted by HBV superinfection.

EFFECTS OF HBV/HCV
COINFECTION ON HOST GENE
EXPRESSION IN RELATION TO
HCC

HBV and HCV infections have been shown to
induce the expression of several host factors, such
as cyclooxygenase-2 (COX-2), vascular endothe-
lial growth factor (VEGF), inducible nitric oxide
synthase, Wnt family member 1, fatty acid syn-
thase, and sterol regulatory element binding pro-
tein-1, which are implicated in carcinogenesis and
lipogenesis.(7’24'26) Thus, we investigated whether
coinfection (HCV superinfection) could alter the
expression of these genes in G2BC-C2 cells. The
expression of COX-2 was up-regulated by HBV
infection under the treatment with JAK inhibitor,
but not by HCV infection, regardless of the treat-
ment (Fig. 8F, upper graph). Interestingly, VEGF
expression was not affected by monoinfection by
either virus, but HCV superinfection significantly
up-regulated the expression of VEGF and COX-2 in
the absence or presence of JAK inhibitor I (Fig. 8F,
lower graph). In the HBV-superinfection model
using HCV-infected G2BC-C2 cells, COX-2 was
expressed at higher levels in the HBV-superinfected
G2BC-C2 group than in each monoinfected group,
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whereas VEGF expression was not affected in the
HCV-infected group by HBV superinfection com-
pared with each monoinfected group (Supporting
Fig. S12E,F). HBV/HCV coinfection may poten-
tiate the induction of some genes related to car-
cinogenesis, lipogenesis, and angiogenesis. Further
studies will be required for clarification of the in
vivo and in wvitro effects of the coinfection on the
host gene expressions.

Discussion

To explore the effect of HBV/HCV coinfection
on viral propagation and pathogenicity, we developed
HBV/HCV-permissive cell lines that were derived
from the conventional cell line HepG2 and then
designated these new cell lines as the G2BC-C2
and G2BC-D5 cell lines. The G2BC-C2 cell line
exhibited a higher permissiveness for HCV infection
than the G2BC-D5 cell line. The G2BC-C2 and
G2BC-D5 cell lines permitted HBV infection at a
level similar to that in the parental cell line HepG2/
NTCP18-B. Furthermore, we determined an opti-
mum culture condition for coinfection (Fig. 3 and
Supporting Fig. S8). Both HBV and HCV prop-
agated in G2BC-C2 cells in a time-dependent
manner (Fig. 8A-D). Intracellular HBV and HCV
proteins were expressed in the same cell (Fig. 8E).
HBV/HCV-positive cells were shown to account
for approximately 30% of the coinfected cells as
determined by fluorescence-activated cell sorting
(FACS) analysis (Supporting Figs. S7 and S9). The
G2BC-C2 cell line may be better than the HLCZ01
cell line with regard to biological and virological
issues, as the cell biology information of the paren-
tal cell line HepG2 is well established. Furthermore,
PHHs were susceptible to HCV monoinfection, but
not susceptible to HCV superinfection following
HBV infection (Supporting Fig. S10). The coin-
fection system using the G2BC-C2 cell line will
be fully available for studies on the mechanism of
HBV/HCYV coinfection and the functions of related
host factors.

Several reports suggest that HBV is a stealth
virus that can escape immune recognition to avoid
IFN-dependent antiviral effects, whereas HCV
potently induces innate immunity but evades this

response by disrupting cellular immune signaling.(27)
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In this study, Huh7 cells exhibited the induction of
several ISGs in response to IFN stimulation but
not to HCV infection (Fig. 7A-C and Supporting
Fig. S6A-C), and HCV infection did not sup-
press IFN-stimulated ISG expression in Huh7 cells
(Fig. 7A-C and Supporting Fig. S6A-C). Several
reports suggest that pattern recognition receptor
(PRR)-dependent immune signaling is interrupted
by the NS3/4A-dependent cleavage of IPS-127
or inactivation of PKR by NS5A®Y in Huh7 cells.
However, HCV infection significantly induced ISG
expression in G2BC-C2 cells, G2BC-D5 cells, and
PHHs (Fig. 7A-C and Supporting Figs. S6A-C
and S10C-H), and JAK inhibitor I increased the
propagation of HCV. The data in this study suggest
that PRR activation is not completely inhibited by
HCYV infection in these cell lines.

