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30 nM using Lipofectamine RNAIMAX (Invitrogen) in accordance with
the manufacturer’s instructions. Target sequences of the siRNAs were:
occludin (5'-GCAAGAUCACUAUGAGACA-3'), SR-BI (5'-GAGCUU-
UGGCCUUGGUCUA-3"), CD81 (5'-CUGUGAUCAUGAUCUUCGA-
3"), CHC (5’-CUAGCUUUGCACAGUUUAA-3"), Dyn2 (5'-CCCUCA-
AGGAGGCGCUCAA-3"), Cavl (5'-CCCUAAACACCUCAACGAU-3'),
flotillin-1 (5'-CCUAUGACAUCGAGGUCAA-3'), Arf6 (5'-CAGUU-
CUUGGUAAAGUCCU-3'), CtBP1 (5'-GACUCGACGCUGUGCC-
ACA-3") and PAK1 (5-GCAUCAAUUCCUGAAGAUU-3"). Target
sequences of the siRNAs for claudin-1, PI4K and scrambled negative
control were as described previously (Suzuki et al, 2013).

Immunobilotting. Cells were washed with PBS and incubated with
passive lysis buffer (Promega). Lysates were sonicated for 10 min and
added to the same volume of 2 x SDS-PAGE sample buffer. Protein
samples were boiled for 10 min, separated by SDS-PAGE and then
transferred to PVDF membranes (Merck Millipore). After blocking,
membranes were probed with primary antibodies, followed by incuba-
tion with peroxidase-conjugated secondary antibody. Antigen—anti-
body complexes were visualized using an enhanced chemiluminescence
detection system (SuperSignal West Pico Chemiluminescent Substrate;
Thermo Scientific) in accordance with the manufacturer’s protocols.

Flow cytometry. Cultured cells detached by treatment with trypsin
were incubated with anti-CD81 antibody or anti-mouse IgG antibody
for 1 h at 4 °C. After being washed with PBS containing 0.1 % BSA,
cells were incubated with an Alexa Fluor 488-conjugated anti-mouse
secondary antibody (Invitrogen) for 1 h at 4 °C, washed repeatedly
and resuspended in PBS. Analyses were performed using a
FACSCalibur system (Becton Dickinson).

Reagents and antibodies. Bafilomycin Al was obtained from
Wako Pure Chemical Industries. Alexa Fluor 488-conjugated
transferrin was obtained from Invitrogen. For immunoblotting,
anti-SR-BI (NB400-104; Novus Biologicals), anti-occludin (71-1500;
Invitrogen), anti-claudin-1 (51-9000; Invitrogen), anti-Dyn2 (ab3457;
Abcam), anti-Cavl (N-20; Santa Cruz Biotechnology), anti-flotillin
(H-104; Santa Cruz Biotechnology), anti-Arf6 (ab77581; Abcam) and
anti-PAK1 (2602; Cell Signaling Technology) rabbit polyclonal
antibodies; anti-CD81 (JS-81; BD Biosciences), anti-B-actin (AC-15;
Sigma-Aldrich), anti-CHC (23; BD Biosciences), anti-GRAF1
(SAB1400439; Sigma-Aldrich) and anti-glyceraldehyde 3-phosphate
dehydrogenase (6C5; Merck Millipore) mouse mAb; and anti-CtBP1
goat polyclonal antibody (C-17; Santa Cruz Biotechnology) were
used. For immunofluorescence staining, anti-CHC mAb (X22) and
anti-HA rat polyclonal antibody (3F10) were obtained from Thermo
Scientific and Roche Applied Science, respectively. Anti-NS5A
antibody was a rabbit polyclonal antibody against synthetic peptides.
Alexa Fluor 488- or 555-labelled secondary antibodies were obtained
from Invitrogen.

DNA transfection. Cell monolayers were transfected with plasmid
DNA using TransIT-LT1 transfection reagent (Mirus) in accordance
with the manufacturer’s instructions.

Treatment of cells with bafilomycin A1 and cell viability. Cells
were preincubated with various concentrations of bafilomycin Al for
60 min at 37 °C. Preincubated cells were then infected with HCVtcp.
Cells treated with 0.1 % DMSO were used as controls. Cell viability
was analysed by the Cell Titre-Glo Luminescent Cell Viability Assay
(Promega).

Uptake of transferrin. Cells were grown on glass coverslips. After
cells were transfected with HA-tagged Dyn2 expression plasmids,
Alexa Fluor 488-conjugated transferrin at 20 pg ml~"' was added and
incubated for 30 min. Cells were washed with PBS and fixed in 4%
paraformaldehyde.

Immunofluorescence analysis. Huh7.5.1 and Huh-7 cells were
fixed with 4% paraformaldehyde in PBS for 30 min, and were then
blocked and permeabilized with 0.3 % Triton X-100 in a non-fat milk
solution (Block Ace; Snow Brand Milk Products) for 60 min at room
temperature. Samples were then incubated with anti-CHC, anti-
Dyn2, anti-Cavl, anti-NS5A or anti-HA for 60 min at room
temperature, washed three times with PBS, and then incubated with
secondary antibodies for 60 min at room temperature. Finally,
samples were washed three times with PBS, rinsed briefly in
double-distilled H,O and mounted with DAPI mounting medium.
The signal was analysed using a Leica TCS SPE confocal microscope.

