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target cells (10). Sindbis virus also activates the SMase and
induces apoptosis through a continuous release of ceramide
(15). In contrast to these viruses, ceramide inhibits infection
with HIV (7) and HCV (48). Ceramide enrichment of the
plasma membrane reduces expression of HCV receptor mol-
ecules through an ATP-independent internalization and im-
pairs entry of HCV.

Pseudotype and recombinant viruses based on the vesicular
stomatitis virus (VSV} bearing foreign viral envelope proteins
have been shown to be powerful tools for the investigation of
viral entry and the development of vaccines. These systems
have been used to study infection with viruses that do not
propagate readily (31, 43) or that are difficult to handle due to
their high-level pathogenicity for humans (42). In addition, the
systems allow us to focus on the investigation of entry mech-
anisms of particular viral envelope proteins by using control
viruses harboring an appropriate protein on identical particles.

In the present study, we generated pseudotype (JEVpv)
and recombinant (JEVrv) VSVs bearing the JEV envelope
protein in human cell lines and determined the involvement
of sphingolipids, especially ceramide, and cholesterol in in-
fection of human cell lines with JEV. Both JEVpv and
JEVrv exhibited infection of target cells via pH- and clath-
rin-dependent endocytosis. Treatment of cells with choles-
terol impaired infection with JEVpv and JEVrv, as previ-
ously found in JEV infection (20). In contrast, treatment of
cells with SMase drastically enhanced infection with both
JEVpv and JEVrv and the production of infectious JEVrv
particles, These results indicate that ceramide plays crucial
roles in the entry and egress of JEV.

MATERIALS AND METHODS

Plasmids and cells. A cDNA clone encoding the PrtM and E proteins of the
AT31 strain was generated by PCR amplification, cloned into pCAGGS/
MCS-PM (43), and designated pCAGC10SE (JEV). The plasmid used for con-
struction of JEVrv was pVSVAG-GFP2.6 (provided by M. A. Whitt, University
of Tennessee), which has additional transcription units with multicloning sites
(MCS) and green fluorescent protein {GFP) located between the M and L genes.
The PrM-E gene, obtained from pCAGC105E (JEV) by digestion with BglII and
EcoRI, was cloned into the Smal site of pVSVAG-GFP2.6 after blunting, and the
construct was designated pAG-JEV (PrM-E). Huh7, BHK, Vero, and 293T cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma, St.
Louis, MO) containing 10% fetal bovine serum (FBS).

Viruses and chemicals. Wild-type JEV was used as described previously (29).
The virus was amplified on Huh7 cells and stored at —80°C. The infectious titer
was determined by using a focus-forming assay as described below. Bafilomycin
A, from Streptomyces griseus was purchased from Fluka (Sigma). Chlorproma-
zine hydrochloride, sphingomyelinase (SMase), phospholipase C from Bacillus
cereus, methyl-B-cyclodextrin (MBCD), a water-soluble cholesterol, and amitrip-
tyline hydrochloride were obtained from Sigma. C,-ceramide and sphingomyelin
were purchased from Biomol International (Plymouth Meeting, PA). Biotin-
ceramide was purchased from Echelon Biosciences Inc. (Salt Lake City, UT).

Reverse genetics of VSV. Recombinant VSVs were generated by a previously
described method (43) with minor modifications. Briefly, BHK cells were grown
t0 90% confluence on 35-mm lissue culture plates and infected with a recormbi-
nant vaccinia virus encoding T7 RNA polymerase at a multiplicity of infection
(MOI) of 5. After incubation at rcom temperature for 1 h, the cells were
transfected with 4 ug of mixed plasmids encoding each component of VSV
proteins (pBS-N/pBS-P/pBS-L/pBS-G, 3:5:1:8) and 2 pg of pAG-Luci or pAG-
JEV (PtM-E) plasmid using the TransIT-LT1 transfection reagent (Mirus, Mad-
ison, WI). After 48 h of incubation, the super were passed through a filter
with a pore size of 022 pm (Milex-GS; Millipore, Tokyo, Japan) to remove
vaccinia virus and inoculated into 293T cells that had been transfected with
pCAGVSVG (25) 24 h previously. Recovery of progeny virus was assessed by the
appearance of cytopathic effects at 24 to 36 h postinfection. VSV G-comple-
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menied (*G) recombinant viruses were stored at —80°C. The infectious titers of
the recovered viruses were determined by a plaque assay.

Production and characterization of JEVpv, JEVrv, and JEV, To generate
JEVpv, Huh7 cells transiently expressing the PrM and E proteins by the trans-
fection with pCAGCI0SE using TransIT-LT1 (Mirus) were infected with
VSVAG/Luc-*G, in which the G gene was replaced with the luciferase gene and
was pseudotyped with the G protein, at an MOI of 0.1. The virus was adsorbed
for 2 h at 37°C and then extensively washed four times with serum-free DMEM.
After 24 h of incubation at 37°C with 10% FBS-DMEM, the culture supernatants
were centrifuged to remove cell debris and stored at ~80°C. To generate JEVrv,
Huh7 cells were infected with VSVAG/TEV-*G at an MOI of 5 for 2 h at 37°C
and then extensively washed four times with serum-free DMEM. After 24 h of
incubation at 37°C with 10% FBS-DMEM, the culture supernatants were col-
lected and stored at ~80°C. Schematic representations of the genome structures
and the production of recombinant and pseudotype VSVs are shown in Fig, 1.
The purification and concentration of the pscudotype or recombinant viruses
were conducted as described previously (43). Purified viruses and infected cell
lysates were analyzed by immunoblotting to detect the incorporation of the
envelope protein with anti-JEV E mouse polyclonal antibody (E#2-1; unpub-
lished). The infectivities of JEVpv, JEVrv, and JEV were assessed by both
luciferase activity and a focus-forming assay, as described below. The relative
light unit (RLU) value of luciferase was determined by using the Bright-Glo
luciferase assay system (Promega Corporation, Madison, WI), following a pro-
tocol provided by the manufacturer. To examine the effects of oligosaccharide
madification of the JEV E protein in cells or on the particles, the cell lysates and
the purified particles were digested with endoglycosidase H (Endo H) or peptide-
N-glycosidase F (PNGase F) (Bochringer Mannheim, Mannheim, Germany),
following a protocol provided by the manufacturer, and analyzed by immuno-
blotting.

Pseudotype VSVs bearing HCVE1E2 (HCVpv), VSVG (VSVpv), and murine
leukemia virus envelope (MLVpv) proteins were produced in 293T cells trans-
fected with pCAGc60-p7 (H77), pPCAGVSVG, and pFBASALF (provided by T.
Miyazawa, Kyoto University), respectively, and used as controls. Recombinant
HCV (HCVrv) was also used as a control as described previously (43). To
neutralize infection with JEVpv, JEVrv, and JEV, viruses were preincubated
with the indicated dilution of anti-JEV E monoclonal antibody (22A1; provided
by E. Konishi, Kobe University) for 1 h at 37°C and then inoculated into Huh7
cells. After 1 h of adsorption, the cells were washed three times with DMEM
containing 10% FBS, and infectivity was determined after 24 h of incubation at
37°C.

Focus-forming assays. Cells infected with JEV, VSV, JEVrv, or HCVrv after
treatment with the indicated reagents were cultured at 37°C with 0.8% methyl-
cellulose in 10% FBS-DMEM for 24 or 48 h and fixed with 4% paraformalde-
hyde solution for 1 h. Cells were washed once with phosphate-buffered saline
(PBS), treated with 0.5% Triton X-100 for 20 min for permeabilization, incu-
bated with mouse monaclonal antibody to JEV (MsX Japanese encephalitis;
Chemicon International Inc., Temecula, CA) for JEV or that to VSV N (10G4;
provided by M. A. Whitt) for VSV, JEVrv, and HCViv for 1 h, and stained by
using a Vectastain Elite ABC anti-mouse IgG kit with a VIP substrate (Vector
Laboratories, Burlingame, CA), following a protocol provided by the manufac-
turer.

Effects of chemicals on the infectivities of JEVpv, JEVrv, and JEV. To examine
the entry pathways of the viruses, cells treated with various concentrations of
bafilomycin A,, chlorpromazine, MBCD, SMase, phospholipase C, or amitripty-
line for 1 h at 37°C were inoculated with JEVpv, HCVpv, VSVpv, or MLVpv,
and infectivity was determined by luciferase activity as described above. To
examine the effects of cholesterol or SMase on the viral particles, purified virions
incubated with various concentrations of water-soluble cholesterol or SMase for
1h at 37°C were inoculated into the target cells. Viruses treated with SMase were
ultracentrifuged (43) and resuspended in culture media to deplete any residual
amount of SMase, and infectivity was determined by luciferase or focus-
forming assay. To examine the effects of ceramide on the infection, 10 mM
Cg-ceramide or sphingomyelin dissolved in ethanol was diluted with medium
at various concentrations and preincubated with JEVpv, HCVpv, VSVpv, or
MLVpv for 1 h at 37°C. After treatment, the viruses were inoculated into
Huh7 cells, washed with medium after ! h of incubation at 37°C, and cultured
for 24 h at 37°C, and the residual infectivity was determined by measuring
luciferase activity. The effects of Cs-ceramide on the infection of JEV were
assessed by following the same protocol, and the residual infectivity was
determined by focus-forming assay.

Ceramide binding assay. To examine the interaction of JEV E protein and
ceramide, purified viruses were incubated with 500 p! of lysis buffer (20 mM
Tris-HC, pH 7.4, containing 135 mM NaCl and 1% Triton X-100) supplemented
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FIG. 1. Schematic representation of the genome structures and production of recombinant and pseudotype VSVs. (A) The luciferase, PrME,
and E1E2 genes were inserted into the full-length cDNA clone of VSV in place of the G gene and designated AG-Luc, AG-JEV, and AG-HCV,
respectively. (B) Recombinant VSVs, JEVrv, HCVrv, and AG, bearing the JEV E protein, HCV E1/E2 proteins, and no envelope, respectively,
were generated in 293T or Huh7 cells by infection with the respective recombinant VSV after complementation with VSV G protein (*G).
(C) Pseudotype VSVs, JEVpv, VSVpv, HCVpv, and MLVpv, were generated by infection with VSVAG/Luc-*G in 293T or Huh7 cells transiently

expressing the respective foreign protein.

with protease inhibitor cocktail (Roche, Indianapolis, IN) and 10 .l of 1-mg/ml
biotin-ceramide in dimethyl sulfoxide (DMSO) for 1 h at 37°C, and then 20 pl of
streptavidin-Sepharose 4B (Zymed, Invitrogen, Carlsbad, CA) was added and
the solution was kept at 4°C for 4 h. After washing with the lysis buffer three
times, the pellets were analyzed by immunoblotting with anti-JEV E polyclonal
antibody (E#2-1).

