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fied Eagle’s medium (DMEM; Nissui) supplemented with
10% FCS. U87MG was maintained in DMEM supplemented
with 20% FCS. HUK-1, NP2 and U251 were maintained in
Eagle’s medium (Nissui) supplemented with 10% FCS. The
maintenance of PH5CHS cells was previously described in
detail [23]. Human brain microvascular endothelial cells
(HBMECs, Applied Cell Biology Research Institute, WA)
were maintained in endothelial cell basal medium 2 supple-
mented with EGM-2 additives (Clontecs, CA). Human brain
pericytes (HBP) were derived from surgically dissected
human brain tissue. HBP cells were maintained in RPMI-
1640 medium supplemented with 10% FCS, 10 pg/ml of
endothelial cell growth supplement, and 10 ng/ml of epider-
mal growth factor. All culture media were supplemented with
50 pg/ml of kanamycin before use.

2.2. Plasmids

Fragments of the HCV C, E1 and E2 genes were obtained
from a subclone of an infectious clone of HCV, subtype Ib
[6], the predominant subtype in Japan, and cloned into pCX-
bsr, a Moloney murine leukemia virus-based retroviral vec-
tor plasmid [24]. Mammalian expression plasmids encoding
HCV core protein (pCXbst/C), HCV E1 protein (pCXbsi/El),
HCV E2 protein (pCXbsr/E2) and all HCV structural pro-
teins, core-E1-E2 (pCXbst/CE1E2), were made as shown in
Fig. 1b. To construct retroviral expression plasmids encoding
chimeric HCV envelope proteins, we generated the plasmid
pCAGGS/TM, encoding the signal sequence, the transmem-
brane domain, and the cytoplasmic tail of the VSV G protein,
as described below. pCAGGS/TM was amplified by PCR
using pCAGGS/VSV-G [25] as a template, in which VSV
(Indiana serotype) G protein was placed under control of the
CAG promoter, and the following primers:

e sense primer, 5'-AAAAGCTCTATTGCCTCTTTTT-

TCTTTATC;

e antisense primer, 5'-GCAATTCACCCCAATGAATA-

AAAAGGCTAA.

The coding sequence for the ectodomain of HCV El (aa
192-340) was amplified by PCR using pCXbsr/CE1E2 as a
template and the following primers:

e sense primer, 5-TATGAAGTGCGCAACGTGTCCGG-

GGTGTAC;

e antisense primer, 5-GATCCGGAGCAACTGCGA-

TACCACCAGGGC.

The ectodomain of the HCV E2 (aa 384-715) genomic
region was amplified by PCR using pCXbs1/CE1E2 as a tem-
plate and the following primers:

e sense primer, 5'-GCTACCTACACGTCAGGGGGGAC-

GGTAGGC;

e antisense primer, 5-TCTGATTACAACGGAGACAAC-

CACTGACCC.

The ectodomains of E1 and E2 sequences were subcloned
into pCAGGS/TM, using a Blunting High kit (Toyobo, Tokyo,
Japan), and the plasmids pCAGGS/E1TM and pCAGGS/
E2TM were isolated. pPCAGGS/E1'TM and pCAGGS/E2TM

digested with EcoRI (Takara, Siga, Japan) were subcloned
into pCXbsr, resulting in the formation of pCXbst/E1TM and
pCXbst/E2TM, respectively (Fig. 1b).

2.3. Immunofluorescence staining of EI and E2

293T cells were seeded onto slide glasses and the next day
transfected with the expression plasmid vectors for HCV enve-
lope proteins using FuGENEG (Roche, Basel, Switzerland).-
After 32 h, the cells were tested for the expression of the viral
envelope proteins by indirect immunofluorescence. Namely,
the cells were washed with phosphate-buffered saline (PBS)
and fixed with 4% paraformaldehyde in PBS for 5 min at
room temperature. Half the fixed cell samples were then per-
meabilized with 0.1% Triton X-100 for 5 min at room tem-
perature. A mouse monoclonal antibody (MAb) to E1, E1-384
[26], and a rat MAb to E2, Mo-12 [27], were used as follows.
The MAb diluted to 1:1000 in PBS was added as the primary
antibody and incubated for 60 min at 37 °C. After a wash
with PBS, fluorescein isothiocyanate (FITC)-conjugated rat
anti-mouse IgG or FITC-conjugated rabbit anti-rat IgG (Dako,
Glostrup, Denmark) diluted 1:50 in PBS was added, and the
cells were incubated for 60 min at 37 °C. After three washes
in PBS, the cells seeded on slide glasses were embedded with
a solution of glycerol in PBS and examined with a fluores-
cence microscope for the expression of HCV glycoproteins.

2.4. Preparation of pseudotype viruses

VSVAG#*G is the recombinant VSV, generated by reverse
genetics, as described previously [18] and kindly provided
by Dr. M.A. Whitt. To generate VSV pseudotype viruses, 2 X
10° 293T cells were grown in a poly-L-lysine-coated 60-mm
dish and transfected with plasmids. Thirty-two hours after
transfection, the cells were infected with VSVAG*G at an
MOI of 2 for 2.5 h at 37 °C in a 5% CO, incubator. Virus-
infected cells were washed with serum-free DMEM and incu-
bated in 1 ml of goat anti-VSV polyclonal antibody (diluted
at 1:10) for 40 min at 37 °C to neutralize unabsorbed virus.
This concentration was enough to completely neutralize the
undiluted VSVAG*G. Then, they were again washed with
serum-free DMEM four times, and culture medium was
added. After 15 h of incubation at 37 °C, the culture superna-
tants + adherent cells were harvested and centrifuged at 350
x g for 3 min at room temperature. Then, cell pellets were
either sonicated or left untreated, and the virus samples were
clarified by centrifugation at 350 x g for 5 min at room tem-
perature to remove cell debris. Virus samples were stock fro-
zen at—80 °C. These samples were found to show compatible
properties with those of HCV virions, as described in Table 2.
As control pseudotypes, VSVAG*G and VSVAG* were used.
VSVAG*G was prepared by infecting 293T cells that had
been transfected with pPCAGGS/VSV-G, while the VSVAG*
sample was prepared by infecting 293T cells that had been
transfected with pCXbsr plasmid containing no envelope pro-
tein.
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2.5. Detection of HCV envelope proteins and VSV
striictural proteins in pseudotype virus samples by Western
blotting

We prepared 293T cells transfected with the expression
plasmid vectors for HCV envelope proteins described in
Table 2. These cells were infected with VSVAG*G. We also
prepared the 293T cells transfected with the expression plas-
mid vectors for HCV envelopes that were not infected with
VSVAG*G. These samples were sonicated and centrifuged
at 350 x g for 5 min. Each 3-ml supernatant was subjected to
ultracentrifugation (27,000 rpm for 3 h at 4 °C) through 2 ml
of a 20% sucrose layer using an SCP70H HITACHL. Pellets
were suspended in 30 pl of sample buffer (1% SDS, 1%
2-mercaptomethanol, 50 mM Tris—HCl [pH 6.8], and 20%
glycerol). The samples were loaded onto 10% SDS-PAGE
gel. El proteins were detected using an anti-E1 mouse MAb,
E1-384 [26] (diluted at 1:1000), and then HRP-conjugated
anti-mouse IgG (Dako; diluted at 1:1000). E2 proteins were
detected using an anti-E2 rat MAb, Mo-12 [27] (diluted at
1:1000), and HRP-conjugated anti-rat IgG (Dako). VSV struc-
tural proteins were detected using goat anti-VSV polyclonal
antibody (diluted at 1:4000), and HRP-conjugated anti-goat
IgG (Dako). HRP-conjugated antibodies bound to filters were
detected using enhanced chemiluminescence.

2.6. Titration of pseudotype viruses using various cell lines

Cells (2 x 10*) were seeded into wells of 96-well flat-
bottom plates. After 36 h of incubation, the cells were infected
with the virus samples defined in Table 2 and incubated at
37 °C for 24 h. The HepG2 cell line was incubated at 33 °C,
because a lower temperature had a better effect on infection
in this cell line. Infectious units (IU) of the samples were
determined by counting the number of GFP-expressing cells
under a fluorescence microscope.

2.7. Sonication for preparation of pseudotype virus
samples

As the native form of the HCV envelope protein was
reported not to be expressed on the cell surface [28,29], we
tested a sonication step to efficiently recover HCV pseudo-
types. For this, the VSV pseudotype samples harvested as
described above were sonicated with a SONIFIER 250 (Bran-
son, CT) for 0.2 s five times on ice. The samples were centri-
fuged at 350 x g for 5 min, and supernatants were aliquoted
and stocked frozen at —80 °C. HepG?2 cells were used for titra-
tion of the pseudotype samples prepared with or without soni-
cation. After 24 h of infection, IU were determined as
described above.