Luciferase assay. For quantification of FLuc activity in HCVtcp-
infected cells, cells were lysed with passive lysis buffer (Promega) at
72 h post-infection. FLuc activity of the cells was determined using a
luciferase assay system (Promega). For quantification of GLuc activity
in supernatants of HCVtcp-infected cells, the Renilla Luciferase Assay
System (Promega) was used. All luciferase assays were performed at
least in triplicate.

Quantification of HCV core protein. HCV core protein was
quantified using a highly sensitive enzyme immunoassay (Lumipulse
G1200; Fujirebio) in accordance with the manufacturer’s instructions.
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Development of Hepatitis C Virus Genotype 3a Cell

Culture System

Sulyi Kim," Tomoko Date," Hiroshi Yokokawa,* Tamaki Kono," Hideki Aizaki,' Patrick Maurel,"

Claire Gondeau,>* and Takaji Wakita"

Hepatitis C virus (HCV) genotype 3a infection poses a serious health problem world-
wide. A significant association has been reported between HCV genotype 3a infections
and hepatic steatosis. Nevertheless, virological characterization of genotype 3a HCV is
delayed due to the lack of appropriate virus cell culture systems. In the present study
we established the first infectious genotype 3a HCV system by introducing adaptive
mutations into the $310 strain. HCV core proteins had different locations in JFH-1 and
$310 virus-infected cells. Furthermore, the lipid content in $S310 virus-infected cells was
higher than Huh7.5.1 cells and JFH-1 virus-infected cells as determined by the lipid
droplet staining area. Conclusion: We believe that this genotype 3a infectious cell culture
system will be a useful experimental model for studying genotype 3a viral life cycles,
molecular mechanisms of pathogenesis, and genotype 3a-specific antiviral drug develop-

ment. (HepaToLOGY 2014500:000-000)

bout 170 million people worldwide are infected
with hepatitis C virus (HCV), which causes
hronic liver disease at a high rate, leading to
complications including endstage liver disease, liver cir-
thosis, and hepatocellular carcinoma.! HCV is classi-
fied into seven major genotypes.” Genotype 1b is the
most prevalent HCV genotype in Asian countries, fol-

lowed by genotype 3a. Genotype 3a infections are

more prevalent in South Asian countries with large

populations.>* A high i incid

and ribavirin combination therapy is 'not satisfactory
in genotype 3a-infected patients, although it is more
effective than in genotype 1b-infected patients.” The
recently developed protease inhibitors telaprevir and
boceprevir are also less effective against genotype 3a
infection.® New antiviral drug development against
genotype 3a HCV is necessary to improve treatment
efficiency in genotype 3a-infected patients.

HCV subgenomic replicon systems are useful tools
for the study of viral replication mechanisms and anti-

nce of hepatlc steatosis is
associated with genotype 3a infection.””’ Interferon?

Vlral drug development. Recently, genotype 3a replicon
systems were established. 210 The S310 replicon with

‘adaptive mutations replicated efficiently in cell culture.

Genotype 3a infections have a different pathogenesis
as compared to other genotype infections (for example,
steatosis). Previous studies demonstrated that cells
expressing genotype 3a core protein had increased lipid
accumulation.’'™® Therefore, an efficient infectious
viral - system recapitulating the full life cycle is now

‘essential to determine the | prec1se pathogenesis of geno-

type 3a infection. ,

In the present study we established an infectious
genotype 3a HCV cell culture system by using S310
strains. The full-length S310 clones replicated effi-
ciently and produced infectious viral particles. There
were different HCV core localization patterns between
genotype 3a S310- and genotype 2a JFH-1-infected
cells. Interestingly, the lipid content in S310 virus-
infected cells was higher than Huh7.5.1 cells and JFH-
1 virus-infected cells as determined by lipid droplet
staining area. This cell culture system will be very

Abbreviations: DMEM, Dulbeccos Modified Eagle Medium; HCY, hepatitis C virus; IgG, immunoglobulin G; LD, lipid droplet; MOL multiplicity of infec-
tion; RT-PCR, reverse-transcriptase polymerase chain reaction; SGR, subgenomic replicon.

From the ' Department of Virology II, National Institute of Infectious Diseases, Tokyo, Japan; *Pharmaceutical Research Laboratories, Toray Industries, Inc.,
Kanagawa, Japan; *Inserm U1040, Biotherapy Research Institute, Montpellier, France; “Department of Hepato-gastroenterology A, Hospital Saint Eloi, CHU

Monpellier, France.
Received November 28, 2013; accepted April 29, 2014.