RESULTS

Construction and characterization of recombinant and
pseudotype VSVs. Recombinant VSVs were propagated in
Huh?7 cells by infection with VSVG-complemented (*G) re-
combinant VSVs possessing foreign genes of either JEV
PrM/E, HCV E1/E2, or luciferase in place of the VSV G gene,
as shown in Fig. 1A and B. The pseudotype VSVs, JEVpv,
VSVpv, HCVpv, and MLVpv, were generated by infection
with VSVAG/Luc-*G in 293T or Huh7 cells transiently ex-
pressing the respective foreign protein (Fig. 1C).

To examine the properties of the JEV E proteins incorpo-
rated into JEV, JEVrv, and JEVpv particles, the E proteins
expressed in Huh7 cells and incorporated into the viral parti-
cles were digested with Endo H or PNGase F and examined by
immunoblotting (Fig. 2A). Although E proteins in the lysates
of cells infected with JEV, JEVrv, or JEVpv were sensitive to
both Endo H and PNGase F treatments, those incorporated
into the viral particles were resistant to Endo H, suggesting
that both JEVrv and JEVpv particles selectively incorporate
the matured E proteins modified to the complex- or hybrid-
type glycans as seen in the authentic JEV particles. Next, to
examine the infectivity of JEVrv and JEVpv for the target cells,
HCVpv, MLVpv, VSVpv, VSV, HCVrv, and AG were pre-
pared as controls (Fig. 2B). Both JEVpv and JEVrv were
infectious for Huh7, BHK, and Vero cells, whereas HCVpv
and HCVrv were infectious for Huh7 cells but not for BHK
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FIG. 2. Characterization of JEVrv and JEVpv. (A) JEV E proteins expressed in cells incorporated into the viral particles were treated with
endoglycosidase H (H) or peptide-N-glycosidase F (F) and examined by immunoblotting using anti-E polyclonal antibody. “-” indicates an

untreated sample. (B) Infectivities of recombinant viruses (left panel) and pseudotype viruses (right panel) were determined in Huh7, BHK, and
Vero cells by a focus-forming assay and measurement of luciferase activity (RLU), respectively. VSV without envelope (AG) was used as a negative
control. ffu, focus-forming units. (C) Neutralization of JEVrv (left panel) or JEVpv (right panel) infection by anti-E polyclonal antibody. Viruses
were incubated with the indicated dilution of antibody for 1 h at room temperature and inoculated into Huh7 cells. Residual infectivities are

expressed as percentages. VSV and VSVpv were used as controls.
representing standard deviations.

and Vero cells, as previously reported (1). Although JEVpv
and JEVrv generated in 293T cells were also infectious, these
viruses were slightly more infective when generated in Huh?7
cells, even though the efficiency of transfection of the expres-
sion plasmids into 293T cells was higher than that of transfec-
tion into Huh7 cells (data not shown). To determine the spec-
ificity of infection of JEVpv, JEV1v, and JEV, a neutralization
assay was performed by using anti-E antibody (22A1). The
infectivities of JEVpv and JEVrv but not of VSVpv and VSV
for Huh7 cells were clearly inhibited by anti-E antibody in a
dose-dependent manner (Fig. 2C). These results suggest that

The results shown are from three independent assays, with error bars

the JEVrv and JEVpv generated in this study had character-
istics comparable to those of authentic JEV.

Entry pathways of JEVpv. Previous studies showed that JEV
infection was inhibited by treatment with inhibitors of vacuolar
acidification, such as ammonium chloride, concanamycin A,
and bafilomycin A, suggesting that JEV enters target cells via
pH-dependent endocytosis (30). Other flaviviruses, including
WNV, DENV, and HCV, exhibit similar entry mechanisms
(18, 45). To compare the entry pathway of JEV with those of
other viruses, Huh7 cells were pretreated with various concen-
trations of bafilomycin A, and then the cells were inoculated
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FIG. 3. Entry pathways of the pseudotype VSVs. Huh7 cells were
pretreated with various concentrations of bafilomycin A, (A), chlor-
promazine (B), or methyl-B-cyclodextrin (C) for 1 h and inoculated
with the pseudotype viruses, JEVpv, HCVpv, VSVpv, and MLVpv.
Luciferase activities were determined at 24 h postinfection. The results
shown are from three independent assays, with error bars representing
standard deviations.

with JEVpv, HCVpv, VSVpv, and MLVpv (Fig. 3A). As ex-
pected, bafilomycin A, treatment did not affect the infectivity
of MLVpv-bearing envelope proteins of MLV, which enters
cells through a pH-independent direct fusion of the viral mem-
brane and plasma membrane. In contrast, infections with
HCVpv and VSVpv, which enter cells through pH-dependent
endocytosis, were inhibited by treatment with bafilomycin A,
in a dose-dependent manner. Similarly, infection with JEVpv
was clearly inhibited by treatment with bafilomycin A; in a
dose-dependent manner, suggesting that JEVpv enters cells
through pH-dependent endocytosis, as seen in JEV infection.

To further examine the entry pathway of JEVpv, Huh7 cells
were pretreated with various concentrations of chlorproma-
zine, an inhibitor of clathrin-mediated endocytosis, or MBCD,
an inhibitor of caveolar/raft-mediated endocytosis, and in-
fected with the pseudotype viruses. The infectivity of MLVpv
was not affected by the treatment with either chlorpromazine
or MBCD, as we expected. Treatment of cells with chlorpro-
mazine slightly reduced the infectivity of JEVpv, HCVpv, and
VSVpv in a dose-dependent manner (Fig. 3B), whereas treat-
ment of cells with MBCD reduced the infectivity of HCVpv
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FIG. 4. Effects of cholesterol on infection with recombinant and
pseudotype VSVs. (A) The pseudotype viruses were incubated with
various concentrations of cholesterol for 1 h at room temperature and
inoculated into Huh7 cells, and luciferase activities were determined at
24 h postinfection. (B) JEV, JEVrv, HCV1v, and VSV were incubated
with various concentrations of cholesterol for 1 h at room temperature
and inoculated into Huh7 cells, and residual infectivities were deter-
mined by focus-forming assay in a culture medium containing 1%
methylcellulose at 48 h postinfection for JEV, JEVrv, and HCVrv and
at 24 h postinfection for VSV. Foci of infected cells were detected by
immunohistochemical staining (lower panel). The rate of focus forma-
tion of the viruses was analyzed by counting foci. The results shown are
from three independent assays, with error bars representing standard
deviations.

and VSVpv but increased the infectivity of JEVpv (Fig. 3C).
These results suggest that JEVpv enters cells via clathrin-me-
diated endocytosis, as previously reported for infection with
JEV (30), and that caveola/raft plays a different role in the
entry of JEV than in the entry of HCV and VSV.

Effects of cholesterol on the entry and egress of JEV. Re-
cently it was shown that entry of flaviviruses, including JEV
and DENV, was drastically inhibited by treatment of the par-
ticles with cholesterol (20). To examine the effect of choles-
terol on entry of JEV, the pseudotype viruses were inoculated
into Huh?7 cells after treatment with various concentrations of
cholesterol. The infectivity of JEVpv but not that of HCVpyv,
VSVpv, or MLVpv was severely impaired by treatment with
cholesterol in a dose-dependent manner (Fig. 4A). Next, to
examine the effect of cholesterol on the propagation of JEV,
the recombinant viruses were inoculated into Huh7 cells after
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treatment with various concentrations of cholesterol. Infectiv-
ities of JEV and JEVrv but not those of VSV and HCVrv were
inhibited by the treatment with cholesterol (Fig. 4B, upper
panel). Suppression of the propagation of JEV and JEVrv was
further confirmed by a focus-forming assay (Fig. 4B, lower
panels). These results confirmed that JEV entry was sup-
pressed by cholesterol, as previously reported (20), and raise
the possibility that cholesterol participates not only in entry via
the E protein but also in the assembly of the E protein. These
data also support the notion that JEVpv and JEVrv are com-
parable to JEV in terms of the properties of the E protein
involved in the entry and egress processes.

Effects of SMase on infection with JEVpv, JEVrv, and JEV.
Because infection with enveloped viruses was initiated by the
interaction of viral and host membrane lipids, we next exam-
ined the involvement of membrane lipids in the entry of JEV.
Sphingolipid is a major component of eukaryotic lipid mem-
branes, and sphingomyelin is one of the most abundant sphin-
golipids, with a wide presence across the cell membrane.
SMase is known to cleave sphingomyelin, yielding phosphoryl-
choline and ceramide. To examine the effect of SMase on viral
infection, cells were infected with viruses after treatment with
various concentrations of SMase, and the infectivities of the
viruses were assessed by the luciferase or focus-forming assay.
Infection with JEVpv was drastically enhanced by SMase treat-
ment of Huh7 cells, whereas such treatment exhibited no effect
on infection with VSVpv and MLVpv and suppressed HCVpv
infection (Fig. SA). The enhancement of JEVpv infection by
SMase treatment was also observed in other cell lines, includ-
ing BHK and Vero cells (data not shown). Although the effect
was not as evident as in JEVpv infection, SMase treatment
exhibited a slight but substantial enhancement of the infectivity
of JEV and JEVrv in Huh7 cells, in contrast to having no effect
on VSV infection and a suppressive effect on HCVrv infection
(Fig. 5B). The difference in the magnitude of enhancement of
infectivity by treatment with SMase between infection with
JEVpv and that with JEV or JEVrv might be attributable to
the difference in the viral systems based on pseudotype
(JEVpv) and replication-competent (JEV and JEV1v) viruses,
which allow single and multiple rounds of infection, respec-
tively. The effects of SMase may be more critical for the entry
step than for other, later steps of infection. Suppression of
HCVpv and HCV1v infection by treatment with SMase was
consistent with previously reported data on infection of HCV-
pseudotyped retroviral particles (HCVpp) and JFHI1 virus
(48).

