Journal of General Virology (2005), 86, 645-656

DOI 10.1098/ir.0.80479-0

Coireéﬁbnden@é_ v
Nobuyuki Kato -~

nkatb@ﬁd,qkéfama—dﬁacjb: e

Genetic variation and dynamics of hepatitis C virus
replicons in long-term cell culture

Nobuyuki Kato,! Takashi Nakamura,' Hiromichi Dansako,’
Katsuyuki Namba,2 Ken-ichi Abe,' Akito Nozaki,' Kazuhito Naka,'
Masanori lkeda' and Kunitada Shimotohno®

2Department of Molecular Biology' and First Department of Internal Medicine?,
Okayama University Graduate School of Medicine and Dentistry, 2-5-1 Shikata-cho,
Okayama 700-8558, Japan

3Department of Viral Oncology, Institute for Virus Research, Kyoto University, 53 Kawara-cho
Shogo-in, Sakyo-ku, Kyoto 606-8507, Japan

Hepatitis C virus (HCV) genomic sequences are known to vary widely among HCV strains, but to
date there have been few reports on the genetic variations and dynamics of HCV in an experimental
system of HCV replication. In this study, a genetic analysis of HCV replicons obtained in long-term
culture of two HCV replicon cells (50-1 and 1B-2R1), which were established from two HCV
strains, 1B-1 and 1B-2, respectively, was performed. One person cultured 50-1 cells for

18 months, and two people independently cultured 50-1 cells for 12 months. 1B-2R1 ceils were
also cultured for 12 months. The whole nucleotide sequences of the three independent replicon
RNA clones obtained at several time points were determined. it was observed that genetic
mutations in both replicons accumulated in a time-dependent manner, and that the mutation rates of
both replicons were approximately 3-0 x 1 072 base substitutions/site/year. The genetic diversity of
both replicons was also enlarged in a time-dependent manner. The colony formation assay by
transfection of total RNAs isolated from both replicon cells at different time points into naive HuH-7
cells revealed that the genetic mutations accumulating with time in both replicons apparently

‘improved colony formation efficiency. Taken togethet, these results suggest that the HGV replicon

system is useful for the analysis of evolutionary dynamics and variations of HCV. Using this replicon
cell culture system, it was demonstrated further that neither ribavirin nor its derivative mizoribine

accelerated the mutation rate or the increase in the genetic diversity of HCV replicon.

INTRODUCTION

Hepatitis C virus (HCV) infection frequently causes chronic
hepatitis (Choo et al, 1989 Kuo ¢t al, 1989), which
progresses to liver cirrhosis and hepatocellular carcinoma
(Ohkoshi et al., 1990; Saito et al., 1990). HCV belongs to the
family Flaviviridae, whose genome consists of a positive-
stranded RNA molecule of 9-6 kb and encodes a large
polyprotein precursor of about 3000 aa residues (Kato et al.,
1990a; Tanaka et al., 1995). This polyprotein is processed by
a combination of the host and viral proteases into at least 10
proteins: the core, envelope 1 (El1), E2, p7, and non-
structural protein 2 (NS2), NS3, NS4A, NS4B, NS5A and
NS5B (Grakoui et al., 1993; Hijikata et al, 1991, 1993;
Mizushima et al, 1994). These HCV proteins not only
function in virus replication but may also affect a variety
of cellular functions, including gene expression, signal

Supplementary material is available in JGV Online.

transduction and apoptosis (Bartenschlager & thmann,
2000; Kato, 2001).