Supported by Grants-in-Aid for Scientific Research from the Japan Society for the Promotion of Science, from the Ministry of Health, Labour and Welfare of
Japan, from the Ministry of Education, Culture, Sports, Science and Technology of Japan, and from the Research on Health Sciences Focusing on Drug Innovation

from the Japan Health Sciences Foundation.
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useful for the study of viral life cycles, molecular
mechanisms of pathogenesis, and specific antiviral

drug development for genotype 3a HCV.

Materials and Methods

Details of the procedures are described in the Sup-
porting Information.

Cell Culture. HuH-7 cells (obtained from Dr.
Francis V. Chisari, Scripps Research Institute Califor-
nia) and a derivative cell line, Huh7.5.1 cells (obtained
from Dr. Francis V. Chisari) were cultured as described
in the Supporting Information.

HCV Plasmid Construction. Plasmids used in the
analysis were constructed based on pS310 (S310/A,
DDBJ/EMBL/GenBank accession number: AB691595).”
We constructed the full-length adapted pS310 by intro-
ducing the adaptive mutations from the SGR-S310 repli-

con assay. pJ6/JFHI was previously obtained from

pJFH1 by replacement with the 5’ untranslated region
(UTR) to p7 region (EcoRI-Bcll) of the J6CF strain (a
kind gifc from Dr. Jens Bukh).'® pS310/JFH1 was
obtained from pJFHI1 by replacement with the core to
NS2 C3 junction of the pS310 strain."> pS310/JFH1
thus included nucleotide (nt) 1 to 2892 (amino acid [aa]
1 to 851) of $310 and nt 2888 to 9678 (aa 850 to 3033)
of JEH-1 (accession number: AB047639).

RNA  Synthesis and Transfection. Full-length
HCV RNA was synthesized from pS310, pJFHI, pJ6/
JFH1, pS310/JFH1 and the derivatives of pS310 con-
structs with adaptive mutations. The synthesized HCV

RNA (10 pg) was transfected into Huh7.5.1 cells by:f”

electroporation, as described prev1ously 1648 & %

Quantification of HCV Core Protein and
RNA. The concentrations of HCV core protein in
the culture media and cell lysates were measured by a
chemiluminescent enzyme immunoassay (Lumipulse II
HCV core assay, Ortho Clinical Diagnostics, Tokyo,
Japan).”” Real-time quantitative reverse-transcription
polymerase chain reaction (RT-PCR) was performed to
determine the copy numbers of HCV RNA as
described previously.*°

RT-PCR and Sequencing Analysis. Total RNA
was extracted and purified from the culture medium
or cell pellet of the HCV RNA-transfected cells. HCV

Stage:  Page: 2
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cDNA was synthesized and amplified by RT-PCR as
described previously.?’ > The sequence of each ampli-
fied DNA was determined directly by using specific
primers.

Determination of Infectivity. Infectivity of HCV
was quantified by counting the infected foci by using
fluorescence microscopy (Olympus, Tokyo, Japan), and
the infectivity was expressed as the number of focus-
forming units per milliliter (ffu/mL).'%**

Immunofluorescence Analysis and Lipid Content
Quantification. Transfected or infected cells were
fixed and then stained with anti-core monoclonal anti-
body (2H9), DAPI, and BODIPY to determine the
sublocalization of core protein, nucleus, and lipid
droplets (LDs), respectively. BioZero (Keyence, Tokyo,
Japan) or Leica TSE SPE confocal fluorescence micros-
copy (Leica Microsystems, Wetzlar, Germany) were
used for the observation. The LD content of cells was
quantified by MetaMorph (Leica MM AF Software)
analysis.”

Western Blot Analysis. Cell lysates were separated

- by sodium dodecyl sulfate-polyacrylamide gel electro-
~ phoresis (SDS-PAGE) and transferred to a PVDF
- membrane. HCV proteins (core, E2, and NS3) and
“host proteins were detected by specific antibodies.

Sucrose  Density Gradient Analysis. Culture
medium derived from the transfected cells was
analyzed by sucrose gradient ultracentrifugation
analysis.

‘Anti-HCV Drug Treatment. HCV-infected cells

were tested with various concentrations of interferon o«

(IFNo;, MSD K.K., Tokyo, Japan), the NS3 protease
_ inhibitor VX-950- (Selleck Chemicals, Houston, TX),

the NS5A inhibitor BMS-790052 (Selleck Chemicals),
an immunosuppressant cyclosporin A (CsA, Sigma, St.
Louis, MO) or the NS5B polymerase inhibitors JTK-
109 (Japan Tobacco, Osaka, Japan) and PSI-6130
(Pharmasset, Princeton, NJ). After a 72-hour incuba-
tion the culture media were harvested and HCV core
protein levels were quantified.

Statistical Analysis. Results were obtained from at
least three independent experiments. Data are
expressed as the mean = SD. Statistical analysis was
performed using Welch’s t-test. 2<0.05 was consid-
ered statistically significant.