Next, we examined the effect of SMase on the viral particles.
Treatment of pseudotype particles of JEVpv, VSVpv, and
MLVpv with various concentrations of SMase had no signifi-
cant effect on their infectivity for Huh7 cells (Fig. 5C), whereas
the infectivity of HCVpv particles was impaired by the treat-
ment in a dose-dependent manner, as reported previously (1),
suggesting that SMase treatment enhances the infectivity of
JEVpv by modifying the molecules on target cells rather than
the molecules on viral particles. To further determine the
involvement of SMase in infection of JEVpv, cells were pre-
treated with various concentrations of amitriptyline, an inhib-
itor of acid SMase. The infectivity of JEVpv but not that of
other viruses was decreased by the treatment with amitriptyline
in a dose-dependent manner (Fig. SD). A similar effect was
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FIG. 5. Effects of SMase and amitriptyline treatment of cells on
infection with pseudotype and recombinant VSVs. Huh7 cells were
pretreated with various concentrations of SMase for 1 h, and then
pseudotype viruses (A) or recombinant viruses (B) were inoculated.
The infectivities were determined by luciferase activity measurement
or focus-forming assay, and changes in infectivities are expressed as
percentages. (C) The purified pseudotype particles were treated with
various concentrations of SMase for 1 h and inoculated into Huh7 cells
after removal of SMase by ultracentrifugation. Infectivities were de-
termined at 24 h postinfection by measuring luciferase activity, and
changes in infectivities are expressed as percentages. (D) Huh7 cells
were pretreated with various concentrations of amitriptyline, an inhib-
itor for the acid SMase, for 1 h, and then pseudotype viruses were
inoculated. Infectivities were determined at 24 h postinfection by mea-
suring luciferase activity, and changes in infectivities are expressed as
percentages. The results shown are from three independent assays,
with error bars representing standard deviations.

observed with treatment with another SMase inhibitor, imipra-
mine (data not shown). Collectively, these results suggest that
entry of JEV into the target cells is enhanced by SMase treat-
ment, which modifies the cell surface sphingolipids into a more
competent state for interaction with the JEV envelope protein,
thereby enabling its entry.
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Effects of SMase on propagation of JEVrv and JEV. We next
examined the effects of SMase on the propagation of JEV.
Recombinant VSV is capable of replicating by using the VSV
genome and producing infectious particles bearing a foreign
envelope protein encoded in place of the original G protein,
and thus, it is feasible to assess the efficiency of not only entry
but also egress of the recombinant viruses possessing foreign
envelope genes of different origins, irrespective of their repli-
cation efficiency within the target cells. To examine the effects
of SMase on viral propagation, cells were treated with various
concentrations of the enzyme, inoculated with the recombinant
viruses, and then cultured for up to 48 h in the presence of
SMase. Production of JEVrv was dramatically enhanced by
cultivation in the presence of SMase, in contrast to the sup-
pression of HCVrv propagation (Fig. 6A). Although the effect
of SMase treatment on the production of JEV was not as great
as that seen in JEVrv propagation, treatment with SMase re-
sulted in a substantial enhancement of JEV but not of VSV
propagation (Fig. 6B). These results suggest that SMase treat-
ment induces robust propagation of JEVrv mainly through
enhancement of the entry step although also partly through
enhancement of the egress step.

Involvement of ceramide in infection with JEV. Because
treatment of cells with SMase induces production of ceramide,
we next examined the effect of ceramide on the infectivity of
the viruses. Treatment of the pseudotype particles with C-
ceramide inhibited the infectivity of JEVpv for Huh7 cells in a
dose-dependent manner, whereas no clear reduction of infec-
tivity was observed with treatment of HCVpv, VSVpv, and
MLVpv with ceramide (Fig. 7A). In contrast, treatment of the
pseudotype particles with sphingomyelin, which is a substrate
for SMase and is catalyzed into ceramide, did not affect the
infectivity of the viruses, suggesting that the enhancement of
infectivity of JEVpv by treatment with SMase was due to the
generation of ceramide. Propagation of JEV but not of VSV
was also suppressed by treatment of the viral particles with
C4-ceramide in a dose-dependent manner (Fig. 7B). Finally, to
confirm the interaction of the JEV E protein with ceramide,
purified JEV and JEVrv particles were incubated with biotin-
ceramide and streptavidin-Sepharose 4B and examined by
pull-down assay (Fig. 7C). The E proteins of both JEV and
JEVrv were precipitated with the ceramide beads. These re-
sults indicate that the interaction of the JEV E protein with
ceramide plays a crucial role in the entry of JEV.

DISCUSSION

Ceramide has been shown to play a crucial role in various
cell signaling pathways through the clustering and activation of
the receptor molecules in lipid rafts. Although the generation
of ceramide inhibits the infectivity of HIV and HCV by the
rearrangement of the entry receptor molecules (7, 48), rhino-
virus and Sindbis virus generate ceramide by activating SMase
for their entry and cell survival, respectively (10, 15). In this
study, we demonstrated for the first time that ceramide plays
crucial roles not only in the entry pathway of JEV but also in
the egress through a direct interaction with the E envelope
proteins.

To examine the roles of the E protein in the infectivity of
JEV, we employed pseudotype and recombinant VSVs bearing
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FIG. 6. Effects of SMase on the propagation of JEVrv and JEV.
Huh?7 cells were pretreated with various concentrations of SMase for
1 h and inoculated with JEVrv or HCVrv (A) or JEV or VSV (B), and
infectivities were determined by focus-forming assay in a culture me-
dium containing 1% methylcellulose at 48 h after infection with JEVrv,
HCVrv, and JEV and at 24 h after infection with VSV. Titers were
determined by counts of foci detected by immunohistochemical stain-
ing (lower panels). The results shown are from three independent
assays, with error bars representing standard deviations.

JEV envelope proteins as surrogate systems in addition to
authentic JEV. VSV assembles and buds from the plasma
membrane, and therefore the surrogate viruses bearing the
foreign envelope proteins being expressed on the plasma mem-
brane exhibited more-efficient incorporation of the envelope
proteins. Although the E protein of JEV, as well as that of
other flaviviruses, including HCV, is mainly retained on the
endoplasmic reticulum (ER) membrane, the E protein was
incorporated into JEVpv and JEVrv particles and exhibited
infectivity comparable to that of authentic JEV. Further stud-
ies are needed to clarify the mechanisms of incorporation of

- 388 -

0102 ‘2z Areniga uo Ausiaaiun exesQ e Bio wseal woiy papeojumog



VoL. 84, 2010

A % of luciferase activity

150
100
50

0 B JEVpv

0 12.5 25 50 [] Hcvpv

Cg-ceramide (uM) [ Vvsvpv

_— [] MLvpv
100
50
0

0 12,5 25 50
Sphingomyelin (uM)

B % of infectivity

150 =T
100 0 vsv
0 T v T
0 50

125 25
Cg-ceramide (uM)

c eV

= Input

Biotin-ceramide 4 = Input <+

Viral particles + <+ + <+

FIG. 7. Involvement of ceramide in infection with JEV. (A) Effects
of Cg-ceramide or sphingomyelin in infection with JEVpv. Purified
pseudotype viruses were pretreated with various concentrations of
Cg-ceramide (upper) or sphingomyelin (lower) for 1 h and then inoc-
ulated into Huh7 cells. The infectivities were determined at 24 h
postinfection by luciferase activity, and changes in infectivities are
expressed as percentages. (B) Effects of Cy-ceramide in infection of
JEVrv and JEV. JEV and VSV were pretreated with various concen-
trations of Cq4-ceramide for 1 h, and then the viruses were inoculated
into Huh7 cells. At 24 h postinfection, the infectivities were deter-
mined by focus-forming assay. (C) Binding of JEV and JEVIv to
ceramide beads. Purified viruses were preincubated with (+) or with-
out (—) biotin-ceramide resolved in DMSO and streptavidin-Sepha-
rose 4B. After washing, residual pellets were analyzed by immunoblot-
ting. Inputs are purified viruses. The results shown are from three
independent assays, with error bars representing standard deviations.

the foreign envelope proteins on the ER membrane into VSV
particles. In general, glycoproteins are modified into the com-
plex type during the translocation from the ER to the Golgi
apparatus. Although the JEV E glycoproteins were modified
mainly into the high-mannose type in cells infected with
JEVpv, JEVrv, or JEV, viruses possessing the E proteins were
modified into the complex type within the particles. These
results suggest that the E proteins of JEV and the surrogate
viral particles are modified into the complex type after budding
into the ER lumen during translocation into the Golgi appa-
ratus. Recently assembly of DENV in the ER was revealed by
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three-dimensional architecture using electron tomography
(49).

A number of viruses utilize cholesterol-rich membrane mi-
crodomains or lipid rafts for their entry, assembly, or egress
processes (5). Cholesterol-rich membrane microdomains have
been shown to be required for the entry but not for the repli-
cation of WNV through cholesterol depletion by treatment
with MBCD (27). Entry of HCV was also shown to be partially
required for cellular cholesterol (1, 16), which is consistent
with the present data that infection with HCVpv was partially
inhibited by treatment of cells with MBCD. Lee et al. recently
reported that the infectivity of JEV, especially the replication
step, was inhibited by treatment of cells with MBCD or the
cholesterol chelation antibiotic filipin IIT (20). Furthermore,
treatment of the viral particles with cholesterol inhibited the
infectivity of JEV, in contrast to the enhancement of the in-
fectivity of Sindbis virus by the same treatment (20, 22). Our
data also indicated that the infectivity of JEVpv and JEVrv, as
well as that of JEV, was completely inhibited by treatment of
the particles with cholesterol in a dose-dependent manner,
supporting the notion that the presence of an abundant
amount of cholesterol increases the rigidity of the E protein of
JEV particles and inhibits the membrane fusion event, as sug-
gested by Lee et al. (20).

According to the current models, SMase alters the biophys-
ical properties of the membrane bilayer by generating cer-
amide through the hydrolysis of sphingomyelin. Genetic disor-
ders of SMase or ceramide metabolism are critically involved
in human genetic diseases, such as Niemann-Pick disease (37)
and Wilson’s disease (19). In vivo studies of the function of
SMase or ceramide in infections with pathogens are accumu-
lating (9, 44, 46), and acid SMase-deficient mice have been
shown to be unable to eliminate the pathogens because of
failure to undergo apoptosis or phagolysosomal fusion, ulti-
mately a massive release of cytokines and death by sepsis. It
has recently been shown that acid SMase is a key regulator of
cytotoxic granule secretion by primary T lymphocytes (13). The
reduction of the cytolytic activity of CD8" cytotoxic T lympho-
cytes in acid SMase-deficient mice resulted in a significantly
delayed clearance of lymphocytic choriomeningitis virus infec-
tion. Recently it was shown that entry of HCV is inhibited by
SMase treatment through the downregulation of CD81, a ma-
jor receptor of HCV, because enrichment of ceramide on the
plasma membrane induces internalization of CD81 (48). HIV
infection is also inhibited by ceramide enrichment through a
restriction of the lateral diffusion of CD4 (6). Sindbis virus and
rhinovirus activate the SMase and induce generation of cer-
amide in the endosomal membrane. Inhibition of SMase by
genetic manipulation or pharmacological agents prevents in-
fection with rhinoviruses, suggesting that SMase and ceramide-
enriched membrane platforms play an important role in viral
infection (10).