2.8. Neutralization of the pseudotype virus samples

To judge whether the infectivity of each virus sample was
HCV- or VSV-specific, the pseudotype virus samples were

incubated with serially diluted polyclonal antibody against
VSV in the presence or absence of human sera from patients
with chronic HCV infection (final concentration up to 20%)
for 30 min at 37 °C, and HepG2 cells were infected with these
samples. After 24 h of incubation, the amount of remaining
infectious titer was determined as described above. All pre-
vious reports have, however, shown that sera from patients
with chronic HCV infection hardly neutralized chimeric E1 or
E2 pseudotypes [17,19].

2.9. Treatment of the pseudotype viruses with chemicals

Pseudotype virus samples expected to bear Ei, E2 or
E1E2 protein were preincubated with various concentrations
of bovine lactoferrin (Wako, Tokyo, Japan) at 37 °C for 1 h
and inoculated onto HepG2 cells. After 1.5 h of incubation,
the cells were washed with DMEM three times and incu-
bated with fresh culture medium. The VSVAG*(HCV)
pseudotype was preincubated with heparin (Wako), dextran
sulfate (molecular weight (MW) 8000 or 500,000) or dextran
(MW 7000; Sigma, MO) at 37 °C for 1 h, and HepG2 cells in
a 96-well plate were infected with these samples. VSVAG*G
was used as a control in most experiments. After 24 h of incu-
bation, each infectious titer was determined as described
above.

2.10. Enzymatic and chemical modification of target cells

HepG2 cells in a 96-well plate were washed with PBS and
treated with 50 pl of heparitinase (Sigma) for 1 hr, 50 ul of
trypsin (Sigma) for 5 min, or 50 ul of a-mannosidase (Sigma)
for 1 hr at 37 °C. Subsequently, an equal volume of complete
medium was added to stop the enzyme, and then, the cells
were washed with PBS and infected with each pseudotype
virus sample. HepG2 cells in a 96-well plate were also pre-
incubated in DMEM containing tunicamycin (Sigma) over-
night. Then, they were infected with each virus. After 24 h of
incubation, the infectious titer was determined.

All the virus titration experiments were done in triplicate.
In each figure, the results shown are means, with error bars
representing standard deviations (S.D.).

3. Results

3.1. Localization of HCV envelope proteins expressed in
293T cells

We expressed the HCV envelope proteins by transfection
with plasmid vectors encoding HCV envelope proteins shown
in Table 1. The carboxyl-terminal domains of HCV envelope
proteins, E1 and E2, contain ER retention signals [28-30].
To incorporate HCV envelope proteins into VSV particles, it
has been reported to be necessary to express these proteins
on the cell surface. Thus, to generate HCV pseudotype viruses,
chimeric proteins of the ectodomain of HCV EI or E2, and
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Table !
Detection of HCV envelope proteins by indirect immunofluorescence

Positively stained cells (%)*

Transfected plasmids anti-El anti-E2
-=r +) -) C))
pCXbsr 0 0 0 0
pCXbsr/CEIE2 0 30 0 30
pCXbsi/El 0 40 0 0
pCXbsi/E2 0 0 0 40
pCXbsi/El and pCXbsi/E2 0 40 0 30
pCXbsi/El, pCXbsi/E2 and 0 20 0 30
pCXbsr/C
pCXbsi/E1TM 40 40 0 0
pCXbs/E2TM 0 0 50 50

pCXbsi/E1'TM and pCXbsi/E2TM 30 30 40 40

“ A mouse monoclonal antibody to E1, E1-384, and a rat monoclonal anti-
body to E2, Mo-12, were used at a 1/1000 dilution. Percentage of positively
stained cells is the mean value from at least three different experiments.

b 293T cells were transfected with the indicated plasmid DNA and culti-
vated for 2 days. The cells were fixed with 4% paraformaldehyde and per-
meabilized (+), or not (=), with Triton X-100, before immunofiuorescence.

the transmembrane domain of VSV G have been used [15-17].
We also made pCXbst/E1TM and pCXbst/E2TM encoding
the ectodomains of E1 and E2, respectively, joined to the sig-
nal sequence, transmembrane and cytoplasmic tail of VSV G
protein. In addition, we made plasmid vectors, pCXbsr/
CEIE2 coding for the entire HCV structural protein,
pCXbsi/C, pCXbst/El and pCXbsi/E2. The structural pro-
tein, CE1E2, will be cleaved by cellular signal peptidases
[7,8]. Then, we examined the localization of the HCV enve-
lope proteins by indirect immunofluorescence after the fixa-
tion of cells with paraformaldehyde (Table 1). Triton X-100-
permeabilized cells and non-permeabilized cells were
analyzed in parallel. The native forms of the HCV envelope
proteins were apparently detected in the transduced cells only
after permeabilization. In contrast, the chimeric proteins
E1'TM and E2TM were observed in both non-permeabilized
and permeabilized cells, as reported [16,17].

3.2. Preparation of VSV pseudotypes bearing HCV
envelope proteins

3.2.1. Western blotting for HCV envelope proteins

First, to examine whether the native forms of HCV enve-
lope proteins expressed in the cytoplasm in 293T cells could
be incorporated into VSV lacking G protein but expressing
GFP, VSVAG* pseudotype virus samples were analyzed by
Western blotting (Fig. 2a). E1 was detected as a broad band
in a MW range of 30-40 kDa, as previously reported [31,32].
El protein in VSVAG*(HCV) preparation migrated more
slowly than E1 protein in VSVAG*(E1) preparation upon
SDS-PAGE. This observation may be explained by different
glycosylation of E1 proteins: the glycosylation of E1 has been
reported to be enhanced when E1 and E2 are expressed in cis
[33]. E2 was detected as a discrete band in a MW range of
50-60 kDa, as previously reported [31]. E2 migrated slightly
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Fig. 2. (a) Western blot analyses of the pseudotype VSVs bearing HCV enve-
lope proteins. Immunoblots of pseudotype virus samples through 20% sucrose
cushions are shown. The preparation of each pseudotype sample is descri-
bed in Table 2. E1 and E2 glycoproteins were detected with E1-384 and
Mo-12 monoclonal antibodies against E1 {26] and E2 [27], respectively. VSV
proteins were detected by polyclonal goat antibody. The positions of the
molecular mass markers (kDa) are shown. (b) Effect of sonication on HCV
pseudotype detection. VSV pseudotypes complemented with HCV envelope
proteins were prepared after sonication (+, filled column) or without sonica-
tion (-, open column). HepG2 cells were infected with the indicated pseu-
dotype viruses, and the IU were determined using the number of GFP-
positive cells detected after 24 h of incubation.

faster than E2 reported in other studies [7,16]; this may be
due to a variation in glycosylation of E2 among different HCV
strains [31,34]. E1 and E2 bands were also detected in
VSVAG*(E] + E2) or VSVAG*(C + El + E2) samples (data
not shown). Bands for the VSV structural proteins N and P
with similar intensities were detected in all the four purified
pseudotype samples by Western blotting, indicating that simi-
lar amounts of VSV were present there. As a control, 293T
cells were transfected with E1 and/or E2 vectors but were not
infected with VSVAG#*G later. Culture supernatants and cells
were harvested, sonicated and subjected to ultracentrifuga-
tion, as described above. This sample was also analyzed by
Western blotting, and neither E1 nor E2 was detected (data
not shown). All these findings suggested the incorporation of
the native forms of E1 and/or E2 into VSVAG* viral par-
ticles.
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Table 2

Designation of VSV pseudotype samples complemented with HCV glyco-
proteins

Pseudotype sample® Plasmids
VSVAG*G pCAGGS/VSV-G
VSVAG*(HCV) pCXbst/CEIE2
VSVAG*EL) pCXbsi/El
VSVAG*(E2) pCXbsr/E2

VSVAGH*EI + E2)
VSVAG*(C + El + E2)

pCXbsi/El and pCXbst/E2
pCXbsi/EL, pCXbsi/E2 and pCXbst/C

VSVAG*EITM) pCXbst/EITM

VSVAG*E2TM) pCXbsr/E2TM

VSVAGH*EITM + E2TM)  pCXbst/E1TM and pCXbst/E2TM
VSVAGH® PCXbsr

VSV pseudotype samples were generated by transfection of cells with
the indicated plasmids (total amount of DNA 2 pg per dish) and then by
infection of the cells with VSVAG*G 2 days later. Culture superatants and
the cells were harvested on the following day to prepare pseudotype sam-
ples, and stocked at —80 °C after sonication.

Y VSVAG* was recovered from cells transfected with pCXbsr plasmid
containing no envelope glycoprotein.