The most characteristic feature of the HCV genome is its
remarkable genetic diversity and variation. To date, more
than 50 HCV genotypes have been identified worldwide
(Bukh et al., 1995; Simmonds, 1995; Tokita et al., 1996).
Each of these genotypes shows more than 20 % difference at
the nucleotide level and more than 15 % difference at the
amino acid level compared with any of the other genotypes,
although the 5’ untranslated regions (5" UTRs) and core
protein-encoding regions are highly homologous among the
50 genotypes (homology of > 90 %). Comparisons of HCV
genomes that belong to a single genotype have revealed
5-8 % diversity in nucleotide sequences and 4-5 % diversity
in amino acid sequences (Kato et al., 1990b; Kato, 2001). An
analysis of the genetic diversity among the HCV genomes in
an individual revealed that the diversity in nucleotide
sequences averaged 0-9%, and distributed throughout
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the genome except in the 5 UTR (Tanaka et al, 1992).
This so-called ‘quasispecies’ nature of the HCV genome
has generally been observed in a single- patient with
chronic hepatitis C (Kato et al, 1992; Martell et al.,
1992). This remarkable genetic diversity of the HCV genome
suggests that HCV frequently causes mutations of the viral
genome.

To date, two groups have estimated the mutation rate of the
HCV genome using specimens from a chimpanzee (interval
of 8 years) and a patient (interval of 13 years) infected with
HCV (Ogata et al, 1991; Okamoto et al, 1992). They
estimated that the mutation rate of the HCV genome was
1-4-1-9 x 10~ base substitutions/site/year; however, it is
not clear whether this value indicates the actual mutation
rate of the HCV genome, because complicated quasispecies
are generally observed in patients or chimpanzees infected
with HCV in vivo. On the other hand, Major et al. (1999)
used chimpanzees that received intrahepatic inoculation
with a full-length HCV RNA, and they estimated that the
mutation rate of the HCV genome was 1:5x 107 base
substitutions/site/year. However, such experiments on HCV
replication in humans are ethically problematic. Thus, there
have been few reports on the genetic variations of HCV inan
experimental system of HCV replication because of the lack
of reproducible and efficient HCV proliferation in cell
culture {Kato & Shimotohno, 2000).

In 1999, an HCV replicon system carrying autonomously
replicating HCV subgenomic RNA containing the NS3-
NS5B regions derived from the strain Con-1 was first
established by using a human hepatoma cell line, HuH-7
(Lohmann et al, 1999). Since then, several additional
replicon systems have been established (Al et al, 2004;
Blight et al., 2000, 2003; Ikeda et al., 2002; Kato et al., 2003a;
Pietschmann et al., 2002; Zhu et al., 2003). In these systems,
replicated HCV RNAs were detected by Northern blot
analysis and the HCV proteins, which were produced, were
detected by Western blot analysis. Therefore, HCV replicon
systems are thought to be useful for the analysis of genetic
variations and dynamics of HCV.

Recently, we also established two HCV replicons (50-1 and
1B-2R1) derived from two HCV strains, 1B-1 and 1B-2,
respectively, using HuH-7 cells (Kato ef al., 2003b; Kishine
et al., 2002). The nucleotide sequences of the NS§3-NS5B
regions in the 50-1 replicon showed differences of 8-1%
from those in the 1B-2R1 replicon (Kato et al, 2003b),
although both HCV strains belonged to genotype 1b. In
order to understand the genetic variations and dynamics of
HCV, we performed genetic analysis of HCV replicons
obtained in long-term culture of 50-1 and 1B-2R1 replicon
cells (termed 50-1 and 1B-2R1 cells, respectively). Here, we
show that the accumulation of genetic mutations and the
acquisition of the genetic diversity among HCV replicons
are time dependent. In addition, we evaluated the effect of
ribavirin and mizoribine on the genetic variations and
dynamics of HCV replicons.

METHODS

Cell cultures. 50-1 and 1B-2R1 cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum and 300 pg G418 (Geneticine; Invitrogen) ml™!. The HCV
replicon cells were known to possess the G418-resistant phenotype,
because neomycin phosphotransferase (Neo®) was produced by the
efficient replication of HCV replicon in the cells. Therefore, when an
HCYV replicon is excluded from the cells or its level is decreased, the
cells are killed by the presence of G418. 50-1 cells were also cultured
in the presence of 5 or 25 pM ribavirin (Sigma) or 25 uM mizori-
bine (Sigma). In general, these replicon cells were passaged every
4 days.