Address reprint requests to: Takaji Wakita, M.D., Ph.D., Department of Virology II, National Institute of Infectious Diseases, 1-23-1 Toyama, Shinjuku, Tokyo

162-8640, Japan. E-mail: wakita@nih.gojp; fax: +81-3-5285-1161.
Copyright © 2014 by the American Association for the Study of Liver Diseases.
View this article online at wileyonlinelibrary.com.
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Potential conflict of interest: Nothing to report.
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Fig. 1. Structure of full-length adapted S310 constructs and ‘long-term culture of full-length adapted S310 clones. (A) Each mutation from
subgenomic replicon clones was introduced into full-length wild-type S310. The position of each mutation is indicated by vertical lines. (B)
Huh7.5.1 cells were transfected with the transcribed RNA from each construct. The cells were passaged every 3-5 days and HCV core protein lev-
els in the culture medium at each passage were determined. Gray zone (<100 fmol/L) indicates the value below the detection limit, which was

determined by mean = 3 SD of the detection values of control culture

media. (C) RNAs in the culture medium were isolated. Copy numbers of

HCV RNA were determined by real-time detection RT-PCR. The culture medium at 4, 8, and 12 weeks after transfection was used. (D) Infectious
titers in the culture medium were determined by focus formation_assay. (E) Each passaged cell was seeded onto a slide glass. The cells were
fixed, probed with the core spec;ﬂc antlbody (green) or DAPI for nucleus stammg (blue), and exammed by confocal microscopy. The cells at 4,
8, and 12 weeks after transfection are shown. (F). Western blot analys:s Cell Iysates were prepared from $310 clones (1; R2198H, 2; $22101,
3: T24961, 4; R2895K, 5; R2895G, 6; T24951+R2895K), Huh7.5.1 cells (7), JFH-1-infected cells (8), and J6/JFH1 -infected cells (9). Protein
(20 ug) was separated by 12.5% SDS-PAGE, and each protein was detected by core, E2, NS3, beta actin, and GAPDH antibody. Arrows indicate
the position of each protein. All assays were performed in triplicate, and data are presented as means = standard deviation.

Results
Full-Length Constructs With Adaptive Mutations. In

our previous study, several adaptive mutations were
found in the genotype 3a S310 subgenomic replicon
assay.9 Those mutations were T12861 (NS3), T2188A
(NS5A), R2198H (NS5A), S22101 (NS5A), T24961
(NS5B), R2895K (NS5B), R2895G (NS5B), and
T24961 (NS5B) + R2895G (NS5B). We introduced
these mutations into full-length S310 wild-type con-
structs (Fig. 1A).

Full-Length HCV Replication and Viral Produc-
tion in Long-Term Culture. Viral RNA was synthe-
sized from the full-length S310 wild- and mutant-type
constructs and transfected into Huh7.5.1 cells.
examine whether these S310 constructs with adaptive

mutations could continuously produce infectious virus,
transfected cells were serially passaged and secreted
HCV core protein levels in the culture medium were
monitored (Fig. 1B). After RNA transfection, the
HCV core protein levels of three mutant-type S310
constructs (R2198H, S2210I, and R2895K) continu-
ously increased, and finally they plateaued at ~2,000-
4,000 fmol/L. Interestingly, from 6-8 weeks after
transfection the HCV core protein levels of the other
three clones with different adaptive mutations
(T24961, R2895G, and T24961 + R2896K) increased
rapidly, and their core protein levels also reached the
same levels as the former three clones (R2198H,
R2210I, and R2895K). Two other mutant-type
(T1286I, T2188A) and wild-type S310 constructs as
well as replication-incompetent mutant S310/GND
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did not secrete any HCV core protein during the
observation period. We also determined the HCV
RNA levels and infectivity in the culture medium at 4,
8, and 12 weeks after transfection (Fig. 1C,D). The
three clones with adaptive mutations (R2198H,
R22101, and R2895K) had higher HCV RNA levels
and infectivity than the other clones at 4 weeks after
transfection, and their levels increased at 8 and 12
weeks after transfection. The other three clones
(T24961, R2895G, and T24961 + R2896K) had lower
levels of HCV RNA and infectivity at 4 weeks after
transfection, but from 8 weeks after transfection their
levels were similar to the levels of the former three
clones. To analyze the mechanism of this discrepancy,
we determined the sequences of culture medium of six
S310 clones 82 days after transfection (D82) (Table 1).
Interestingly, two clones (522101 and R2895K) that

started to secrete infectious virus at earlier timepoints

did not have amino acid mutations. R2198H also
started to secrete infectious virus at earlier timepoints,
although the virus genome had mutations in the E2 and
NS3 regions (Table 1). These mutations may be neces-
sary to produce infectious virus in this clone, but we
found different mutations in the R2198H virus in an
independent repeated experiment (data not shown).
The virus genomes of the three other clones (T2496],
R2895G, and T2496I + R2896K) had several muta-
tions in the E2, NS3, NS§4B, NS5a, or NS5B regions
(Table 1).

To examine whether the replicating virus in the trans-
fected cells could spread to the surrounding cells, the
passaged transfected cells were immunostained with
anti-core monoclonal antibbdy‘f(Fig; 1E). We found a
greater number of positive cells in three of the clones
(R2198H, R2210I, and R2895K), even at 4 weeks after
transfection, compared to the others, and the numbers
of positive cells increased at 8 and 12 weeks after trans-
fection. On the other hand, the other three clones
(T24961, R2895G, and T2496I + R2896K) began to
get more infected at a later timepoint (8 weeks after
transfection), and they showed similar numbers of posi-
tive cells at 12 weeks after transfection.