3.2.2. Effect of sonication on pseudotype virus preparation

Next, we infected HepG?2 cells with pseudotype samples
that had been prepared with or without sonication. A
large number of cells expressed GFP when the cells had
been infected with the sonicated sample designated
VSVAG*(HCV), although much fewer cells expressed GFP
when infected with the non-sonicated VSVAG*(HCV) sample
(Fig. 2b). The infectivities of other samples, i.e. VSVAG*(E1),
VSVAG*(E2), VSVAG*(E1 + E2), VSVAG*(C + El + E2),
VSVAG*(EITM), VSVAG*(E2TM) and VSVAG*(EITM +
E2TM), shown in Table 2, were also examined. The sonica-
tion procedure also enhanced their infectivities, as shown in
Fig. 2b. In general, the infectivities of the virus samples that
could bear the native forms of HCV envelope proteins were
enhanced about 100-fold by sonication. With regard to
VSVAG*(EITM), VSVAG*(E2TM) and VSVAG*(EI'TM +
E2TM), sonication enhanced these pseudotype titers about
10-fold (Fig. 2b).

3.3. Neutralization of the pseudotype viruses

To ascertain whether the infectivity of the VSV samples
that could contain VSV pseudotypes was specific for the HCV
envelope proteins, we examined whether the pseudotype virus
activities could be inhibited by treatment with human sera as
well as with bovine lactoferrin. While the anti-VSV antibody
neutralized VSVAG*G completely, it did not affect infection
with VSVAG*(HCV) at all (Fig. 3a). Infections of the other
HCV pseudotype viruses were not affected by anti-VSV either
(data not shown). These results suggested that the HCV enve-
lope proteins conferred envelopes for VSVAG*. None of the
serum samples from 20 chronically HCV-infected Japanese
patients, however, exhibited significant neutralization of HCV
(E1E2), E1, or E2 pseudotype virus (data not shown). Previ-
ously, it was reported that serum samples from a majority of
patients with chronic HCV infection failed to show detect-
able neutralization activity [19].
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Fig. 3. (a) Neutralization of the pseudotype viruses. Two hundred IU of
VSVAG*(HCV) and VSVAG*G was preincubated with the indicated dilu-
tions of polyclonal antibody against VSV for 30 min and then inoculated to
HepG2 cells. (b) Effect of bovine lactoferrin on the infectivity of pseudo-
type viruses. Each pseudotype virus (400 IU) was preincubated with various
concentrations of bovine lactoferrin for 1 h and then inoculated to HepG2 cells
for 1.5 h. Subsequently, the cells were washed with DMEM three times and
maintained in culture medium. After 24 h of incubation, relative infectivity
(%) was calculated by counting GFP-positive cells. The experiment was done
in triplicate, and mean + S.D. are shown.

3.4. Effect of bovine lactoferrin on the infectivity
of the pseudotype viruses

We have reported, using PCR, that bovine lactoferrin pre-
vents HCV infection in vitro [20,21]. As HCV-positive human
sera were ineffective in inhibiting infection, to support the
notion that HCV envelope-specific pseudotypes were formed,
we examined whether we could show a specific interaction
between lactoferrin and HCV pseudotype samples. Namely,
each pseudotype sample was preincubated with various con-
centrations of lactoferrin, and then HepG?2 cells were infected
with them. The infectivities of the VSVAG*(HCV) and
VSVAG*(E2) samples were reduced by preincubation with
bovine lactoferrin in a dose-dependent manner, whereas
VSVAG*G was not inhibited (Fig. 3b). VSVAG*(E1) was
only slightly inhibited. This finding is consistent with the
report that lactoferrin binds more specifically to E2 than El
[35].
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3.5. Susceptibility of various human cell lines to HCV
pseudotypes

Next, we examined the susceptibility of various cell lines
to the VSVAG*(HCV) sample, using VSVAG*G or VSVAG*
as a control (Table 3). VSVAG™* was prepared without sup-
plying any envelope proteins and showed hardly any infec-
tious titers. Hepatic cell lines, such as HepG2 and Huh7 cells,
as well as 293T cells, showed a high susceptibility, and
PH5CHS cells showed a moderate susceptibility to
VSVAG*HCYV), Brain tumor-derived cell lines and primary
brain-derived cells were moderately susceptible. Most
hematopoietic cell lines were completely resistant to the

Table 3
Infectivity of pseudotype viruses in various human cells

35

pseudotype, while MT-2, a human T-cell leukemia virus type
I (HTLV-I)-infected T cell line, and HEL, a human erythro-
leukemia cell line, showed a marginal susceptibility. MT-
2 cells as well as HepG2 and PH5CHS cells that have been
reported to be susceptible to HCV infection [36] were sus-
ceptible to the VSVAG*(HCV) sample, suggesting that VSV
pseudotypes bearing HCV envelopes were formed.

The susceptibility of various types of cells shown in Table 3
to VSVAG*(C + E1 + E2) or VSVAG*(E1TM + E2TM) was
also examined comparatively (Table 4). In hepatic cell lines,
VSVAG*(C +El +E2) and VSVAG*(EITM + E2TM) were
nearly as infectious as VSVAG*(HCV). Onto non-hepatic
celis such as 293T, HBMEC or MT-2, VSVAG*(HCV) plated

Pseudotype virus®

Target Origin VSVAG*(HCV) VSVAG*G VSVAG*
1U/ml® Ratio® 1U/ml 1U/mi

HepG2 Hepatoblastoma 53,000 I 3.4 x 10% 280
Huh7 Hepatoma 25,000 0.47 1.2x 10° 1200
PH5CH8 Liver 4700 0.09 2.8 x 10® <10
293T Embryonal kidney 50,000 0.94 6.8 x 108 300
HUK-1 Kidney 800 0.02 7.2 % 10" 40
Al72 Glioma 19,000 0.36 1.3x 108 80
NP2 Glioma 15,000 0.28 2.6 x 108 <10
U251 Glioma 2200 0.04 1L.1x10° <10
U87TMG Glioblastoma 1100 0.02 9.8 x 107 120
HBMEC Brain microvascular endothelial cell 3600 0.07 3.1% 108 100
HBP Brain pericyte 520 0.01 2.8 x 107 60
HOS Osteosarcoma 1500 0.03 1.0x 107 20
Molt-4 T-cell acute lymphocytic leukemia <10 1.2 x 107 <10
TALL-1 T-cell acute lymphocytic leukemia 40 32x 108 <10
CB166 HTLV-1 (+) T cells <10 8.0 x 108 <10
C91/PL HTLV-1 (+) T cells <10 2.0 x 10® 100
MT-2 HTLV-1 (+) T cells 260 0.005 8.0 x 10% <10
BALL-1 B-cell acute lymphocytic leukemia <10 1.7x 108 <10
Daudi Burkitt’s lymphoma <10 42x 108 <10
Raji Burkitt’s lymphoma <10 3.6 10® <10
Wil2NS Plasmacytoma 20 5.2 % 108 <10
HEL Erythroleukemia 240 0.005 1.4 x 10? <10
K562 Chronic myelogenous leukemia 40 2.8 x 10% 20
HL-60 Acute promyelocytic leukemia <10 42x 107 20
U937 Histiocytic leukemia <10 6.1x 10® <10

 Pseudotype virus samples described in Table 2 were diluted and inoculated onto the indicated cells.
® Infectious units/m! (IU/ml) were determined by counting the number of GFP-expressing cells under a fluorescence microscope after 24 h infection. The

experiments were done in triplicate, and means are shown.
“The relative ratio of infectious titers compared to HepG2 cells are shown

Table 4
Infectivity of various HCV pseudotype viruses in human cells
.. TU/ml Relative infectivity
Pseudotype virus
HepG2 HepG2 Huh?7 PH5CH8  293T Al72 NP2 HBMEC MT-2
VSVAG*(HCV) 53,000° 1€ 0.47 0.09 0.94 0.36 0.28 0.07 0.005
VSVAG*(C + El + E2) 35,000 1 0.40 0.05 0.45 0.19 0.10 0.01 0.001
VSVAG*EITM + E2TM) 22,000 1 0.50 0.09 0.68 0.30 0.20 0.01 <0.001

The experiments were done in triplicate, and means are shown.

“ Psendotype virus samples described in Table 2 were diluted and inoculated onto the indicated cells.
" Infectious units/ml (IU/ml) were determined by counting the number of GFP-expressing cells under a ﬂuorescence microscope after 24 h infection.

¢ The relative ratios of infectious titers to HepG2 cells are shown.
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much more efficiently than VSVAG*(C + El + E2) and
VSVAG*(EITM + E2TM): these two latter pseudotypes were
prepared with EI and E2 expressed in trans.

3.6. Effect of sulfated polysaccharides on pseudotype virus
infection

The infection of several flaviviruses, such as Japanese
encephalitis virus and dengue virus serotype 2, has been
reported to be inhibited by sulfated polysaccharides, espe-
cially heparan sulfate [37,38]. To investigate whether pro-
teoglycans are involved in HCV infection, we examined the
plating of VSVAG*(HCV) and VSVAG*G on HepG?2 cells
treated with heparitinase. Fig. 4a shows that heparitinase treat-
ment of the cells reduced the plating of VSVAG*(HCV). Next,
we examined effects of highly sulfated polysaccharides, hep-
arin, dextran sulfate (MW 8000 or 500,000), and unsulfated
dextran (MW 7000) on VSVAG*(HCYV) infection (Fig. 4b).
Heparin and sulfated dextrans effectively blocked
VSVAG*(HCV) infection, while unsulfated dextran was com-
pletely inactive in inhibiting VSVAG*(HCV) infection. In
contrast, the infectivity of VSVAG*G was hardly affected by
sulfated polysaccharides (data not shown).