In this study, we have shown that entry of JEVpv, JEVrv,
and JEV was specifically enhanced by treatment of cells with
SMase. Treatment of cells with amitriptyline, an inhibitor in-
terfering with the binding of SMase to the lipid bilayer, im-
paired the uptake of rhinovirus (10) and Neisseria gonorrhoeae
(8). The entry of JEVpv was also inhibited by treatment with
the inhibitor. Furthermore, the infections of JEVpv and JEV
were inhibited by treatment with C4-ceramide but not by treat-
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ment with sphingomyelin, and JEV and JEVrv were coprecipi-
tated with the ceramide beads, suggesting that the interaction
of ceramide with the JEV E protein plays a crucial role in the
early steps of infection. Ceramide is known to bind to the
ceramide transport protein (CERT), which transports cer-
amide from the ER to the Golgi apparatus (12), and thus, it
might be feasible to speculate that CERT participates in the
translocation or maturation of the JEV E protein. Further
studies are needed to clarify the interaction among ceramide,
CERT, and the JEV E protein. Recently Aizaki et al. reported
that the infectivity of HCV particles was decreased by treat-
ment with MBCD or SMase, suggesting that cholesterols or
sphingolipids incorporated into the virions are important for
the infectivity of HCV (1). In this study, SMase treatment of
HCVpv particles but not of JEVpv particles reduced infectiv-
ity, suggesting that incorporation of cholesterols and sphingo-
lipids into the viral particles was different among flaviviruses.

The discrepancy between the drastic increase in the produc-
tion of infectious particles of JEVrv and the marginal increase
in that for JEV induced by SMase treatment in ceramide-
enriched cells may indicate that ceramide enrichment en-
hances the entry and egress steps but negatively regulates
genomic replication of JEV. Previously it was reported that
digestion of sphingomyelin by SMase induces cholesterol re-
distribution (32), an increase in intracellular cholesterol ester-
ification (4), and a decrease in cholesterol biosynthesis (39).
Furthermore, ceramide has been shown to selectively displace
cholesterol from lipid rafts and decrease the association of the
cholesterol binding protein caveolin-1 (28, 50). Although we
have not determined the cholesterol composition of the mem-
branes of cells treated with SMase, cholesterol depletion in-
duced by SMase treatment may also participate in the en-
hancement of JEV entry.

JEV initiates infection by interacting with receptor and/or
coreceptor molecule(s), probably in cooperation with ceramide
located in the ceramide-enriched platforms. The ceramide-
enriched membrane domains facilitate signal transduction
through reorganization and clustering of cell surface receptor
molecules. Although the entry receptor(s) of JEV has not been
well characterized yet, modification of the distribution, orga-
nization, and steric conformation of the receptor molecule(s)
by treatment with SMase may facilitate entry of JEV. Gener-
ation of ceramide by SMase treatment has been shown to
promote vesicular fusion processes - and fusion of phagosomes,
thereby engulfing bacteria with late endosomes and resulting in
efficient intracellular bacterial killing (46).

In conclusion, we have demonstrated that the entry and
egress processes of JEV were enhanced by treatment with
SMase by using pseudotype and recombinant VSVs. The in-
teraction of cellular ceramide and the E glycoproteins facili-
tates infection and propagation of JEV. Madification of sphin-
golipids on the plasma membrane of the target cells might be
a novel target for the development of antivirals against JEV
infection.
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In this study, we used an RNA polymerase I (Pol I) transcription system for development of a reverse genelics
protocol to produce hepatitis C virus (HCV), which is an uncapped positive-strand RNA virus. Transfection with a
plasmid harboring HCV JFH-1 full-length ¢DNA flanked by a Pol I promoter and Pel I terminator yielded an
unspliced RNA with no additional sequences at either end, resulting in efficient RNA replication within the
cytoplasm and subsequent production of infectious virions. Using this technology, we developed a simple replicon
trans-packaging system, in which transient transfection of two plasmids enables examination of viral genome
replication and virion assembly as two separate steps. In addition, we established a stable cell line that constitutively
produces HCV with a low mutation frequency of the viral genome, The effects of inhibitors of N-linked glycosylation
on HCV production were evaluated using this cell line, and the results suggest that certain step(s), such as virion
assembly, intracellular trafficking, and secretion, are potentially up- and downregulated according to modifications
of HCV envelope protein glycans. This Pol I-based HCV expression system will be beneficial for a high-throughput

antiviral screening and vaccine discovery programs.

Over 170 million people worldwide have been infected with
hepatitis C virus (HCV) (22, 33, 37), and persistence of HCV
infection is one of the leading causes of liver diseases, such as
chronic hepatitis, cirrhosis, and hepatocellular carcinoma (16,
25, 38). The HCV genome is an uncapped 9.6-kb positive-
strand RNA sequence cousisting of a 5" untranslated region
(UTR), an open reading frame encoding at least 10 viral pro-
teins (Core, El, E2, p7, NS2, N§3, NS4A, NS4B, NS5A, and
NS5B), and a 3'UTR (46). The structural proteins (Core, El,
and E2) reside in the N-terminal region.

The best available treatment for HCV infection, which is pe-
gylated atpha interferon (IFN-«) combined with ribavirin, is ef-
fective in only about half of patients and is often difficult to
tolerate (25). To date, a prophylactic or therapeutic vaccine is not
available. There is an urgent need to develop more effective and
better tolerated therapies for HCV infection. Recently, a robust
systemt for HCV production and infection in cultured cells has
been developed. The discovery that some HCV isolates can rep-
licate in cell cultures and release infectious particles has allowed
the complete viral life cycle to be studied (23, 49, 53). The most
robust system for HCV praduction involves transfection of Huh-7
cells with genomic HCV RNA of the JFH-1 strain by clectropo-
ration. However, using this RNA transfection system, the amount
of scercted inlectious viruses often fluctuate and mutations
emerge in HCV genome with multiple passages for an extended
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period of time (54), which limits its usefulness for antiviral screen-
ing and vaccine development,

DNA-based expression systems for HCV replication and virion
production have also been examined (5, 15, 21). With DNA-based
cxpression systems, transcriptional expression of functional full-
length HCV RNA is controlled by an RNA polymerase 11 (Pol T}
promoter and a self-cleaving ribozyme(s). DNA expression systems
using RNA polymerase I (Pol I} have been utilized in reverse genet-
ics approaches to replicate negative-strand RNA viruses, including
influenza virus (12, 29), Uukuniemi virus (11), Crimean-Congo hem-
orrhagic fever virus (10), and Ebola virus (13). Pol I is a cellular
enzyme that is abundantly expressed in growing cells and transcribes
rRNA lacking both a 5’ cap and a 3’ poly(A) tail. Thus, viral RNA,
synthesized in cells transfected with Pol [-driven plasmids con-
taining viral genomic ¢cDNA has no additional sequences at the
5'- or 3’ end even in the absence of a ribozyme sequence (28).
The advantages of DNA-based expression systems are that DNA
expression plasmids are casier to manipulate and generate stable
cell lines that constitutively express the viral genome.

We developed here a new HCV expression system based on trans-
fection of an expression plasmid containing a JFH-1 cDNA clone
flanked by Pol I promoter and terminator sequences to generate
infectious HCV particles from transfected cells. The technology pre-
sented here has strong potential to be the basis for mais-encapsida-
tion system by transient transfection of two plasmids and for the
establishment of an efficient and reliable screening system for poten-
tial antivirals.

MATERIALS AND METHODS

DNA construction. To generate HCV-expressing plasmids containing full-
length JFHLU cDNA embedded between Pol | promoter and terminator se-
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quences, part of the S'UTR region and part of the NS5B to the 3'UTR region of
full-length JFTI-1 ¢<DNA were anplificd by PCR using primers containing BsmBI
sites. Eaclt amplification product was then doned into a pGEM-T Easy vector
{Promega. Madison, WI) s verified by DNA sequencing. Both fragments were
excised by digestion with Notl and BsmBI, after which they were cluned into the
BsmBI site of the pHH21 vector (a gift from Yoshihiro Kawaoka, School of
Veterinary Medicine, University of Wisconsin-Madison {29]), which contains
human Pol | promoter and a mouse Pol I terminator. The resultant plasmid was
digested by Agel and EcoRV and ligated to JFH-1 ¢cDNA digested by Agel and
EcoRV to produce pHHIFHL, pHHJFHI/GND having a point mutation at the
GDD motif in NS5B to abolish RNA-dependent RNA polvmerase activity and
pHHIFHI/R783A/R785A carvying double Arg-to-Ala substitutions in the cyto-
plasimic loop of p7 were constructed by oligonucleotide-directed mutagenesis. To
penerate pHHIFHI/AE carrying in-frame deletions of parts of the El and E2
regions (amino acids [aa] 256 to 567), pHHIFHI was digested with Ncol and
Ascl, followed by Klenow enzyme treatiment and self-ligation. To generate pHE/
SGR-Luc carrying the bicistronic subgenomic HCV reporter replicon and its
replication-defective mutant, pHH/SGR-Luc/GND, Agel-Spel fragments of
pHHIFHI and pHHIFHI/GND were replaced with an Agel-Spel fragment of
pSGR-JFHI/Lue (20). In order to construct pCAG/C-NS2 and pCAG/C-p7,
PCR-amplified cDNA for C-NS2 und C-p7 regions of the JFH-1 strain were
inserted into the EcoRI sites of pCAGGS (30). In order to coustruct stable celi
lines, @ DNA fragment containing a Zeocin resistance gene excised from pSv2/
Zeo? (Invitrogen, Carlsbad, CA) was inserted into pHH21 (pHHZco). Full-
length JFH-1 ¢cDNA was then inserted into the BsmBI sites of pHHZeo. The
resultant construct was designated pHHIFH [/ Zeo.