Viral protein expression in the $310-transfected cells
was detected by western blotting (Fig. 1F). The. core
protein expression levels were similar in S310 RNA-
transfected cells as compared with JFH-1 and J6/
JFH1. However, E2 and NS3 protein expression levels
were lower than for JFH-1 and J6/JFHI1, probably due
to the lower affinity of these antibodies to genotype 3a
virus. We failed to detect any other NS proteins with
the available antibodies. Interestingly, lower E2 protein
expression levels were found in lanes 1, 3, and 6 than

Stage:  Page: 5
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Table 1. Sequence Analysis and Neutralization With AP33
Antibody of Culture Medium of 82 Days After Transfection

$310 Clone Amino Acid Mutations Regions AP33 IC5q (ng/mL)
R2198H T416A E2 0.0514
H579R E2
A1071V NS3
K1412Q NS3
H1967N NS4B
S§22101 ND - 0.0472
T24961 T416S E2 0.0642
A1071V NS3
D1281N NS3
V1756L NS4B
R2895K NS5B
R2895K ND - 0.0747
R2895G 11817V NS48 0.0615
G2895A NS58B
T2999S NS5B
T24961 + R2985K T416N E2 0.0413
G2326A NS5A
S2357L NS5A
C2429R NS5A

ND, not detected.

in the other lanes, although there were no such differ-
ences in core protein expression levels. By the sequenc-
ing analysis of the virus genome, R2198H, T2496],
and T2496I + R2895K, which had the weaker E2 sig-
nals in western blotting, each had a nonsynonymous
substitution at amino acid position 416 (R2198H; T
to A, T2496L; T to S, T2496I+R2895G; T to N,
respectively). This position is located in the epitope of
AP33, the anti-E2 antibody. The other three clones

(822101, R2895K, and R2895G) did not have muta-

tions in the E2 region. Therefore, it appeared that the
E2 mutations might disturb antibody binding to E2
protein. To confirm whether neutralization of AP33
was affected by T416 mutations, we determined the
50% inhibitory concentrations (ICsq) of AP33 neutral-
ization for each mutant virus clone. However, all
clones had similar ICsy values (Table 1). Thus, muta-
tions in the anti-E2 antibody epitope region influenced
the results of the western blotting assay but not the
neutralization assay.

To examine the viral replication and production lev-
els at the late stage of the long-term culture, the HCV
core protein levels, RNA levels, and infectivity of the
cell culture medium collected 82 days after transfec-
tion were determined (Table 2).{TBL2} HCV core
protein levels, RNA levels, and infectivity of the six
S310 clones were at approximately one-tenth of the
levels of the JFH-1 wild-type virus. However, these
levels of infectivity (~1,000-6,000 ffu/mL) might be

sufficient to maintain secreted S310 virus production
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Table 2. Quantification of HCV Core Protein Level, RNA
Level, and Infectivity of Culture Medium of 82 Days After
Transfection

Mutations Core (fmol/L) RNA (copy/ml) Infectivity (ffu/ml)
R2198H 2,652 1.80E+07 1,000
$2210! 3,334 8.80E+07 4,167
T24961 3,496 4,33 E+07 2,708
R2895K 4,716 7.83 E+07 6,042
R2895G 1,763 4.11 E+07 417
T24961+R2895K 2,728 6.26 E+07 1,806
JFH-1 20,932 3.34 E+08 34,722
J6/JFH1 83,388 2.08 E+08 72,917

and replication, since S310 clones could continuously
produce the infectious virus in long-term culture
(Fig. 1).

Characterization of Cell Culture-Adapted S310
Virus. To characterize the secreted infectious viral
particles, we analyzed the culture medium of four
S310 clones (R2198H, S2210I, R2895K, and
T24961+ R2895K) by sucrose density gradient cen-
trifugation. HCV particles produced in cell culture
with the $310 clones showed major peaks of HCV
core protein, RNA, and infectivity at 1.15 mg/mL

F2 (Fig. 2). JFH-1 also exhibited similar profiles of HCV
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core proteins and RNA, but the peak infectivity titers
were usually located in a lighter fraction.'®*® The
locations of the peak infectivity titers of S310 clones
were different from JFH-1.

S310 viruses (D82), JFH-1 wild-type virus, and J6/
JEH1 virus were inoculated into Huh7.5.1 cells at a
multiplicity of infection (MOI) of 0.3. To determine
whether the cells were successfully infected, we deter-
mined and compared the intracellular and extracellular
core protein levels of S310 viruses with JFH-1 and J6/
JEH1 virus at 24, 48, and 72 hours after infection.
Both the intracellular and extracellular core protein
levels of all S310 viruses were similar to the levels of
JFH-1 wild-type virus, but lower than the levels of J6/
JFH1 chimeric virus (Fig. 3A,B). We also evaluated
HCV RNA levels and obtained similar results with
HCV core protein levels (data not shown).