To examine whether the sulfation level affected
VSVAG*(HCV) infection, sodium chlorate-treated HepG2
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Fig. 4. Effects of sulfated polysaccharides on pseudotype infection. (a) Effect
of heparitinase on infectivity of VSVAG*(HCV). HepG2 cells were treated
with various concentrations of heparitinase. The treated cells were infected
with 200 IU of VSVAG*(HCV) or VSVAG*G. (b) Effect of sulfated poly-
saccharides on the infectivity of VSVAG*(HCV). Two hundred IU of
VSVAG*(HCV) was preincubated with heparin, dextran sulfate or dextran
at various concentrations for 1 h and then inoculated to HepG2 cells. After
24 h of incubation, the infectivity of the viruses was evaluated. The experi-
ment was done in triplicate, and mean + S.D. are shown.

—367—

cells were infected with VSVAG*(HCV), because sodium
chlorate acts as a sulfate analog and reduces the sulfation level
of cellular proteins and glycosaminoglycans (GAGs) [39,40].
Treatment of HepG2 cells with sodium chlorate reduced the
VSVAG*(HCV) titer by about 50% (data not shown). These
results suggested that highly sulfated forms of the cell sur-
face GAGs play roles in VSVAG*(HCV) infection.

3.7. Effects of enzymatic or chemical modification
of the target cells on the pldting of the HCV pseudotype

To characterize cellular factors necessary for HCV entry,
we examined the plating of VSVAG*(HCV) on HepG2 cells
treated with various chemicals. Trypsin treatment of cells
markedly reduced the infectivity of VSVAG*(HCV), while
the infectivity of VSVAG*G was weakly affected (Fig. 5a).
Either phospholipase C or sodium periodate marginally
reduced the infectivity of VSVAG*(HCV) (data not shown).
Similar results were obtained with 293T cells (data not
shown).

Next, the infection of VSVAG*(HCV) was assessed with
inhibitors of protein glycosylation. As shown in Fig. 5b, tuni-
camycin reduced the plating of VSVAG*(HCV) by about
90%, whereas castanospermine reduced the infectivity by
20-30%, and neither deoxymannojirimycin nor swainsonine
inhibited the plating of VSVAG*(HCV) (data not shown).
a-Mannosidase treatment of cells before infection reduced
the infectivity of VSVAG*(HCV) by about 70% at 500 pg/ml
(Fig. 5¢). These findings suggested that N-linked glycosyla-
tion of a protein(s) on the cell surface might have a role in
HCV entry. '

4. Discussion

We tried to develop a system to detect the infectivity of
recombinant VSV pseudotypes bearing the native forms of
HCYV envelopes. The co-expression of E1 and E2, or expres-
sion of E1 or E2 alone, efficiently complemented the infec-
tivity of VSV lacking the envelope G protein. We used the
native forms of the HCV envelope proteins, because we con-
sidered that it might be more relevant to examine functions
of the HCV envelopes. This system would enable us to study
the early stages of HCV infection easily.

There has been no assay system in which infection of HCV
has been detected readily and rapidly. For this, VSV pseudo-
type systems for HCV have been developed by several groups.
Because both HCV El and E2 have ER retention signals in
their C-terminal transmembrane domains, these proteins have
been found to be retained in the ER [28-30]. This finding
was confirmed by us (Table 1). Therefore, to prepare VSV
pseudotypes bearing HCV envelopes, chimeric proteins con-
sisting of carboxy-terminal-truncated HCV envelopes fused
to the transmembrane and cytoplasmic tail of VSV G glyco-
protein have been used to localize them on the cell surface
[15-17]. Baumert et al. [41] reposted that HCV-like particle
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Fig. 5. Infectivity of pseudotype viruses in chemically modified cells. (a) HepG2 cells were preincubated with various concentrations of trypsin for S min.
Subsequently, an equal volume of complete medium was added to stop the enzyme. Then, the cells were washed and infected with 200 TU of each virus. (b)
Effect of glycosylation of cell surface components on the infectivity of VSVAG*(HCV). HepG2 cells were preincubated with the indicated concentrations of
tunicamycin for 24 h. Then, the cells were infected with 200 IU of each virus. (c) Effect of a-mannosidase treatment of cells on the entry of VSVAG*(HCV).
HepG2 cells were preincubated with a-mannosidase at various concentrations for 1 h. Then, the cells were washed and infected with 200 IU of each virus. After
24 h of incubation, the infectivity of the viruses was determined. The experiment was done in triplicate, and mean + S.D. are shown.

assembly occurs in the cytoplasmic vesicles and that
pseudoparticles bearing native HCV envelope proteins will
not be released or secreted into culture medium, but accumu-
late in the ER, like parental HCV virions. There is, however,
a possibility that these VSV pseudotype viruses might not
exactly reflect the characteristics of the native envelope pro-
teins of viral particles.

HCYV virions bearing the native form of HCV envelope
proteins should be released from cells in vivo, since plasma
samples of HCV-infected humans have frequently shown high
infectivity [1,5,42]. It is enigmatic for us how HCV virions
have been produced in vivo; nevertheless, both E1 and E2 pro-
teins harbor the ER retention signal. Very recently, Bartosch
et al. [43] and Hsu et al. [44] reported the existence of
pseudoparticles bearing unmodified HCV envelopes on ret-
roviral core particles. They suggested that a small portion of
E1 and E2 would be expressed on the cell surface when these
proteins had been expressed abundantly in cells, and thus the
retroviral pseudotype bearing E1E2 could be detected. In con-
trast, we showed that VSV pseudotypes bearing the native
form of HCV envelope proteins with highly infectious titers,
as compared with previous reports, could be produced by the
cells expressing the HCV envelope proteins in the cytoplasm
(Table 1 and Fig. 2).

Unlike previous studies [15-17], we thus successfully
detected the infectious activities considered to be due to the

formation of VSV pseudotype viruses when VSV was comple-
mented with the native forms of HCV envelope proteins.
Although only a small amount of pseudotype virus was ini-
tially detected in the culture medium, when the harvested
pseudotype samples were sonicated for a short time, their titers
were enhanced about 100-fold (Fig. 2b). In our assay system,
the carryover of VSVAG*G into HCV pseudotype samples
would be minimized by treatment with polyclonal antibody
to VSV. Probably due to the efficient decrease in the carry-
over and the release of pseudotype virions associated with
the cell membrane by sonication, we could detect HCV
pseudotypes with the native forms of envelopes.

We have reported that bovine and human lactoferrins pre-
vent HCV infection in PH5CHS8 human liver cells and
MT-2 cells [20,21], and HCV E1 and E2 bind to lactoferrin
{35]. We have also reported that the lactoferrin-binding activ-
ity of E2 contributes to inhibition of HCV infection [45]. In
the present study, pretreatment of VSV pseudotypes with
bovine lactoferrin reduced the infectivity of VSVAG*(HCV)
and VSVAG*(E2) in a dose-dependent manner, whereas pre-
treatment with transferrin did not (data not shown). In con-
trast, lactoferrins partially inhibited the infectivity of
VSVAG*(EI) (Fig. 3b). Our results suggested that the inter-
action between lactoferrin and E2 plays a central role in the
inhibition of HCV infection. Taken together, our findings
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showed that properties of HCV pseudotypes are consistent
with those of HCV virions determined by PCR.

Previously, several groups have demonstrated that not only
human hepatic cell lines but also human T cell lines, Molt-
4Ma, HPB-Ma, MT-2, and a human B cell line, Daudji, are
susceptible to HCV infection [46—49]. In the present study,
almost no hematopoietic cell lines were susceptible to any
HCYV pseudotypes. Only MT-2 and HEL cells showed a mar-
ginal susceptibility to the HCV pseudotypes. It is probable
that the characteristics of the cell lines might change after
long-term cell culture in different laboratories. Interestingly,
our results demonstrated that several cell lines derived from
the human brain were apparently susceptible to HCV pseudo-
types. Encephalomyelitis or encephalitis associated with HCV
and cerebral involvement of HCV infection have been
reported [50-52]; HCV RNA has been detected in the post-
mortem brain and brainstem [53].

Weak immunity against HCV infection has been reported
[54]. Recently, it has been documented that serum samples
from a majority of patients with chronic HCV infection failed
to show a detectable neutralization activity against VSV
pseudotypes bearing chimeric HCV envelopes [19]. Also in
our study, no significant neutralization of any HCV pseudo-
types was observed with serum samples from 20 patients with
chronic HCV infection. It should be determined whether neu-
tralizing antibody against E1 or E2 alone can neutralize the
VSVAG*(HCV) pseudotype. If E1 and E2 can function inde-
pendently and the neutralization of both E1 and E2 is neces-
sary for marked inhibition of HCV infectivity, the develop-
ment of an effective vaccine or an HCV entry-inhibiting agent
will be quite difficult. For detection of neutralizing antibody,
it may be necessary to examine patients at the different stages
of HCV infection, e.g. acute stage of hepatitis.