Cells and compounds, The human hepatoma cell line, Huh-7, and its deriva-
tive cell line, Huh7.5.1 (a gift from Francis V. Chisari, The Scripps Research
Tustitute), were maintained in Dulbecco modified Eagle medium (DMEM) sup-
plemented with nonessential amino acids. 100 U of penicillin/mi, 100 pg of
streptomycin/ml, and 1052 fetal bovine serum (FBS) at 37°C in a 36 CO,
incubator, N-Noayl-deoxynojirimycin (NN-DNJ) and kifunensine (KIF) were
purchased from Toronto Research Chemicals (Ontario, Cunada), castunosper-
mine (CST) and 1,4-dideoxy-1,4-imino-p-mannitol hydrochloride (DTM) were
from Sigma-Aldrich (St. Louis, MO), 1-deoxymanuojirimycin {DMJ) and swain-
sonine (SWN) were frem Alexis Corp. (Lausen, Switzerland), and N-butyl-
deoxynojirimycin (NB-DNJ) was purchased from Wako Chemicals (Osaka, Ja-
pan). BILN 2061 was a gift from Boehringer Ingelheim (Canada). Ltd. These
compounds were dissolved in dimethyl sulfoxide and used for the experiments.
IFN-« was purchased from Dainippon-Sumitomo {Osaka, Japan).

DNA transfection and selection of stable cell Jines, DNA transfection was
performed by using FUuGENE 6 (ransfection reagent (Roche, Mannheim, Ger-
man) in accordance with the manufacturer’s instructions. To establish stable cell
lines constitutively praducing HCV particles. pHHIFH1/Zeo was transfected
into Huh7.5.1 cells within 35-mm dishes. At 24 h posttransfeetion {p.t.), the cells
were then divided into 100-mm dishes at various cell densities and incubated with
DMEM containing 0.4 mg of zeovin/ml for approximately 3 weeks. Selecied celf
colonies were picked up and amplified. The expression of HCV proteins was
confirmed by measuring secreted core proteins. The stable cell line established
was designated H751FH1/Zeo.

In vitro synthesis of ICY RNA and RNA tfeansfection. RNA synthesis and
transfection were perfonned as previously described (26, 49).

RNA preparation, Northern bloiting, and RNase protection assay (RPA).
Total cellular RNA was extracted with a TRIzol reagent (Invitrogen), and HCV
RNA was isolated from filtered culture supernatant by using the QIAamp viral
RNA minikit (Qiagen, Valencia, CA). Extracted cellular RNA was treated with
DNase (TURBO DNase; Ambion, Austin, TX) and cleaned up by using an
RNeasy minikit, which includes another step of RNase-free DNase digestion
(Qiagen). The celiular RNA (4 pug) was separated on | % agarose gels containing
formaldehyde and transferred to & positively charged nylon membrane (GE
Healthcare. Piscataway, NJ). After drying and cross-linking by UV irradiation,
hybridization was performed with {o-**PJdCTP-labeled DNA using Rapid-Hyb
buffer (GE Healthcare). The DNA probe was synthesized from full-length JFH-1
c¢DNA using the Megaprime DNA labeling system (GE Healtheare). Quantifi-
cation of positive- and negative-strand FICY RNA was performed using the RPA
with  biotin-16-uridine-5'-triphosphate  (UTP)-labeled  1ICV-specific  RNA
probes, which contain 263 nucleotides (nt) complementary to the positive-strand
{+) S'UTR and 248 nt complementary to the negative-strand {—} 3'UTR.
Human B-actin RNA probes fabeled with biotin-16-UTP were used as a cootrol
to normalize the amount of otal RNA in cach sample, The RPA was carried oul
using an RPA 111 kit {Ambion) according to the manutacturer’s procedures.
Briefly, 13 pg of total cetlular RNA was used for hybridization with 0.3 ng of the
B-actin probe and 0.6 ng of either the HCV (+) S'UTR or (=) 3’UTR RNA
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probe. After digestion with RNase A/TE, the RNA products were amalyzed by
electrophoresis in a 6% polyacrylamide—8 M urea pel and visualized by using a
chemiluminescemt nucleic acid detection module (Thermo Scientific, Rockfond,
IL} according to the manufacturer’s instructions.

Reverse transcriptase PCR (RT-PCR), sequencing, and rapid amplification of
eDNA ends (RACE). Aliquots (5 ul) of RNA solution extracted from filtered
culture supernatant were subjected to reverse transcription with random hex-
amer and Superscript IT reverse transcriptase (Invitrogen). Four fragments of
HCV cDNA (nt 129 to 2367, nt 2285 to 4665, nt 4574 to 7002, and nt 6949 10
9634), which covers most of the HCV genome, were amplified by nested PCR.
Portions (1 or 2 pl} of each cDNA sample were subjected 10 PCR with TaKaRa
LA Taq polymerase {Takara, Shiga, Japan). The PCR conditions consisted of an
initial denaturation at 95°C for 2 min, followed by 30 cycles of denaturation at
95°C for 30 s, anncaling at 60°C for 30 s, and extension at 72°C for 3 min. The
amplified products were scparated by agarose ge! electrophoresis and used for
direct DNA sequencing. To establish the 5 ends of the HCV transcripts from
pHHIFHL, a synthetic 45-nt RNA adapter (Table 1) was ligated to RNA ex-
tracted from the transfected cells | day p.t. using T4 RNA ligase (Takara). The
viral RNA sequences were then reverse transeribed using SuperScript 11 reverse
transcriptase (Invitrogen) with a primer, RT (Table 1). The resultant cDNA
sequences were subsequently amplificd by PCR with 5'RACEouter-S and
S'RACEouter-R primers, followed by a second cyele of PCR using 5'RACEinner-S
and 5’"RACEinner-R primers (Table 1). To establish the terminal 3-end sequences,
extracted RNA sequences were polyadenylated using # poly(A) polymerase
(Takara), reverse transcribed with CAC-T35 primer (Table 1), and amplified
with the primers 3X-10S (Table 1) and CAC-T35. The amplified 5' and 3’ ¢cDNA
sequences were then separated by agarose gel electrophoresis, claned into the
pGEM-T Easy vector (Promega), and sequenced.

Western blotting. The proteins were transferred onto a polyvinylidene diffu-
oride membrane (Immobilon; Millipore, Bedford, MA) alter separation by SDS-
PAGE. Alter blocking, the membranes were probed with a mouse monoclonal
anti-HCYV core antibody (2H9) (49), a rabbit polyclonal anti-NS5B antibody, or
a mouse monoclonal GAPDH (glyceraldehyde-3-phosphate dehydrogenase) an-
tibody (Chemicon, Temecula, CA), followed by incubation with a peroxidase-
conjugated secondary antibody and visualization with an ECL Plus Western
blotting detection system (Amersham, Buckinghamshire, United Kingdom).

Quaatification of HCV core protein. HCV core protein was quantilied by using
a highly sensitive enzyme immunoassay (Ortho HCV antigen ELISA kit: Ortho
Clinical Diagnostics, Tokyo. Japan) in accordance with the manufacturer's in-
structions.

Sucrose density gradient analysis. Samples of cell culture supernatant were
processed by low-speed centrifugation and passage through a 0.45-pm-pore-size
lilter. The filtrated supematant was then concentraled ~30-fold by ultrafiltration
by vsing an Amicon Ultra-15 filier device with a cutoll motecalar mass of 100,000
kDa (Millipore), after which it was layered on top of a continuous H) w 605
{wt/vol) sucrose gradient, followed by centrifugation at 35,000 rpm at 4°C for 14 h
with an §W41 rotor (Beckman Coulter, Fullerton, CA}). Fractions of | m! were
collected from the bottom of the gradient. The core level and infectivity of HCY
in each fraction were determined,

Quantification of HCV infectivity. Infectious virus titration was performed by
a 5% tissue culture infectious dose (TCID,,) assay, as previously described (23,
26). Bricfly, naive Huh7.5.1 cells were sceded at a density of 10* cellsiwell in a
96-well flal-botlom plate 24 h prior lo inlection, Five serial dilations were
perfonmed, and the samples were used to infect the seeded cells (six wells per
dilution). At 72 h after infection, the inoculated cells were fixed and immuno-
stained with a rabbit polyclonal anti-NS3A antibody (14), followed by an Alexa
Fluor 488-conjugated anti-rabbit secondary antibody (Invitrogen).

Labeling of de novo-synihesized viral RNA nnd immusnofluorescence staining.
Labeling of de nove-synthesized viral RNA was performed as previously de-
seribed with some moditications (40). Briefly, cells were plated onto an gight-welt
chamber slide at a density of 5 X 10" cefisiwell, One day later, the cells were
incubated with actinomycin 1) at a final concentration of 10 pg/mi for | h and
washed twice with HEPES-saline bufier. Bromouridine triphosphate {BrUTP) at
2 mM was subsequently travsfected into the cells using FuGENLE 6 transfection
reagent, atter which the cells were incubated for 15 min on ice. After the celfs
were waslied twice with phosphate-buflered saline (PBS), they were incubated in
fresh DMEM suppfemented with 109 FBS at 37°C for 4 h. The cells were then
fixed with 4%¢ paraformaldehyde for 20 min and permeabilized with PBS con-
taining 0.1% Triton X- 100 [or 15 min at room temperatare., Immunofluorescence
staininng of NSSA and de novo-syathesized HCV RNA was performed as previ-
ously deseribed (26, 40). The nuclei were stained with DAPL (47,6"-dismidino-
2-phenylindole) solution (Sigma-Aldrich). Confocal microscopy was performed
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TABLE 1. Oligonucleotides used for RT-PCR and RACE of the JFH-1 genome

Method or segment Oligonucleotide

Sequences (3'-3")

5'RACE RT
45-nt RNA adapter
5'RACEouter-S
S'RACEouter-R
S’RACEinner-S
5'RACEinner-R

GTACCCCATGAGGTCGGCAAAG
GCUGAUGGCGAUGAAUGAACACUGCGUUUGCUGGCUUUGAUGAAA
GCTGATGGCGATGAATGAACACTG

GACCGCTCCGAAGTTITTCCTTG

GAACACTGCGTTTGCTGGCTTTGATG
CGCCCTATCAGGCAGTACCACAAG

YRACE CAC-T35 CACTTTTITTTITITITTITTTTTTTTITTITEITTITTYT
3X-108 ATCTTAGCCCTAGTCACGGC

nt 129-2367 448 (iIst PCR) CTGTGAGGAACTACTGTCTT
2445R TCCACGATGTTCTGGTGAAG
175 (2nd PCR) CGGGAGAGCCATAGTGG
2367R CATTCCGTGGTAGAGTGCA

nt 2285-4665 2099S (tst PCR) ACGGACTGTTTTAGGAAGCA
4706R TTGCAGTCGATCACGGAGTC
22¥5S (2nd PCR) AACTTCACTCGTGGGGATCG
4665R TCGGTGGCGACGACCAC

nt 4574-7002 4547S (1st PCR) AAGTGTGACGAGCTCGCGG
7027R CATGAACAGGTTGGCATCCACCAT
45948 (2nd PCR) CGGGGTATGGGCTTGAACGC
T003R GTGGTGCAGGTGGCTCGCA

nt 6949-9634 68818 (Ist PCR) ATTGATGTCCATGCTAACAG
3IX-15R TACGGCACTCTCTGCAGTCA
69508 (2nd PCR) GAGCTCCTCAGTGAGCCAG
3X-54R GCGGCTCACGGACCTTTCAC

using a Zeiss confocal laser scanning microscope LSM 5100 (Carl Zeiss,
Oberkochen, Germany).