Next, we determined the neutralization of the infec-
tion of these viruses by using anti-CD81 antibody
(JS81). Anti-CD81 antibody treatment inhibited the
infection of Huh7.5.1 cells by ~99% as compared to
control IgG (Fig. 3C,D). S310 virus infection was also
inhibited by AP33 anti-E2 antibody (Table 1). It is
thus suggested that the S310 viruses utilize similar
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Fig. 2. Sucrose density gradient analysis of the culture medium at 8 weeks after transfection. (A) R2198H, (B) S2210I, (C) R2895K, (D)
T24961+R2895K. Culture medium was overlaid on the stepwise sucrose density gradient (0%, 10%, 20%, 30%, 40%, 50%, and 60% sucrose)
and centrifuged for 18 hours at 35,0008 at 4°C. A total of 18 fractions were collected from the bottom of the tubes, and density, HCV core pro-

tein level, HCV RNA level, and infectivity in each fraction were determined.
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Fig. 3. Comparative analysis with the S310 viruses, JFH-1 and J6/JFH1. (A), (B) Huh7.5.1 cells were infected with the S310 viruses, JFH-1
and J6/JFH1, at an MOI of 0.3. HCV core protein levels in the cell lysate (A) and culture medium (B) were measured at 24, 48, and 72 hours
after infection. (C,D) Infection with the adapted S310, JFH-1, and J6/JFH1 virus particles was inhibited by adding anti-CD81 antibody. IgG: nor-
mal human immunoglobulin G, anti-CD81: monoclonal anti-CD81 antibody. All assays were performed in triplicate, and data are presented as

means = standard deviation.

infection pathways as JFH-1 and ]6/]FH1 chimeric"

virus, at least with respect to CD81,
To clarify the pathogene31s of genotype

in the S310-infected cells was performed with confocal
microscopy. We synthesized RNA of three S310 clones
(R2198H, S§2210I, and R2895K), S310/JFH1 chi-
mera, and JFH-1 and transfected the synthesized RNA
into Huh7.5.1 cells. The cells were passaged every 3-5
days, and passaged cells were seeded onto a slide glass.
We used BODIPY, a marker for LDs. S310-derived
core proteins showed punctate patterns instead of ring-
like patterns and were mainly found in the cytoplasm
(Fig. 4A). S310-derived core proteins were not located
around the LDs. By contrast, in the JFH-1 virus-
infected cells, core proteins colocalized with LDs and
exhibited ring-like patterns corresponding to the surfa-

ces of LDs, as previously reported (Fig. 4A).*” To con-

firm the intracellular localizations of HCV core
protein and LDs, we magnified a partial area of each
image and displayed the intensity of both fluorescences
(Fig. 4B). We selected the representative region of
interest (ROI1) and drew a line in each image. Inten-

mfecnon,
cellular sublocalization of HCV core protein. and Lszﬂ

sity proﬁles along the line are shown on the right of
the i 1mages, and red and green. lines indicate the fluo-
'rescence mtensmes of HCV core protein and LDs,
respectively. Figure 4B demonstrates that $310-derived
core proteins were localized in the cytoplasm and not
around the LDs, whereas JFH-1-derived core proteins
were colocalized around the surfaces of LDs. These
results suggest that the virus particle production path-
way may be different between S310 and JFH-1
viruses.

Next, we quantified the lipid content in the infected
cells. JFH-1 wild-type virus, S310 viruses (522101,
T24961, and R2895K) and S310/JFH1 chimeric virus
were inoculated into Huh7.5.1 cell cultures at an
MOI of 0.2. Inoculated cells and Huh7.5.1 cells were
passaged every 3-5 days. After 11 times of serial pas-
sages, core protein, LDs, and nuclei were visualized in
the cells. Representative cell images are shown in Fig.
SA. Core proteins (red) were more strongly stained in
JFH-1 and S310/JFH1 virus-infected cells than in
$310 virus-infected cells, and no core protein staining
was observed in Huh7.5.1 cells. The LD staining
(green) in the virus-infected cells was higher than in
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Fig. 4. Localization of HCV core proteins and lipid droplets. (A) Huh7.5.1 cells were transfected with the transcribed RNA from each construct.
The cells were passaged every 3-5 days, and passaged cells were seeded onto a slide glass. The cells were fixed, probed with the core-specific
antibody (red), BODIPY for lipid droplets (green), and DAPI for nucleus staining (blue), and examined by confocal microscopy. Cells at 61 days
after transfection are shown. (B) Each merged image was magnified and a line was drawn across the region of interest (ROI1). Intensity profiles
along the line are shown on the right of the images. The red line indicates the fluorescence intensity of HCV core protein, and the green line
indicates the fluorescence intensity of LDs. The y-axis indicates arbitrary units of fluorescence iritensity.
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Fig. 5. Quantification of the LD content in cells. (A) Huh7.5.1 cells were inoculated with S310 viruses and JFH-1 wild-type virus at an MOI of
0.2. After 11 serial passages, the cells were analyzed as described in the Fig. 4A legend. (B) The mean values of the LD staining area in 7 cells
(from Huh7.5.1 cells and JFH-1 infected cells) or 11 cells (from S310 and S310/JFH1 infected cells) were measured by MetaMorph analysis for
each Huh7.5.1 cells and virus-infected cell. The y-axis indicates LD staining area. Mean values = standard deviations are shown.