Table 4 shows that the three different types of HCV
pseudotypes prepared with two HCV envelopes showed only
a small difference in infectivity in eight types of cells. As for
the difference in infectivity between VSVAG*(HCV) pre-
pared with structural proteins in cis and VSVAG*(C + E1 +
E2) prepared with structural proteins in frans, it might be
explained by the difference in EI-E2 interaction between
them. There are reports that both E1 and E2 are necessary for
the efficient formation of VSV or retroviral pseudotypes
[17,43,44], while VSV pseudotypes complemented with either
E1 or E2 alone have been developed [16]. Our findings also
suggest that either E1 or E2 alone is enough to make HCV
virions (Fig. 2). Recent study indicates that the presence of
the complete HCV core sequence is crucial for the expres-
sion and/or post-translational processing of the complex-
type glycosylated form of E2 [34], and the glycosylation of
El is enhanced by coexpression of E2 in cis [33]. Our results
indicate that the core protein might be required for maximal
infectivity of pseudotypes (Fig. 2b). Further studies are needed
to clarify the role of each envelope protein in the infection by
HCV.

Many viruses including herpes viruses, human immuno-
deficiency virus, Sindbis virus, and in particular, flaviviruses

such as dengue virus serotype 2 and Japanese encephalitis
virus utilize proteoglycans, especially heparan sulfate, to
mediate attachment to and infection of target cells [37,38,55—
57]. Recently, Germi et al. [S8] reported that cellular heparin-
like GAGs might bind to HCV. Our results suggested that
highly sulfated forms of GAGs play a role in the early stage
of HCV infection (Fig. 4).

Assays of virus infectivity using chemically modified cells
suggest that certain cell surface glycoproteins with N-linked
oligosaccharides play an important role in VSVAG*(HCV)
infection (Fig. 5b). In addition, pre-treatment of cells with
a-mannosidase suppressed the infectivity of VSVAG*(HCV)
by about 70% (Fig. 5c). Further studies on the surface sugar
chain structures of cells will be needed to analyze their roles
in the entry of HCV.,

In conclusion, our system of producing VSV pseudotypes
complemented with the native forms of HCV envelopes will
be a useful tool with which to analyze the mechanism for
HCYV virion formation and the function of HCV envelope pro-
teins. This system may also be an efficient tool for research
on HCV entry and its inhibitors.
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Abstract

To clarify the pathogenesis of hepatitis C virus (HCV), we have studied the effects of HCV proteins nsing human hepatocytes. Here, we found
that HCV NS5B, an RNA-dependent RNA polymerase, delayed cell cycle propression through the S phase in PHSCHS immortalized human
hepatocyte cells. Since treatment with anti-interferon (IFN)-{3 neutralizing antibody restored the cell cycle delay, IFN-B was deemed responsible
for the cell cycle delay in NSSB-expressing PHSCHSE cells. The induction of IFN-p and the cell cycle delay were ovetridden by the down-
regulation of Toll-like receptor 3 (TLR3) through RNA interference in NS5B-expressing PHSCHS cells. Moreover, the NS5B full form was
required for the cell cycle delay, the induction of IFN-R, and the activation of the IFN-f signaling pathway. Our findings revealed that NS35B

induced IFN-@ through the TLR3 signaling pathway in immortalized human hepatocytes even without replicating viral genomes.

© 2005 Elsevier Inc. All rights reserved.
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Introduction

Since more than 170 million individuals are estimated to be
infected with hepatitis C virus (HCV) worldwide, this discase
is a global health problem (Thowmas, 2000). HCV belongs to the
family Flaviviridae, whose positive-stranded RNA genome
encodes a large polyprotein precursor of approximately 3000
amino acid residues. This polyprotein is processed by a
combination of the host and viral proteases into at least ten
proteins in the following order; NHa-core-envelope 1-envelope
2-p7-nonstructural protein 2 (NS2)-NS3-NS4A-NS4B-NSSA-
NS5B-COOH (Kato, 2001; Kato et al., 1990), These viral
proteins are not only involved in viral replication but also may
affect a variety of cellular functions (Bartenschlager and
Lohmann, 2000; Kato, 2001). Although persistent infection

* Comesponding author. Fax: +81 86 235 7392,
E-mail address: nkato@md.okayama-v.acjp (N. Kato).
! Both authors contributed equally to this work.

0042-6822/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
doi: 10.1016/j.virol.2005.10.023

with HCV is a major cause of chronic hepatitis, liver cirrhosis,
and hepatocellular carcinoma (HCC) (Colombo, 1996; Kato,
2001), the molecular mechanisms leading to liver cell dysplagia
and HCC remain elusive.

1t has been thought that unregulated cell cycle progression
may be a cause of malignant trangformation of normal cells.
On the other hand, inhibition of cell cycle progression through
the S phase may cause replicalion error during DNA
replication, which induces genomic instability and malignant
transformation, Therefore, it is important to clarify the effect
of HCV proteins on cell cycle progression in order to
understand the molecular mechanism underlying the patho-
genesis of HCV, including the development of HCC. A
number of previous reports suggested that four HCV
proteins—the core, NS3, NS4B, and NS5A—are involved in
modulating cell cycle progression (Arima et al., 2001; Kato,
2001; Ray and Ray, 2001; Reed and Rice, 2000). For instance,
the core protein promotes cell proliferation through the Ras/
Raf signaling pathway and the anti-apoptotic function (Mar-
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usawa et al., 1999; Tsuchihara et al,, 1999). However, the core
has been described to both enhance and repress the function of
p2 WACIPUSAL 0 Ok inhibitor (Dubourdeau et al,, 2002;
Jung et al., 2001; Lu et al., 1999; Ray et al., 1998). Recently,
Scholle et al, found no significant cell cycle delay in human
hepatoma HuH-7-based HCV RNA-replicating cells that were
autonomously replicating genome-length HCV RNA, in
comparison with cured cells of the same line fom which
HCV RNA bad been eliminated by treatment with interferon
(IFN)-a (Scholle et al., 2004). Hence, the effects of cell cycle
regulation by HCV proteins are still controversial. Cancerous
cell lines, such as the human hepatoma HuH-7 cell line (Hsu et
al.,, 1993), which harbors a mutant p53 gene, may not be
suitable for addressing the effects of HCV proteins on cell
cycle progression.

The PHSCHS cell line was established by immortalization
using the SV40 large-T antigen from non-neoplastic liver
tissue of an HCV-related HCC patient (lkeda et al., 1998;
Noguchi and Hirohashi, 1996). PH5CHS cclls possess wild-
type p53 and Rb tumor suppressor genes. In nude mice, these
cells reveal a non-malignant phenotype upon colony forma-
tion and tumorigenicity (Noguchi and Hirohashi, 1996),
although the SV40 large-T antigen would partially repress
the function of p53. Therefore, the PHSCHSE cell line is
considered to be more relevant for studying the role of HCV
proteins during hepatocarcinogenesis. We have previously
reported that the HCV core protein activates the IFN-
inducible 2'—5-oligoadenylate synthetase gene in PH5CHS
cells (Naganuma et al,, 2000). Recently, we demonstrated that
the core protein’s activation of this gene was mediated
through the IFN-stimulated response element (ISRE) (Dan-
sako et al.,, 2003). Furthermore, we found that the core protein
promoted microsatellite instability in PHSCHS8 cells (Naga-
numa et al., 2004). In fact, microsatellite instability was
detected in approximately 20% of the tumor tissues from
HCC patients examined, whereas no microsatellite instability
was detected in normal liver tissues from the same patients
(Dore et al., 2001; Kondo et al., 2000). In order to clarify the
effect of HCV proteins on cell cycle progression in PH5CHS
cells, we examined cell cycle progression after the cells were
released from the G1/S boundary in PH5CHR® cells expressing
HCV proteins. We found that NS5B delays cell cycle
progression by inducing IFN- through the activation of the
Toll-like receptor 3 (TLR3) signaling pathway without
replicating viral genomes.