Lucifernse assay. Huh7.5.1 cells were seeded onto a 24-well cell culture plate
at a density of 3 X 10* cellsivell 24 1 prior to inoculation with H0 ul of
supernatant from the transfected cells. The cells were incubated for 72 I, fol-
lowed by lysis with 100 pl of lysis bulfer. The luciferase activity of the cells was
determined by using a luciferase assay system (Promega). All luciferase assays
were done at least in triplicate. For the neutralization experiments, a mouse
monocional anti-CDS1 antibody (JS-81; BD Pharmingen, Franklin Lakes, NJ)
and a mouse monoclonal anti-FLAG antibody (Sigma-Aldrich) were used.

Flow cytometric nnalysis. Cells detached by treatment with trypsin were incu-
bated in PBS containing 1% (vol/vol) formaldchyde for 15 min. A total of 5 % 10°
cells were resuspended in PBS and treated with or without Q.75 pg of anti-CD81
antibody for 30 min at 4°C. After being washed with PBS, the cells were incu-
bated with an Alexa Fluor 488-conjugated anti-ntouse secondary antibody (Tu-
vitrogen) at 1:200 for 30 min at 4°C, washed repeatedly, and resuspended in PBS.
Anadyses were performed by wsing FACSCalibur system (Becton Dickinson,
Franklin Lakes, NJ}.

RESULTS

Analysis of the 5' and 3’ ends of HCV RNA sequences
generated from Pol I-driven plasmids. To examine whether
the HCV transcripts generated from Pol I-driven plasmids had
correct nucleotides at the 5" and 3’ ends, we extracted RNA
from Huh-7 cells transfected with pHHIFH1, which carries a
genome-length HCV ¢DNA with a Pol I promoter/terminator,
as well as from the culture supernatants. After this, the nucle-
otide sequences at both ends were determined using RACE
and sequence analysis. A 328-nt fragment corresponding to
cDNA from the 5" end of HCV RNA was detected in the cell
samples (Fig. 1A). Cloning of amplified fragments confirmed
that the HCV transcripts were initiated (rom the first position
of the viral genome in all of the clones sequenced (Fig. 1B).

Similarly, a 127-nt amplification fragment was detected in cach
sample by 3'RACE (Fig. 1C), and the same 3'-end nucleotide
sequence was observed in all clones derived from the culture
supernatant (Fig. 1D, left). An additional two nucleotides
(CC) were found at the 3’ end of the HCV transcript in a
limited number of sequences (1 of 11 clones) derived from the
cell sample (Fig. 1D, right), which were possibly derived from
the Pol I terminator sequence by incorrect termination. These
results indicate that most HCV transcripts generated from the
Pol I-based HCV ¢DNA expression system are faithfully pro-
cessed, although it is not determined whether the 5 terminus
of the viral RNA generated from Pol I system is triphosphate
or monophosphate. It can be speculated that viral RNA lack-
ing modifications at the 5’ and 3’ ends is preferentially pack-
aged and secreted into the culture supernatant,

Production of HCV RNA, proteins, and virions from cells
transiently transfected with Pol I-driven plasmids. To exaniine
HCV RNA replication and protein expression in cells transfected
with pHHIFH !, pHRIFHI/GND, or virion production-defective
mutants, pHHIFHY/AE and pHHIFH1/R783A/R785A, which
possess an in-frame deletion of E1/E2 region and substitutions
in the p7 region, respectively (19, 42, 49), RPA and Western
blotting were performed 5 days p.t. (Fig. 2A, B, and D). Pos-
itive-strand HCV RNA sequences were more abundant than
negative-strand RNA sequences in these cells. Positive-strand
RNA, but not negative-strand RNA, was detected in cells
transfected with the replication-defective mutant pHHIFHY/
GND (Fig. 2A and B). Northern blotting showed that ge-
nome-length RNA was generated in pHHIFH1-transfected
cells but not in pHHJFH[/GND-transtected cells (Fig. 2C),
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TTTGATGAAHRCCTGCCCCT

Adapter

'- ATGTIAAAA

.\...,,,.JFHJ 3'-end

..--.,.’"gqu.ncD Total
Sample
3'UTR <+ Poly(A).

pHHJFH1 (cell) 10 1 1
pHHJFH1 (sup) 10 0 10
H751JFH1/Zeo (sup) T 0 7

FIG. 1. Determination of the nucleotide sequences at the 5'-and 3" ends of HCV RNA produced by the Pol I system. (A and B) 5'RACE
and sequence analysis. A synthesized RNA adapter was ligated to RNA extracted from cells transfected with pHHJFH1. The positive-strand
HCV RNA was reverse transcribed, and the resulting cDNA was amplified by nested PCR. The amplified 5'-end cDNA was separated by
agarose gel electrophoresis (A), cloned, and sequenced (B). (C and D) 3'RACE and sequence analysis. RNA extracted from pHHJFHI-
transfected cells, the culture supernatant of transfected cells, and the culture supernatant of H751JFHI/Zeo cells were polyadenylated,
reverse transcribed, and amplified by PCR. The amplified 3'-end ¢cDNA was separated by agarose gel electrophoresis (C), cloned, and

sequenced (D).

As shown in Fig. 2D, the intracellular expression of core and
NS5B proteins was comparable among cells transfected with
pHHIFH1, pHHIFH1/AE, and pHHJFHI/R783A/R785A.
Neither viral protein was detected in pHHIFH1/GND-trans-
fected cells, suggesting that the level of viral RNA generated
transiently from the DNA plasmid does not produce enough
HCV proteins for detection and that ongoing amplification of
the HCV RNA by the HCV NS5B polymerase allows a high
enough level of viral RNA to produce detectable levels of
HCV proteins.

To assess the release of HCV particles from cells trans-
fected with Pol I-driven plasmids, core protein was quanti-
fied in culture supernatant by enzyme-linked immunosor-
bent assay (ELISA) or sucrose density gradient centrifugation.
Core protein secreted from pHHJFHI-transfected cells was
first detectable 2 days p.t., with levels increasing up to ~4
pmol/liter on day 6 (Fig. 3A). This core protein level was 4-
to 6-fold higher than that in the culture supernatant of
pHHIFHI/AE- or pHHIFHI1/R783A/R785A-transfected cells,
despite comparable intracellular core protein levels (Fig. 2D).
Core protein was not secreted from cells transfected with
pHHIFHI/GND (Fig. 3A). In another experiment, a plasmid
expressing the secreted form of human placental alkaline phos-
phatase (SEAP) was cotransfected with each Pol I-driven plas-
mid. SEAP activity in culture supernatant was similar among
all transfection groups, indicating comparable efficiencies of
transfection (data not shown). Sucrose density gradient anal-
ysis of the concentrated supernatant of pHHIFH I-transfected
cells indicated that the distribution of core protein levels
peaked in the fraction of 1.17 g/ml density, while the peak of

infectious titer was observed in the fraction of 1.12 g/ml density
(Fig. 3B), which is consistent with the results of previous stud-
ies based on JFH-1-RNA transfection (23).

We next compared the kinetics of HCV particle secretion in
the Pol I-driven system and RNA transfection system. Huh-7
cells, which have limited permissiveness for HCV infection (2),
were transfected with either pHHIJFHI1 or JFH-1 RNA, and
then cultured by passaging every 2 or 3 days. As shown in Fig.
3C, both methods of transfection demonstrated similar kinetics
of core protein levels until 9 days p.t., after which levels grad-
ually fell. However, significantly greater levels of core protein
were detected in the culture of pHHIFHI-transfected cells
compared to the RNA-transfected cells on day 12 and 15 p.t.
This is likely due to an ongoing production of positive-strand
viral RNA from transfected plasmids since RNA degradation
generally occurs more quickly than that of circular DNA.

Establishment of stable cell lines constitutively producing
HCYV virion. To establish cell lines with constitutive HCV pro-
duction, pHHJIFHI1/Zeo carrying HCV genomic cDNA and
the Zeocin resistance gene were transfected into Huh7.5.1
cells. After approximately 3 weeks of culture with zeocin at a
concentration of 0.4 mg/ml, cell colonies producing HCV core
protein were screened by ELISA, and three clones were
identified that constitutively produced the viral protein
(H751JFH1/Zeo cells). Core protein levels within the culture
supernatant of selected clones (H751-1, H751-6, and H751-50)
were 2.0 X 10%, 2.7 X 10%, and 1.4 X 10 fmol/liter, respec-
tively. Clone H751-1 was further analyzed. Indirect immuno-
fluorescence with an anti-NSSA antibody showed fluorescent
staining of NSSA in the cytoplasm of almost all H751JFH1/
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FIG. 2. HCV RNA replication and protein expression in cells transfected with Pol I-driven plasmids. (A and B) Assessment of HCV RNA
replication by RPA. Pol I-driven HCV-expression plasmids were transfected into Huh-7 cells. Total RNA was extracted from the cells on day 5 p.t.
and positive (A)- and negative (B)-strand HCV RNA levels were determined by RPA as described in Materials and Methods. In the RNase (—)
lanes, yeast RNA mixed with RNA probes for HCV and human -actin were loaded without RNase A/T1 treatment. In the yeast RNA lanes, yeast
RNA mixed with RNA probes for HCV and human B-actin were loaded in the presence of RNase A/T1. (C) Northern blotting of total RNAs
prepared from the transfected cells. Huh-7 cells transfected with pHHIJFH1 or pHHIFH1/GND were harvested for RNA extraction through days
1 to 4 p.t. Control RNA, given numbers of synthetic HCV RNA; Huh-7, RNA extracted from naive cells. Arrows indicate full-length HCV RNA
and B-actin RNA. (D) HCV protein expression in the transfected cells. Pol I-driven HCV-expression plasmids were transfected into Huh-7 cells,
harvested, and lysed on day 6 p.t. The expression of NS5B, core, and GAPDH was analyzed by Western blotting as described in Materials and

Methods. The asterisk indicates nonspecific bands.