Huh7.5.1 cells. Furthermore, the LD staining area in
the S310 virus (522101, T24961, and R2895K)- and
S310/JFH1-infected cells was further greater than in
JFH-1-infected cells (Fig. 5A). For the statistical analy-
sis, we selected representative similar sized cells and
measured the LD staining area in a single cell by
MetaMorph analysis. We analyzed seven cell images
each from Huh7.5.1 cells and JFH-1, and 11 cell
images each from S310/JFH1 and S310 virus-infected
cells. JFH-1 infected cells exhibited significantly higher
LD staining levels than Huh7.5.1 cells (2<0.0005).
S$310 virus and S310/JFH1 chimeric virus-infected
cells exhibited significantly much higher LD staining
levels than Huh7.5.1 cells (< 0.0001) and than JFH-
1 infected cells (P < 0.005).

Antiviral Drug Activities Against S310 Viru-
ses. We tested several antiviral drugs against S310
(genotype 3a) and JFH-1 (genotype 2a) infections. In
the preliminary experiments, secreted HCV core pro-
tein levels were detected in parallel with intracellular
HCV RNA levels. We thus used the secreted HCV
core protein level as a marker of antiviral activity and
determined ICs values against HCV replication (Table
3). Huh7.5.1 cells were inoculated with S310 and
JEH-1 viruses at an MOI of 0.2 with or without NS3
protease inhibitor (VX-950), nucleoside polymerase
inhibitor (PSI-6130), nonnucleoside polymerase inhib-
itor (JTK-109), NS5A inhibitor (BMS-790052), CsA,
and IFNo. We selected the three S310 viruses
(§22101, T24961, and R2895K) with NS3, NS5A, or
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Table 3. Antiviral Drug Activities Against HCV Infection

VX-950 (nM) BMS-790052 (pM) PSI-6130 (M) JTK-109 (M) CsA (M) IFN-z (1U/mL)
JFH-1 31.2+187 20.0 = 16.8 34+17 8721 05+0.2 0.1=0.1
S§22101 9841.0 = 1026.1 48.1 £59.1 1.4+01 0.7 = 0.1** 0.2x0.1 42+40
T2496l 436.6 = 81.7* 244 +234 5.6 +5.2 2.3+ 0.6** 0.7+£0.6 0.2£0.2
R2895K 436.3 +249.8* 10217 1.6+0.2 1.4+ 12%* 0.9*+08 46+37

Assays were performed in triplicate and ICsq values are expressed as mean = standard deviations.

*P < 0.05 versus JFH-1.

NS5B adaptive mutations (Table 1). In VX-950 treat-
ment, ICsy values for S310 infection seemed to be
higher than for JFH-1 infection; however, a statistically
significant increase was only observed with T24961
virus infection as compared to JFH-1 virus infection
(Table 3). This lack of significance may be due to the
large experimental deviation in other S310 virus infec-
tions. PSI-6130 inhibited both genotype virus infec-
tions at similar levels. However, JTK-109 was
significantly more effective against S310 viruses than
JFH-1 virus (P < 0.05). BMS-790052, CsA, and IFNo«
inhibited both JFH-1 and S310 viruses at similar lev-
els. There were no differences in antiviral drug effica-
cies among S310 clones except for VX-950. Adaptive
mutations in these three clones may not be important
for drug efficacies. Cell viability was determined by
the WST-1 assay, and there was no cellular toxicity
within the tested dose of the drugs (data not shown).

Discussion

In the present study we established a cell-culture-

adapted genotype 3a infectious virus system. In a pre-

vious study, adaptive mutations were important for
efficient replication of a genotype 3a subgenomic repli-
con (5$310).° Therefore, we introduced these mutations
into full-length S310 constructs to determine if these
constructs can replicate and produce infectious virus
particles in cell culture. Full-length S310 wild-type
virus did not exhibit increased intracellular and extrac-
ellular core levels. However, some of the full-length
S310 viruses with adaptive mutations displayed
increased intracellular and extracellular core levels in a
transient virus production assay (data not shown). To
examine whether these clones could continuously pro-
duce infectious viral particles, we passaged the S310
RNA-transfected cells repeatedly and monitored the
HCV core protein levels in the culture medium for 3
months. As a result, HCV core protein levels of the
three clones with adaptive mutations (R2198H,
$22101, and R2895K) increased soon after the trans-
fection and eventually plateaued. From 6 to 8 weeks
after transfection, extracellular HCV core protein levels