Some clinical and in vivo studies have suggested
that HBV replication is suppressed in HBV/HCV-
coinfected livers. %30 However, HBV and HCV
replication did not interfere with each other during
HBV superinfection in cells with replicating HCV
(Fig. 3) or in coinfected cells (Fig. 8A-D). The data
in this study are basically consistent with those of pre-
(1319 with regard to viral inter-
terence. However, the data in Supporting Fig. S8C-F
suggest that persistent HCV infection can be main-
tained in the absence of JAK inhibitor I and interfere
with HBV propagation. HCV particle formation or
other viral events that are lacking in replicon cells may
affect HBV superinfection. Improvements in HCV
and HBV infectivity may be needed to examine the
vial interference that occurs between HCV and HBV.
HCYV entry has been shown to require many host fac-
tors, including CD81, SR-BI, CLDN1, OCLN, epi-
dermal growth factor receptor (EGFR), low-density
lipoprotein receptor, Niemann-Pick C1-like 1, and
transferrin receptor 1.6V Some of these entry factors
may not support much HCV entry into G2BC-C2
and G2BC-D5 cells, as our cell lines were less sus-
ceptible to HCVpp than the Huh7 cell line (Fig. 4).
EGFR is associated with HCV and HBV entry,(32)
and HepG2 cells have been reported to express less
EGFR than Huh7 cells.®® Additionally, HCV rep-
licated less efficiently in HepG2-derived cells than in
Huh7-derived cells (Fig. 2) despite that miR-122 was
expressed at similar levels in these cell lines (Figs. 2
and 3). The data deduced from quantitative proteomic
profiling suggest that 37 proteins are differentially

vious in vifro studies
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expressed between HepG2 and Huh7 cells.®¥ Some
proteins, including creatine kinase B, vimentin and
cathepsin B, may be associated with the low efficiency
of HCV replication in G2BC-C2 cells.

The data suggest that coinfection triggers addi-
tive or synergistic induction of COX-2 and VEGF
(Fig. 8F and Supporting Fig. S12E,F). The reason
why VEGF was not up-regulated by HBV superinfec-
tion in HCV-infected cells is unknown. An unknown
factor suppressive to VEGF induction may be induced
under a condition of HBV superinfection following
HCV infection, but not under a condition of HCV
superinfection following HBV infection. Furthermore,
the expression of COX-2 or VEGF has been reported
to be induced by HCV core, HCV NS3, HCV
NSSA,(7’26) or HBV hepatitis B x protein (HBX).(24)
The HBx-potentiated expression of COX-2 may pro-
mote the growth of HepG2 cells.®®) Several reports
suggest that these host proteins contribute to the
development and progression of HCC and angio-
genesis. ¥ Chen et al. reported that the HCV
core interacted with HBx and HBV polymerase.(sg)
Interactions among viral proteins may affect the induc-
tion of host genes related to viral pathogenesis in our
culture system and be associated with the high risks
of carcinogenesis and cancer progression in HBV/
HCV-coinfected patients. Actually, our clinical study
indicated the possibility that HBV/HCV coinfection
highly induced these host genes, although we analyzed
only a limited number of liver specimens (Supporting
Fig. S13). Our coinfection model may make it possi-
ble to investigate the mechanism of how HBV/HCV
coinfection alters host gene expression.

Some reports suggest that PHHs are susceptible
to both HBV and HCV infection, whereas the data
reported by Ploss et al. suggest that they are suscepti-
ble to HCV infection at a relatively low level.*” The
HLCZ01 cell line has been reported to be permis-
sive for HBV/HCV coinfection,(m but its biologi-
cal features have not yet been characterized in detail.
The HepG2 cell line has been well characterized in a
wide range of research fields. Hence, our coinfection
model will be useful for exploring the effect of HBV/
HCV coinfection on individual viral life cycles and
pathogenicity and will contribute to the development
of antiviral agents targeting both viruses.
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