Zeo cells (Fig. 4A), whereas no signal was detected in parental
Huh7.5.1 cells (Fig. 4B). To determine where HCV RNA rep-
licates in H751JFH1/Zeo cells, labeling of de novo-synthesized
HCV RNA was performed. After interfering with mRNA pro-
duction by exposure to actinomycin D, BrUTP-incorporated de
novo-synthesized HCV RNA was detected in the cytoplasm of
H751JFH1/Zeo cells (Fig. 4D) colocalized with NSS5A in the
perinuclear area (Fig. 4E and F).

Low mutation frequency of the viral genome in a long-term
culture of H751JFH1/Zeo cells. The production level of infec-
tious HCV from H751JFH1/Zeo cells at a concentration of
~10° TCID4/ml was maintained over 1 year of culture (data

not shown). It has been shown that both virus and host cells
may adapt during persistent HCV infection in cell cultures,
such that cells become resistant to infection due to reduced
expression of the viral coreceptor CD81 (54). As shown in Fig.
5, we analyzed the cell surface expression of CD81 on the
established cell lines by flow cytometry and observed markedly
reduced expression on H751JFH1/Zeo cells compared to pa-
rental Huh7.5.1 cells. It is therefore possible that only a small
proportion of HCV particles generated from H751JFH1/Zeo
cells enter and propagate within the cells. The H751JFH1/Zeo
system is thought to result in virtually a single cycle of HCV
production from the chromosomally integrated gene and thus
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FIG. 3. HCV released from cells transfected with Pol I-driven plas-
mids. (A) HCV particle secretion from the transfected cells. The culture
supernatant of Huh-7 cells transfected with Pol I-driven plasmids contain-
ing wild-type or mutated HCV genome were harvested on days 2, 4, and
6 and assayed for HCV core protein levels. The data for each experiment
are averages of triplicate values with error bars showing standard devia-
tions. (B) Sucrose density gradient analysis of the culture supernatant of
pHHIJFHI-transfected cells. Culture supernatant collected on day 5 p.t.
was cleared by low-speed centrifugation, passed through a 0.45-pm-pore-
size filter, and concentrated ~30-fold by ultrafiltration. After fractionating
by sucrose density gradient centrifugation, the core protein level and viral
infectious titer of each fraction were measured. (C) Kinetics of core
protein secretion from cells transfected with pHHIFHI or with JFH-1
genomic RNA. A total of 10° Huh-7 cells were transfected with 3 pg of
pHHIFHI or the same amount of in vitro-transcribed JFH-1 RNA by
electroporation, The cells were passaged every 2 to 3 days before reaching
confluence. Culture supernatant collected on the indicated days was used
for core protein measurement. The level of secreted core protein (pmol/
liter) is expressed on a logarithmic scale. The data for each experiment are
averages of triplicate values with error bars showing standard deviations.

may yield a virus population with low mutation frequencies. To
further examine this, we compared HCV genome mutation
rates following production from H751JFH1/Zeo cells com-
pared to cells constitutively infected with HCV after serial
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passages. RNAs were extracted from the supernatant of
H751JFH1/Zeo cells cultured for 120 days, and cDNA se-
quences were amplified by nested PCR with four sets of prim-
ers encompassing almost the entire HCV genome (Table 1).
PCR products with expected sizes of 2 to 2.5 kb were obtained
[Fig. 6A, RT(+)] and subjected to direct sequencing. No am-
plified product was detected in samples without reverse tran-
scription [Fig. 6A, RT(—)], suggesting no DNA contamination
in culture supernatants or extracted RNA solutions. As shown
in Fig. 5B (upper panel), three nucleotide mutations, including
two substitutions in the El (nt 1218) and E2 (nt 1581) regions,
and one deletion in the 3" UTR (nt 9525) were found within
the HCV genome with the mutation rate calculated at 9.6 X
107" base substitutions/site/year. These mutations were not
detected in the chromosomally integrated HCV ¢cDNA (data
not shown). The present results also indicate that no splicing of
the viral RNA occurred in the Pol I-based HCV JFH-1 expres-
sion system. The HCV genome sequence produced by JFH-1
virus-infected Huh7.5.1 cells was analyzed in the same way
using culture supernatant 36 days after RNA transfection. As
shown in Fig. 6B (lower panel), 10 mutations, including five
substitutions throughout the open reading frame and five de-
letions in the 3'UTR, were detected, and the mutation rate was
calculated at 1.1 X 1072 base substitutions/site/year.

Effects of glycosylation inhibitors on HCV production. It is
known that N-linked glycosylation and oligosaccharide trim-
ming of a variety of viral envelope proteins including HCV E1
and E2 play key roles in the viral maturation and virion pro-
duction. To evaluate the usefulness of the established cell line
for antiviral testing, we determined the effects of glycosylation
inhibitors, which have little to no cytotoxicity at the concen-
trations used, on HCV production in a three day assay using
H751JFH1/Zeo cells. The compounds tested are known to
inhibit the endoplasmic reticulum (ER), Golgi-resident gluco-
sidases, or mannosidases that trim glucose or mannose resi-
dues from N-linked glycans. Some are reported to be involved
in proteasome-dependent or -independent degradation of mis-
folded or unassembled glycoproteins to maintain protein in-
tegrity (4, 8, 27, 35).

As shown in Fig. 7A and B, treatment of H751JFH1/Zeo
cells with increasing concentrations of NN-DNJ, which is an
inhibitor of ER a-glucosidases, resulted in a dose-dependent
reduction in secreted core protein. NN-DNJ was observed to
have an ICs, (i.., the concentration inhibiting 50% of core
protein secretion) of ~20 pM. In contrast, KIF, which is an ER
a-mannosidase inhibitor, resulted in a 1.5- to 2-fold increase in
secreted core protein compared to control levels. The other
five compounds did not significantly change core protein levels.
We further determined the effects of NN-DNJ and KIF on the
production of infectious HCV (Fig. 7C). As expected, NN-
DNJ reduced the production of infectious virus in a dose-
dependent manner, while production increased in the presence
of KIF at 10 to 100 pM. Since NN-DNJ and KIF did not
significantly influence viral RNA replication, as determined
using the subgenomic replicon (data not shown), the present
results suggest that some step(s), such as virion assembly, in-
tracellular trafficking, and secretion, may be up- or downregu-
lated depending on glycan modifications of HCV envelope
proteins within the ER. Inhibitory effect of NN-DNJ was re-
producibly observed using the cell line after 1 year of culturing
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FIG. 4. Indirect immunofluorescence analysis of H751JFH1/Zeo cells. (A and B) H751JFH1/Zeo cells (A) and parental Huh7.5.1 cells (B) were
immunostained with an anti-NS5A antibody. (C to F) The subcellular colocalization of de novo-synthesized HCV RNA and NS5A in H751JFH1/
Zeo cells was analyzed. The cells were stained with DAPI (C), an anti-bromodeoxyuridine antibody (D), and an anti-NS5A antibody (E). The

merge panel is shown in panel F.

(Fig. 7D). Under the same condition, the core protein secre-
tion was inhibited by 28 and 58% with 10 and 100 nM BILN
2061, an NS3 protease inhibitor, respectively (Fig. 7D).
Replicon frans-packaging system. Recently, ourselves and
others have developed a packaging system for HCV sub-
genomic replicon RNA sequences by providing trans viral core-
NS2 proteins (1, 17, 41). Since viral structural proteins are not
encoded by the subgenomic replicon, progeny virus cannot be
produced after transfection. Thus, the single-round infectious
HCV-like particle (HCV-LP) generated by this system poten-
tially improves the safety of viral transduction. Here, in order
to make the frans-packaging system easier to manipulate, we

used a Pol I-driven plasmid to develop a transient two-plasmid
expression system for the production of HCV-LP. pHH/SGR-
Luc, which carries a bicistronic subgenomic reporter replicon
with a Pol I promoter/terminator, or its replication-defective
mutant, were cotransfected with or without a core-NS2 expres-
sion plasmid (Fig. 8A). The culture supernatant was then col-
lected between days 2 and 5 p.t. and used to inoculate naive
Huh7.5.1 cells. Reporter luciferase activity, as a quantitative
measure of infectious virus production, was assessed in the
cells 3 days postinoculation. As shown in Fig. 8B, reporter
replication activity was easily detectable in cells inoculated
with culture supernatant from cells cotransfected with pHH/

10° 10! 10? 10° 10*
CD81 expression

D Control mouse IgG
—— Anti-CD81 antibody

CD81 expression

100 10 102 10°  10°

CD81 expression

FIG. 5. Loss of CD8I expression in H751JFH1/Zeo cells. The cell surface expression of CD81 on Huh7.5.1 cells (A), H751JFH1/Zeo clone
H751-1 (B), and clone H751-50 (C) was analyzed by flow cytometry after being stained with anti-CDS1 antibody.

=398 =



Vou. 84, 2010

D
=
_
<

nt 2285-4665
nt 4574-7002
nt 6949-9634

nt 129-2367

g
Q
=

(bp)
5000
4000
3000
2000
1500

1000

HCV VIRION PRODUCTION BY Pol I-MEDIATED TRANSCRIPTION 5831

RT (-)
0 N

58232

@ i ~ &

$85 3

- '63 5 w

E . ETETE

B Efcfei[e2 5] 2] 3 S48 5a [ 58
H751JFH1/Zeo
nt (aa) 1218 (293) 1581 (414)
wild type T(Val)  T(lle)
Day 120 C (Ala) C (Thr)
RNA transfected / /
nt(aa) 944 (202) 4017 (1226) 7661 (2441) 8042 (2568) 8963 (2875) 9535-39
Wild type A (Met) C (Thr) T(Cys) C(Leu) C(Leu) T
Day 36 G (Val) A(Asn) A(Ser) T(Pro) G(val) Del

FIG. 6. Genome mutations of HCV secreted from H751JFH1/Zeo cells. (A) RT-PCR of HCV genome extracted from the culture supernatant
of H751JFH1/Zeo cells. Viral RNA sequences were reverse transcribed [RT (+)] or not [RT (—)], lollowed by amplification with primer pairs
encompassing the specified HCV genome regions. (B) Comparison of the genome mutations of HCV secreted from H751JFH1/Zeo cells cultured
for 120 days (upper panel) and JFH-1 RNA-transfected cells cultured for 36 days (lower panel). The positions of original (wild-type) and mutated
(day 120, day 36) nucleotides are indicated under the schematic diagram of the HCV genome. Amino acid residues and their positions are marked

in parentheses. Del, deletion.