of the other three clones with adaptive mutations
(T24961, R2895G, and T2496I + R2896K) increased
rapidly, and their extracellular core protein levels also
reached levels similar to the former three clones. All
six clones showed sufficient viral RNA replication,
virus production, and infectivity for autonomous virus
expansion at the end of culture (D82). By sucrose
density gradient analysis, we confirmed that S310
clones exhibited similar profiles of HCV core protein
and RNA to JFH-1, but the peak infectivity titers
were located in the same fraction as HCV core pro-
teins and RNA. The peak infectivity of S310 clones
shifted to the heavier fractions as compared to JFH-1.
In a previous study, it was also reported that a particu-
lar mutant JFH-1 strain exhibited both HCV RNA
and infectivity in the same fraction.”® In that study, a
point mutation (G451R) was identified in the viral
E2 protein, and the G451R mutation was speculated
to increase the density and infectivity of the virus par-
ticles.?® Tt is thus possible that E2 proteins of S310
clones also alter the density of infectious viral par-
ticles. Upon inoculation of secreted S310 viruses into

‘naive Huh7.'5.‘1 :,fcélls',’f both intracellular and extracellu-

lar core protein levels of infected cells were at levels
similar to JFH-1 but less than J6/JFHI1. In the neu-
tralization experiment, S310 infections of Huh7.5.1
cells were sensitive to anti-CD81 and ant-E2 anti-
body treatment. Thus, these results suggest that S310
viruses can replicate efficiently and produce infectious
virus particles.

Patients with genotype 3a HCV infections tend to
develop hepatic steatosis, an intracellular accumulation
of lipids and subsequent formation of LDs in the cyto-
plasm of hepatocytes.”® S$310-infected patient also
showed microvesicular and macrovesicular steatosis
both before and after liver transplantation. The LD is
an organelle used for the storage of neutral lipids.
Hepatic steatosis might be involved in inducing lipid
synthesis by activation of SREBP-1 and peroxisome
proliferator-activated receptor gamma (PPARy) or by
producing reactive oxygen species.”' > Inversely, MTP
and PPARo might be involved in decreasing lipid
secretion and degradation.>*%3
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In previous studies, cells expressing genotype 3a
core protein were used to study the genotype 3a HCV
core protein association with steatosis.""™'* HCV geno-
type 3a core protein up'regulated the activity of fatey
acid synthase promoter.” % Domain 3 of the HCV core
protein was sufficient for lipid accumulation, and spe-
cific polymorphisms in the HCV core protein of geno-
type 3a increased the lipid levels, contributing to
steatosis in cultured cells.'’ However, the previous sys-
tems used only core protein expression, so they lacked
the effects of other viral proteins and the entire viral
life cycle. Furthermore, HCV core protein sublocaliza-
tion on the LD surface is important for infectious
virus particle formation.”> We thus analyzed core pro-
tein and LD sublocalization by using the genotype 3a
infection system. S310-derived core proteins showed
punctate signals rather than the ring-like core protein
staining pattern usually seen in JFH-I-infected cells
(Fig. 4A). We further examined whether S310 infec-
tion resulted in the accumulation of LDs in a long-
term culture of infected cells. Interestingly, S310 virus-
infected cells exhibited greater LD accumulation than
Huh7.5.1 cells and JFH-1 virus-infected cells. In addi-
tion, LD accumulation in the S310/JFH1 chimeric
virus-infected cells was similar to S310 virus-infected
cells. S310/JFH1 chimeric virus consists of the S310-
derived structural region and the JFH-1-derived non-
structural region. The result thus suggests that the
S310-derived structural region is important for LD
accumulation in the S310-infected cells. To examine
the gene expression levels important for cellular lipid
metabohsm, we examined MTP, PPARc, and SREBP-
lc mRNA expression by real-time PCR. However, no
differences in mRNA expression levels were found in
between Huh7.5.1 cells and the infected cells (data not
shown). Further detailed analysis will be necessary to
clarify the mechanisms for LD accumulation in S310
virus-infected cells.

To provide new therapeutic approaches for genotype
3a HCV infections, we examined the antiviral drug
activity against S310-infected cells. In VX-950 treat-
ment, 1Csq values for S310 infection seemed to be
higher than for JFH-1 infection; however, VX-950 was
only statistically less effective for T2496l infection as
compared to JFH-1 infection. In our previous study,
another NS3 protease inhibitor, BILN-2061, was also
less effective for the S310 subgenomic replicon as
compared to the JFH-1 and Conl replicons. JTK-109,
a nonnucleoside polymerase inhibitor, was more effec-
tive for S310 than JFH-1. Other inhibitors, including
NS5A inhibitor, nucleoside NS5B inhibitor, IFNe,
and CsA, inhibited both viruses at similar levels. Thus,
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this novel genotype 3a cell culture system can be used
to assay possible antiviral compounds.

In conclusion, we established an HCV genotype 3a
cell culture system. The patients infected with geno-
type 3a HCV appear to have different clinical charac-
teristics than patients infected with other genotypes.
This genotype 3a infectious cell culture system will be
useful for studying the molecular mechanism of HCV
viral life cycles and pathogenesis as well as for develop-
ing specific antiviral drugs for genotype 3a infections.
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