Results
HCV NS3B causes the delay of S phase progression

In a previous study of virus—host interactions, we
examined whether or not HCV proteins affect cell cycle
progression in PH5SCHS cells that stably expressed core or NS
proteins, PH5CHS cells were infected with retrovirus pCXbsr
as a negalive control (Ctr) or pCXbsr encoding either an
HCV structural protein (HA-core) or NS protein (NS3, HA-
NS4B, HA-NSSA, HA-NS5B, or NS35B), and we obtained

PH5CHS cells stably expressing each HCV protein. The
expression of each HCV protein was confirmed by Western
blot analysis (Fig. 1A). Then, the HCV protein-expressing

- cells were synchronized at the G1/8 boundary, and cell cycle

progression (from the S phase to the G2-M phase, then

- tumning back to the Gl phase) was analyzed after the cells

were released from synchronization. This cell cycle analysis
revealed no significant differences in cell cycle progression
between cells (PH/Ctr) infected with a control pCXbsr
retrovirus and cells expressing core, NS3, NS4B, or NSS5A
(Fig. 1B). Unlike the PH/Ctr cells, the apparent delay of S
phase progression was found in cells (PH/NSSB) expressing
NS5B, regardless of the presence of the HA tag (Fig. 1B). To
exclude the possibility that pCXbsr-derived retrovirus proteins
synergistically affect the cell cycle together with NS5B, the
retrovirys pCX4bsr vector (Akagi et al, 2003), which
eliminates the production of any fusion proteins resulting
from initiation at upstream AUG codons within the gag
region of the vector, was used for the cell cycle analysis. As a
result, the delay of S phase progression was found again in
PH5CHS cells expressing NS5B (Figs. 1A and C), suggesting
that the retrovirus proteins are not involved in the delay of S
phase progression. BrdUrd incorporation analysis was also
carried out using PH/Cir and PH/NS5B cells (Fig. 1D). In the
PH/Ctr cells, DNA synthesis began early in the S phase (4
h after release). In the late S phase (8 h), more than 61% of
the cells indicated final DNA synthesis. Thereafter, the cells
either finished DNA replication in the G2-M phase (12 h) or
returned to the Gl phase. In contrast, we found that DNA
replication in most PH/NSS5B cells predominantly remained in
the early or middle S phase (8 h), and 49% of the cells were
prolonged in the late S phase (12 h). To quantitatively
evaluate this delay in S phase progression, the cells that had
finished DNA replication were accumulated during the G2
phase by treatment with Nocodazole (Noc), whicli inhibits the
progression of the G2 to M phases, aftter the cells were
released from the G1/S transition. Whereas 77% of PH/Ctr
cells reached the G2-M phase, only 37% of PH/NSSB cells
did so (Fig. 1D). This level of decrease in cell numbers in the
G2-M phase was not observed in PH5CHS cells expressing
core, NS3, NS4B, or NS5A (Fig. LE), suggesting that NS5B
specifically causes the delay of S phase progression in
PHS5CHS cells. We further observed that the growth rate of
PH/NS5B cells was significantly decreased relative to PH/Ctr
cells (Fig. 1F), although the cell cycle distribution in
asynchronous PH/NS5B cells was almost the same as that
in asynchronous PH/Cir cells (Fig. 1D). These resulis
indicated that NS5B might delay the cell cycle progression
of PH5CHS cells in the S phase.

Cell cycle delay by NS3B is also found in other immortalized
huinan hepatocytes

To clarify whether or not the delay of S phase progression by
NS5B occurs in other human cell lines, we prepared three cell
lines (Fig. 2A) that stably express NS5B-non-neoplastic
human hepatocyte NKNT-3 (Kobayashi et al., 2000), hepatoma
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HuH-7, and cervical carcinoma HeLa—and subjected them to  IFN-B mediates the delay of S phuse progression by NS5B
the cell cycle analysis described above. The results revealed that
S phase progression was delayed in NKINT-3, but not in HuH-7 Since it has been reported previously that IFN-R induced the
or HelLa cells (Fig. 2B). This indicates that the delay of the cell delay of S§ phase progression in hyman cullured cells
cycle by NSSB expression is not limited to PHSCHS cells. (Vannucchi et al, 2000), we speculated that IFN-p was
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A NKNT-3 Hut-7  Hela clearly indicated that they did, and, at the same time, we found
Ctr NS5EB Cur NSSB Cir NSSB ‘that HuH-7 and HeLa cells did not, despite their expression of

o NS5B (Fig. 3A). We next examined whether or not S phase

=" NS358 Bt NS5B progression is delayed in PHSCH8 and NKNT-3 cells treated

with IFN-B prior to release from the G1/S boundary. As we

. p-actin expected, the S phase progression was stalled in PH5CHS and

Practin NENT-3 cells treated with IFN-B (Fig. 3B). We also observed

that IFN-y did not possess this activity of IFN-f (data not

B shown). These results suggest that the induction of IFN-p is

' NKNT-3 Huh-7 Hel.a implicated in the cell cycle delay in two immortalized human
Ctr WNSSB Cir NSSB Cir  NSEB hepatocyte cell lines, PHSCHS and NKNT-3.

To conlirm the effect of IFN-p on cell cycle delay, we
j further examined whether or not treatment with anti-IFN-p
neutralizing antibody can restore the cell cycle delay in PH/
NS3B cells. The results showed that this treatment canceled
the delay of S phase progression in PH/NS5B cells (Fig. 4A).
BrdUrd incorporation analysis also showed that the proportion
of cells reaching the G2-M phase was increased by the
treatment with anti-IFN-p antibody in PH/NSSB cells (Tig
4B). These observations indicated that the expression of IFN-
$ mediated cell cycle delay during the S phase in PH/NS5B
cells and suggested that the expression of NS5B induced IFN-
@ in PH5SCHS and NKNT-3 cells even without replication of
the viral genome.

Counis

Activation of TLR3 signaling pathway by NS5B

Since IFN-B is known as a major cytokine induced by the
activation of the TLR3 and TLR4 signaling pathways (Takeda
et al.,, 2003), we next focused on which TLR pathway was
activaled for the production of IFN-B in PH/NS5B cells. To

answer this question, TLR3- and TLR4-specific siRNAs were
used to knock down TLR3 and TLR4 expression in PH/NS5B
cells, TLR3 and TLR4 mRNAs were drastically decreased in
PH/NS5B cells transfected with TLR3 and TLR4 siRNAs,

2f1 4an

2n 4n

2n an 20 4n

DNA contenis

2n 4n 2n 4n

Fig. 2. NS3B delays S phase progression in another immortalized hwman
hepatocytes. (A) Western blot analysis of NKNT-3, HuH-7, and Hel.a cefls

infected with pCXbsr retrovirus encoding NS5B, The pCXbsr retrovirus was
used as a control infection {Ctr). Auti-NS5B and anti-p-actin antibodies were
used for the immunoblotting analysis, (3) Cell cycle analysis of NKNT-3, HuH-
7, and HelLa cells expressing NSSB. NKNT-3, HuH-7, and HeLa cells that
expressed NSSB (NS5B series) were synchronized, and cell cycle progression
was analyzed as indicated in Fig. 1B. NKNT-3, HuH-7, and HeLa cells that were
infected with the pCXbsr retrovirus were also analyzed as a control {Cir series).

induced by NSSB. To evaluate this hypothesis, we examined
whether or not PH/NS5B and NKNT-3 cells expressing NS5B
. (NK/NS5B) induce the expression of IFN-B. RT-PCR analysis

respectively, but not in PH/NS5B cells transfected with GL2
siRNA (Elbashir et al., 2001) used as a control (Fig. SA). This
result indicates that the siRNAs used specifically contribute
well to the degradation of TLR3 and TLR4 mRNAs. In this

“condition, IFN-B mRNA was significantly decreased in only

PH/NS5B cells transfected with TLR3 siRNA (Fig. 5A),
indicating that TPN-f3 expression in PH/NS5B cells is mediated
through the TLR3 signaling pathway. The growth rate of PH/
NS5B cells transfected with TLR3 siRNA was also accelerated,
although TLR4 siRNA showed a rather lethal effect (Fig. 5B).

Fig. 1. HCV NS5B causes the delay of S phase progression. (A) Expression of HCV proteins in human cells introduced by retrovirus-mediated gene transfer. Western
blot analysis of PHSCHR cells infecled with pCXbsr retroviruses encoding HCV proteins (HA-core, N83, HA-NS4B, HA-NS5A, HA-NS5B, and NS5B) or pCX4bsr
retrovirus encoding NSSB. pCXbsr or pCX4bsr retrovirus was used as a contro] infection (Ctr). Anti-HA (3F10, Roche), anti-N83 (Novacastra), anti-NS5B, and anti-
@-actin (Sigma) antibodies were used for the immunoblotting analysis. (B) Cell cycle analysis of PHSCHS cells expressing HCV proteins. PHSCHS cells that
expressed HA-core, NS3, HA-NS4B, HA-NS5A, HA-NS5B, or NS5B were synchronized at G1/8 boundary, and then cell cycle progression was monitored by flow
cylometry afier (he release of the cells into the § phase at (he indicated times. PH/Cir cells that were infected with pCXbsr retrovirus were also analyzed as a control.
(C) Cell cycle znalysis of PHSCHS cells infected with pCX4bsr relrovirus encoding NS5B. The cell cycle analysis was performed as described in panel B. (D)
BrdUrd incorporation analysis of PF/Ctr and PIV/NSSB cells. Cell cycle distribution of dot-plots of BrdUrd fluorescence versus DNA contents was analyzed in
asynchronous or synchronized PH/Ctr and PH/NSSB cells. To measure the cells reaching the G2-M phase at 12 h afier release, the cells were accumulated by Noc
treatment. (E) Analysis of the cells reaching the G2-M phase. The percentage of cells at that phase was assessed by Noc treatment as indicated in panel D. The data
are means + SD of values from three independent experiments. (F) Growth curve of PH/Ctr and PH/NS5B cells. PH/Ctr (squares) or PI/NSSB (circles) were plated
onto 6-well plates (3 x 107 cells per well), and the kinetics of cell proliferation during 4 days in culture were detenmined by trypan bLlue treatment. The data indicate
average values + SD from three independent experinents.
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Fig. 3. IFN-{ mediates the delay of S phase progression by NS5B. (A) RT-PCR
analysis of IFN-3 mRNA. The total RNAs were extracted from PH5CHS,
NKNT-3, HuH-7, andt Hela cefls (Ctr and NS5B series) and were subjected to
RT-PCR. analysis using primer sets for IFN-p (341 bp) and GAPDH (587 bp).
(B) Cell cycle analysis of PHSCHS and NKNT-3 cells treated with or without
IFN-f3. PH5CHS8 and NKNT-3 cells were treated with or without IFN-f (500
IU/ml) at 12 h prior to release, and cell cycle progression was analyzed as
indicated in Fig. 1B.