SGR-Luc and pCAG/C-NS2, with an ~10-fold increase in ac-
tivity observed at 2 to 5 days p.t. In contrast, luciferase signal
in the Huh7.5.1 cells inoculated from supernatant of cells
transfected with pHH/SGR-Luc with polymerase-deficient mu-
tation (GND) showed background levels. There was a faint
luciferase signal in the cells inoculated from supernatant of
cells transfected with pHH/SGR-Luc in the absence of pCAG/
C-NS2, suggesting carryover of a low level of cells with the
supernatants. Transfer of supernatant from infected cells to
naive Huh7.5.1 cells did not result in infection, as judged by
undetectable luciferase activity (data not shown). To examine
whether NS2 is important for HCV production as previously
demonstrated (17-19, 52), we compared the expression of
core-NS2 versus core-p7 in the packaged cells (Fig. 8C). The
reporter activity in cells inoculated with virus rrans-packaged
by core-p7 was ~100-fold lower than the virus frans-packaged
by core-NS2, indicating that NS2 needs to be expressed with
the structural proteins for efficient assembly and/or infectivity.
CDS8l-dependent infection of HCV-LP was [urther confirmed
by demonstrating reduced reporter activity in the presence of
anti-CD8! antibody (Fig. 8D). Thus, we developed a simple
frans-encapsidation system based on transient two-plasmid
transfection, which permits experimental separation of HCV
genome replication and virion assembly.

DISCUSSION

Here, we exploited Pol I-derived vectors for expression of
the HCV genome, a strategy that generates viral RNAs from
the Pol I promoter and terminator. We demonstrated that the
HCV JFH-1 RNA produced using this system is unspliced with
precise sequences at both ends and that it is replicated in the
cytoplasm of transfected cells to produce infectious particles.
This approach was used to establish a replicon frans-packaging
system based on transient two-plasmid transfection and en-
ables the production of a stable cell line capable of constitutive
HCV production. The cell line produced using this method can
be used to screen a large number of potential antiviral agents
by assessing their ability to interfere with HCV replication
and/or virion formation. The Pol [-mediated transcription sys-
tem was originally developed to perform reverse genetics on
influenza A viruses (12, 29) which replicate in the nucleus. This
system has also been shown useful in the development of
reverse genetics for negative-strand RNA viruses having a cy-
toplasmic replication cycle (3, 10, 11, 31). The results of the
present study suggest that the Pol I system can also be used to
perform reverse genetics on a cytoplasmically replicating pos-
itive-strand RNA virus.

Although viral RNA transfection by electroporation is the
most commonly used method to perform reverse genetics on
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FIG. 7. Effects of glycosylation inhibitors on HCV production from H751JFH1/Zeo cells. (A and B) Effects of glycosylation inhibitors on the

secretion of HCV core protein. H75 1JFH1/Zeo cells were seeded at a density of 1 % 10* cells/well in a 96-well culture plate (A) or 3 X 107 cellsiwell
in a 12-well cell culture plate (B). One day later, each compound was added to the cell culture supernatant at the indicated concentrations. The
culture supernatant was collected after a further 3-day culture and processed by core protein-specilic ELISA. The control represents an untreated
cell culture. The level of secreted core protein was normalized by setting the control value at 100%. The data for each experiment are averages
of triplicate values with error bars showing standard deviations. (C) Effects of NN-DNJ and KIF on infectious HCV production. The culture
supernatant obtained in panel B was used to infect naive Huh7.5.1 cells. At 72 h after infection, the inoculated cells were fixed and immunostained
as described in Materials and Methods for titration of virus infectivity. The infectious titer was normalized by sctting the control value at 100%.
Cells were treated with INF-« at 100 TU/ml as a positive control. The data for each experiment are averages of triplicate values with error bars
showing standard deviations. The control represents an untreated cell culture. (D) After 1 year of culturing H7S LJFH1/Zeo cells, antiviral effects
of NN-DNJ and BILN 2061 were evaluated. H751JFH1/Zeo cells were seeded at a density of 3 X 10" cells/well in a [2-well cell culture plate. One
day later, each compound was added to the cell culture supernatant at the indicated concentrations. The culture supernatant was collected after
a further 3-day culture and processed by core protein-specific ELISA. The control represents an untreated cell culture, The level of secreted core
protein was normalized by setting the control value at 100%. The data for each experiment are averages of triplicate values with error bars showing

standard deviations.

HCV (23, 49, 53), it is comparatively difficult to manipulate.
RNA electroporation requires high-quality in vitro-synthesized
RNA and a large quantity of exponential-growth-phase cells,
which may be hard to provide when a number of different RNA
constructs are being examined in the same experiment. In
addition to the Pol I system, other DNA expression systems
have been examined with regard to HCV particle production
(5, 15, 21). These systems require ribozyme sequences to be
inserted at either end of the HCV genomic cDNA sequence in
order to generate appropriately processed viral RNA. How-
ever, Heller et al. have reported that the HCV RNA generated
by in vitro transcription of a HCV-ribozyme plasmid contains
uncleaved or prematurely terminated forms of HCV RNA.
These authors have also demonstrated that HCV RNA from
the culture supernatant of HCV-ribozyme plasmid-transfected
cells possesses nucleotide changes at the 5 and 3" ends (15),
suggesting that the ribozyme is less reliable at generating cor-

rect transcripts compared to our Pol I system. In fact, there is
evidence to suggest that a mouse Pol I terminator is signifi-
cantly more eftective than an HDV ribozyme in generating
precise 3" ends of RNA, as demonstrated in a plasmid-based
influenza virus rescue system (9). Recently, it has been dem-
onstrated that Pol I-catalyzed rRNA transcription is activated
in Huh-7 cells following infection with JFH-1 or transfection
with a subgenomic HCV replicon (34). HCV NS5A has been
shown to upregulate the transcription of Pol I, but not Pol II,
through phosphorylation of an upstream binding factor, a Pol
I DNA binding transcription factor. These observations indi-
cate that a Pol I-mediated expression system is suitable for
efficient production of infectious HCV by DNA transfection.

We established a stable cell line, H751JFH1/Zeo, that con-
stitutively and efficiently produced infectious HCV particles by
introducing a Pol I-driven plasmid containing a selection
marker into Huh7.5.1 cells. Interestingly, the established cell
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expressed as relative luciferase units (RLU). The RLU was normalized according to the luciferase activity observed in the pCAG/C-NS2-
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clones exhibited little to no surface expression of CD81, one of
the key features of HCV glycoprotein-mediated infection (Fig.
5). Defective expression of receptor molecules might be ad-
vantageous in generating stable cell lines for robust production
of HCV. HCV-induced cytotoxicity has been reported (7, 45,
54). Persistent HCV infection was established after electropo-
ration of JFH-1 genomic RNA, and a variable cytopathic effect
was observed at the peak of acute HCV infection, as well as
during the persistent phase of infection (54). A recent study
has demonstrated that the cytopathic effect triggered by HCV
RNA transfection and viral infection is characterized by mas-
sive apoptotic cell death with expression of several ER stress
markers, such as GRP78 and phosphorylated elF2-a (39).
Therefore, in the present study, it is likely that selective forces
to evade cell death during high levels of HCV replication
produced cell populations resistant to virus infection. As a
consequence, H751JFH1/Zeo cells maintained robust produc-
tion of infectious HCV particles over a long period of time
without gross cytopathic effects or changes in cell morphology.

Substantial evidence demonstrates that the mutation rate of
the HCV genome produced in H751JFH1/Zeo was low (Fig. 6)
presumably because of consistent expression of wild-type HCV
RNA from the chromosomally integrated gene. Nevertheless,
a considerable proportion of the genome was mutated, with

two nonsynonymous mutations in the El (V293A) and E2
(I414T) regions identified in the culture supernatant of
H751JFH1/Zeo cells after 4 months of passages (Fig. 6). A
1414T mutation has also been reported after long-term prop-
agation of HCV in culture after JFH-1-RNA transfection (54).
This mutation is located between the hypervariable regions 1
and 2 within the N terminus of E2 (51). Adaptive mutations in
this region have been shown to enhance virus expansion, pre-
sumably by enabling more efficient virus entry (6, 36, 54). A
possible CDS81-independent mechanism for cell-to-cell trans-
mission of HCV has been proposed (48, 50). However, the
mechanisms governing cell-to-cell spread of HCV are not well
understood. Further investigation into the importance of en-
velope protein mutations in HCV transmission independent of
CD81 provide a better understanding of the complex interac-
tions required for HCV infection.

In the present study we assessed the effects of N-linked
glycosylation inhibitors on HCV production using H751JFH1/
Zeo (Fig. 7) and found that an «-glucosidase inhibitor NN-
DNI inhibits the production of infectious HCV, which has also
been observed in previous studies (43, 47). In contrast, HCV
production is increased in the presence of an ER a-mannosi-
dase inhibitor KIF, but not in the presence of the Golgi a-man-
nosidase inhibitors DMJ, DIM, and SWN. KIF inhibits a-man-
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nosidase I, which primarily functions to remove the middle
mannose branch from Man,GlcNAc, to form MangGlcNAC,
after the removal of glucose residues by glucosidases I and 11
(8. 24). Experiments to elucidate the role of mannose trimming
of N-glycans in the HCV life cycle are currently under way.

It has recently been demonstrated that subgenomic repli-
cons or defective genomes of HCV that have the potential of
translation and self-replication can be encapsidated into infec-
tious viruslike particles by trans-complementation of the viral
structural proteins (1, 17, 32, 41, 44). In these studies, the viral
RNAs were generally generated by in vitro transcription from
linearized corresponding plasmids, followed by electroporation
into the cells. Structural proteins or Core to NS2 proteins were
then provided by DNA or RNA transfection, viral-vector-
based transduction, or stable packaging cell lines established.
Here, we achicved the replicon frans-encapsidation via tran-
sient cotransfection with two DNA plasmids. This system,
which is apparently easier to manipulate and allows production
of trans-encapsidated materials more rapidly compared to the
systems published, can be applied to the study for understand-
ing phenomenon and biological significance of a variety of
naturally occurring HCV subgenomic deletion variants that
possibly circulate in hepatitis C patients.

In summary, we have established a Pol I-based reverse-
genetics system for the efficient production of infectious HCV.
This methodology can be applied to develop (i) a stable HCV-
producing cell line with a low mutation frequency of the viral
genome and (ii) a simple frans-encapsidation system with the
flexibility of genome packaging and improved biosafety. This
may be useful for antiviral screening and may assist in the
development of a live-attenuated HCV vaccine.
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