Furthermore, BrdUrd incorporation analysis using the Noc
treatinent revealed that 56% of PH/NSSB cells transfected with
TLR3 siRNA reached the G2-M phase at 12 h after release,
while only 33% of PH/NS5B cells transfected with GL2
siRNA reached that phase (Fig, 5C). The percentage of G2-M
phase cells at 12 h after release was also 34% in PH/NSSB cells
transfected with TLR4 siRNA, although the growih raie of
these cells was lower than that of cells transtected with GL2
siRNA. These results indicated that the induction of TFN-p by
NS5B expression was mediated through the activation of the
TLR3 signaling pathway. This, in turn, demonstrated that
TLR3 siRNA could override the delay of S phase progression
in PH/NSS5B cells.

To obtain further evidence that the induction of IFN-R by
NS5B is mediated through TLR3, we prepared human embry-
onic kidney (HEK) 293 cells stably expressing TLR3 derived
from PH5CHS cells since it has been reported that ectopic
expression of TLR3 can reconstruct the TLR3 signaling pathway
in HEK293 cells (Alexopoulou et al.,, 2001). First, HEK 293 cells
were infected with retrovirus pCXbst encoding NS5B or pCXbsr
as a negative control (Ctr), yielding HEK 293 cells (HEK/NS5B)
stably expressing NS5B and control HEK293 cells (HEK/Ctr).
Next, HEK/NS5SB and HEK/Ctr cells were infected with
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Fig. 4. Treatment with anti-IFN-B antibody canceled the delay of S phase
progression. (A) Cell cycle analysis of PI/NSSB cells treated with or without
anti-IFN-{ antibody. PH/NS3B cells were treated with anti-JFN-f antibody (70
U/ml, Oxford Biotechnology) during cell cycle synchronization and afler
release from the G1/S boundary. (B) BrdUrd incorporation analysis of PH/
NS5B cells treated with or without anti-IFN-f3 antibody. The antibody was used
as indicated in panel A. Noc was used as indicated in Fig, 1D,
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Fig. 5. Activation of IFN-f gene by NS3B is medialed through the TLR3
signaling pathway. (A) Down-regulation of IFN-f mRNA by transfection of
TLR3 siRNA. PH/NS5B cells were transfected with dsRNA duplexes
targeting TLR3, TUR4, or luciferase GL2. After 3 days, the expression fevels
of TLR3, TLR4, IFN-p, and GAPDH mRNAs were examined by RT-PCR.
(B) Growth curve of PH/NSSB cells transfected with siRNAs. After 2 days of
transfection, the proliferation kinetics of PH/NS3B cells transfected with GL2
(circles), TLR3 (squares), and TLR4 (iriangles) siRNAs were analyzed as
indicated in Fig. 1F. (C) BrdUrd incorporation analysis of PH/NSSB cells
transfected with GL2, TLR3, and TLR4 siRNAs. Afler 2 days of transfection,
the cells were synchronized, and cell cycle progression was analyzed as
indicated m Fig. 1D.

retrovirus pCXpur encoding TLR3 or pCXpur as a negative
control, yielding cells stably expressing TLR3 and control
HEK?293 cells. The expression of NS5B or TLR3 was confirmed
by Weslern blot analysis (Fig. 6A). We then performed a dual-
tuciferase reporter assay using an JFN-p gene promoter. The
results revealed that the luciferase activity was enhanced in only
the HEK 293 cells stably expressing both NS5B and TLR3 (Fig.
6B). This suggests that TLR3 mediates NS5B’s induction of
IFN-. However, since the enhancement of luciferase activity
was approximately two-fold, we failed to detect the enhance-
ment of the mRNA expression levels for IFN-B and one of its
target genes, 1ISG56 (data not shown). To accurately assess the

enhancement, high expression levels of NS5B and TLR3 in
HEK293 cells will be needed.

The RIG-I-mediated signaling pathway is not implicated in the
induction of IFN-P in PH/NS3B cells

Recently, RIG-], a cellular DExD/H box helicase, was found
to be a double-stranded RNA (dsRNA) binding protein that
functions independently of TLR3 to induce IFN- in response to
viral infection (Yoneyama et al., 2004). Since another recent
study showed that both the TLR3- and RIG-I-mediated signaling
pathways are functional in PHSCHS cells (Li et al,, 2005a,
2005b), we examined whether or not the RIG-I-mediated
signaling pathway is involved in NS5B’s induction of IFN-p.
First, PH/NS5B and PH/Ctr cells were infected with retrovirus
pCXpur encoding mye-tagged RIG-IC, a dominant negative
inhibitor of RIG-I harboring only the helicase domain but not the
two N-terminal CARD domains (Yoneyama et al.,, 2004), or
pCXpur as a negative control. Cells that stably expressed myc-
tagged RIG-1C were thus obtained. The expression of miyc-

A HEK/Clr HEK/NS5B
Ctr TLR3 Ctr TLR3
| - myc-TLR3
e | - NS5B
- p-actin
B

IFN-§

Relative luciferase activity

Cr TLRS Cir

HEK/Ctr HEK/NG5B

Fig. 6. Ectopic expression of TLR3 enhances the IFN-f gene promoter in only
the FIEK293 cells stably expressing NS5B. (A) Expression of TLR3 and NS5B
in HEK 293 cells introduced by retrovirus-mediated gene transfer. Western blot
analysis of HEK/Ctr or HEK/NS5B cells infected with pCXpur retovitus
encoding myc-lagged TLR3 was performed. The pCXpur retrovirus was used
as a control infection. Anti-myc, anti-NS5B, and anti-p-actin antibodies were
used for the immunoblotting analysis. (B) Dual luciferase reporter assay of the
IFN-B gene promoter. The cells shown in panel A were transfected with pIEN-
p(-125)-Luc, and the dval luciferase assay was performed as described
previously (Dansako et al., 2003). Data are means + SD from thuee independent
triplicaic experiments.
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Fig. 7. Induction of IFN-f by NS3B is not mediated through the RIG-I
signaling pathway. (A) Expression of RIG-IC and NS5B in PHSCHR colls
introduced by retrovirus-mediated gene transfer. Western blot analysis of PH/
Cir or PH/NS5B cells infected with pCXpur retrovirug encoding myc-{agged
RIG-IC was performed. The pCXpur retrovirus was used as a control infection.
Anti-myc, anti-N85B, and anti-p-actin antibodics were used for the immuno-
blotting analysis. (B) Dual luciferase reporter assay of the IFN-f gene
promoter. The cells shown in panel A were transfected with pIFN-f(-125)-Luc,
and the dual luciferase assay was performed as indicated in Fig. 6B. (C) RT-
PCR analysis of IFN-f and I8G56 mRNAs. The total RNAs were extracted
from the cells shown in panel A and subjected to RT-PCR analysis using primer
sets for [FN-f (341 bp), ISG36 (320 bp), and GAPDH (587 bp).

tagged RIG-IC was confirmed by Western blot analysis (Fig.
7A). Using PH/Ctr cells stably expressing myc-tagged RIG-IC,
we confirmed that IFN-f production was markedly suppressed
after infection with Sendai virus (data not shown), as inilially
observed in Newcastle disease virus infection (Yoneyama et al.,
2004). This indicates that RIG-IC functions as a dominant
negative inhibitor of R1G-Iin PH5CHS8 cells. We then performed
a dual-luciferase reporter assay using an IFN-f gene promoter.

The results revealed that the enhancement of luciferase activity
m PE/NSSB cells was not suppressed regardless of RIG-IC
expression (Fig. 7B). Furthermore, the mRNA expression levels
for IFN-f and one of its target genes, I8GS56, were also
unchanged by the expression of RIG-IC (Fig. 7C). These results
suggest that NSSB’s induction of IFN-{3 is not mediated through
the RIG-T signaling pathway.

NS35B does not interact with TLR3 adaplor protein

Since we showed that NS5B’s induction of IFN-p was
mediated through the TLR3 but not the RIG-[ signaling pathway,
we further examined the mechanism underlying IFN-B induc-
tion by testing the possibility of interaction between NS5B and
the TLR3 adaptor protcin TRIF (Yamamoto et al,, 2002), We
prepared HEK/NS5RB cells stably expressing myc-tagged NSSA
or myc-tagged TRIF and examined whether or not NS5B
interacts with TRIF by an immunoprecipitation method follow-
ing Western blot analysis. The results clearly showed that NS3B
and myc-tagged NS5A were co-immunoprecipitated by anti-
myc antibody as reported previously (Shirota et al., 2002),
However, co-immunoprecipitation of NS5B and myc-tagged
TRIF was clearly not observed (Fig. 8). This result suggests that
the activation of the TLR3 signaling pathway by NS5B occurs
through one or more factors other than TRIF.

Induction of IFN-f depends on RNA-dependent RNA
pobymerase (RdRp) activity of NS5B

Since dsRNA, an intermediate of viral replication, is known
as a natural ligand for the activation of TLR3 (Alexopoulou et

myc-NS5A . . .
mye-TRIF -
NS58

IP: anti-myc

1 - myc-TRIF
18: anti-myc "

IB: anti-mye
18: anti-NS58

1B: anti-NS5B

Fig. 8. N85B does not interact with TRIF. HEK/NS58B cells were infected with
pCXpur vetrovirus encoding myc-tagged NSSA (middle lane) or myc-tagged
TRIF (right lane). pCXpur retrovirus was used as a control infection (left lane).
Cell lysate was immunoprecipitated (IP) with anti-myc antibody-conjugated
agarose beads. The immunoprecipitates were resolved by SDS-PAGE, and anti-
myc (upper panel) and inti-NSSB (middle panel) antibodies were used for the
immunoblotting (IB) analysis. To confim the expression level of NSSB, cell
lysates were subjected to inmunoblotting analysis using anti-NS5B antibody
(lower pancl).
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al., 2001; Takeda et al., 2003), we next examined whether or
not the induction of IFN-B in human hepatocytes expressing
NS5B (591 amino acids; amino acids 2420 to 3010 in the HCV-
1b genotype) (Kato et al., 1990) depends on NS5B’s RdRp
activity. Since this activity is already well characterized
(Hagedom et al., 2000), we constructed several NS5B mutants
to evaluate this subject (Fig. 9A). One is the substitution mutant
G2736V of the GDD motif (amino acids 2736 —8) located in the
catalytic site, and the other is the deletion mutant A2575--7
(R2753T, K2754S, and A2575-7) at the priming and interro-
gation sites, all of which are essential for NS5B’s RdARp activity
(Behrens et al., 1996; Bressanelli et al,, 2002), We also

constructed three carboxyl-truncated forms (AC21, AC56, and
ACY7, lacking 21, 56, and 97 amino acids, respectively) of
NS5B. These truncated mutants of NS5B lack the last 21
hydrophobic amino acids, which are necessary and sufficient to
target NS5B to the cytosolic side of the endoplasmic reticulum
(ER) membrane (Schmidt-Mende et al., 2001; Yamashita et al.,
1998). Although AC21 and AC56, but not AC97, possess RdRp
activity in vitro, AC56 shows higher RdRp activity than AC21
because only the latter possesses a regulatory motif inhibiting
RNA binding and polymerase activity (Leveque et al., 2003).
We prepared PHSCHS cells stably expressing these NS5B
mutants and then performed cell cycle analysis using these
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Fig. 9. The RARp activity of NS5B anchoring on ER membrane is required for induction of IRN-B and following the delay of § phase progression. (A) Schematic
presentation of the NS5B mutants used. Only amino acid sequences in the mutated regions of NS5B are indicated. (B) Cell cycle analysis of PH/NS5B and PHSCHS8
cells expressing NS5B mutants. Cell cycle distribution was analyzed as described in Fig. 1B. (C) RT-PCR analysis of [FN-@ mRNA in PH/NS5B and PH5CHS cells
expressing NS5B mutants. RT-PCR analysis was performed as deseribed in Fig. 3A.

—379—



356 K. Naka et al. / Virology 346 (2006) 345362

prepared cells. The results revealed no effect on S phase
progression in the PHS5CHS8 cells expressing NS5B mutants
(Fig. 9B), although PH5CHS cells expressing AC56 showed a
slight delay of 8 phase progression. Induction of [FN-f mRNA
was also not observed in the PH5CHS cells expressing NS5B
mutants (Fig. 9C). These results revealed that the delay of S
phase progression and the induction of IFN-f depend on the
RdRp activity of NS5B, and these effects are coupled with ER
membrane anchorage of NS5B in cells.

To examing the activation of IRF3, a factor specifically
induced by stimulated TLR3 or TLR4, by the expression of
NSS5B and its mutants, we performed a dual-luciferase reporter
assay using a synthetic promoter having five repeats of the
conscnsus ISRE, which was the same as the IRF3 target
sequence in the JFN- gene promoter (Fig. 10A) and an intrinsic
IFN-f gene promoter (Fig. 10B). The results showed that the
luciferase activity was enhanced approximately five-fold (Fig.
10A) and ecight-fold (Fig. 10B) only in PH/NS3B cells,
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Fig. 10. NS5B full form is required for activation of IRF3 target sequences end IFN-P signaling pathway. (A) Dual huciferase reporter assay toward IRF3 target
sequences. PLISCHS cells were transfected with the pISRE-Luc (Stratagene) and pCXbsr encoding NSSB or its mutant, and the dual luciferase assay was performed
as indicated in Fig. 6B. The lysates of cells transfected with pCXbsr were used as a control. (B) Dual huciferase reporter assay of the IFN-3 gene promoter. Dual
luciferase assay was performed as described in panel A except using pIFN-B(-125)-Luc instead of pISRE-Luc. (C) Western blot analysis of the components involved
in the IFN-p signaling pathway. The lysates of PH/NSSB and PHSCHS cells expressing NSSB muatants were subjected to immunoblotling using anii-NSSB, anti-p-
STATL{Y701), anti-STAT1, anti-IRF7, and anti-B-actin antibodies. PHSCHS cells treated with or without IFN- (500 IU/m! for 24 h) were also analyzed as a control.
(D) Subeellular distribution of endogenous IRF3. PI/Ctr and PE/NS SB cells were processed and stained with anti-IRF3 antibody and an FITC-conjugated secondary
antibody. PHSCHS cells treated with poly (IC) were also used as a positive control.
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suggesting that IRF3 is activated by the NS5B full form.
Interestingly, however, luciferase activity was enhanced ap-
proximately four-fold (Fig. 10A) and three-fold (Fig. 10B) in
PHS5CHS cells expressing AC56, although the enhancement
was not as great as the five-fold (Fig. 10A) and eight-fold (Fig.
10B) in PH/NSS5B cells, respectively. We then examined the
phosphorylation status of STATI on Y701 and the level of
IRF7, one of the downstrearn targets of the IFN-f signaling
pathway (Katze et al., 2002). Western blot analysis revealed
marked phosphorylation of STAT1 and IRF7 expression in PH/
NS5B cells as well as in PH5CHS cells treated with IFN-

=
b
I
<

(Fig. 10C). Although slight phosphorylation of STAT1 was
observed in the PHS5CHS8 cells expressing ACS56, IRF7
expression was not observed (Fig. 10C). Unlike PH/NS5B
cells and PHS5CH& cells expressing AC56, neither the
phosphorylation of STAT1 nor the expression of IRF7 was
detected in PHSCHS cells expressing other NS5B mutants.
These results indicated that AC56 had an extremely low ability
to induce IFN- after activation of TLR3, although AC56 was
still able to enhance the IRF3 target promoter. To obtain further
evidence of the activation of IRF3, we examined the subcel-
lular distribution of endogenous IRF3 in PH/Ctr and PH/NS5B
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Fig. 11. Sensitivity of PH/NSSB cells against DNA-damaging reagents. {A) Clonogenic assays for PH/Cir (square) and PH/NSSB (circle) cells after reatment with
increasing doses of DNA-damaging reagents. Cells were treated with MMS, H,O,, UV-B, ADR, and NCS. Ten days after the treatment, cells were fixed and stained
with Coomassie brilliant blue. Only colonies containing >50 cells werc scored as being derived from viable clonogenic cells. Data are means + 8D from two
independent iplicate experiments. () PH/Clr, PH/NSSB, and JFN-f-treated (20 1U/ml) PH/Ctr cells were treated with ADR (100 nM) or NCS (100 ng/ml). The
panels show survived colonies that are stained with Coosmassie brilliant blue at 10 days after the treatment.
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