Northerni blot analysis. Total RNA from the cultured cells were
prepared using an RNeasy extraction kit (Qiagen). Total RNA
(3 ug) was used to detect the HCV replicon RNA and f-actin
mRNA. Northern blotting and hybridization were performed as
described previously (Ikeda et al, 2002; Kato et al, 2003b). A
digoxigenin-labelled, negative-sense RNA probe complementary to
the NS5B region (positions 8935-9374 of the HCV genome) was
used for the detection of the replicon RNA. A B-actin specific
digoxigenin-labelled antisense RNA probe was used to check the
amount of RNA. The synthetic RNA transcribed from pNSS1RZ2RU
(Kato et al, 2003b) (10° and 107 genome equivalents spiked
into normal cellular RNA) was used to compare the level of
replicon RNA. An RNA ladder (Invitrogen) was also used to mark
the molecular length. :

Western blot analysis. The preparation of cell lysates, SDS-PAGE
and immunoblotting analysis with a PVDF membrane were per-
formed as described previously (Hijikata et al, 1993; Naganuma
et al., 2000). The antibodies used to examine the expression levels of
HCV proteins were those against NS3 (Novocastra Laboratories)
and NS5B (a generous gift from M. Kohara, Tokyo Metropolitan
Institute of Medical Science, Japan). Anti-f-actin antibody (AC-15;
Sigma) was also used to detect f-actin as an internal control.
Immunocomplexes on the membranes were detected by enhanced
chemiluminescence assay (Renaissance; Perkin-Elmer Life Sciences).

RT-PCR. To amplify HCV RNA RT-PCR was performed as
described previously (Kato et al, 2003b). Briefly, the total RNA
(2 pg) obtained from the replicon cells was used as a template for
reverse transcriptase using SuperScript II (Invitrogen). PCR using
proofreading KOD-plus DNA polymerase (Toyobo) was performed
separately in two parts; one part covered the 5° UTR to the amino
terminal of the NS3 region, and the other part covered the NS3
region to the NS5B region. The PCR yielded a 2033 bp fragment for
the former part and a 6107 bp fragment for the latter part.

cDNA cloning and sequencing. The PCR products were sub-
cloned into the Xbal site of pBR322MC (Kishine et al., 2002), which
was derived from pBR322 and contained the multiple cloning site of
pUC19, as described previously (Kato et al., 2003b). Plasmid inserts
were sequenced in both the sense and antisense directions by using
Big Dye terminator cycle sequencing on an ABI PRISM 310 genetic
analyser (Applied Biosystems).

Molecular evolutionary analysis. Nucleotide sequences of the
clones obtained by RT-PCRs from 50-1 and 1B-2R1 cells were ana-
lysed by the neighbour-joining analysis using the program GENETYX-
MAC (Software Development).

RNA transfection and selection of G418-resistant cells. RNA
transfection into Huh-7 cells was performed by electroporation as
described previously (Lohmann et al, 1999). Briefly, total RNA
(80 pg) isolated from the replicon cells was electroporated into
5x10° HuH-7 cells, and then 1x10° or 3 x 10° cells were seeded
into a 10 cm diameter dish. After 48 h, G418 was added to
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0-3 mg ml™!, and the medium was changed twice per week. After
3 weeks, the colonies obtained on the culture dish were stained with
Coomassie brilliant blue as described previously (Naganuma et al,
2004).

RESULTS

Efficient replication of HCV replicons is
maintained in long-term cell culture

In order to prepare the specimens for the genetic analysis of
50-1 and 1B-2R1 replicons, three people independently
cultured 50-1 cells; one person cultured for 18 months (M)
(K cell culture line; MK) and the two people cultured for
12 months (D and N cell culture lines; MD and MN), and
one person cultured 1B-2R1 cells for 12 months. Using the
specimens obtained at several time points (after 0, 4, 6, 12
and 18 months in culture), the levels of replicon RNAs and
HCV proteins were examined by Northern and Western blot
analyses, respectively. As shown in Fig. 1(a), replicon RNAs
approximately 8 kb long were detected in all specimens
except those from the cured cells, from which the replicons
had been eliminated from the replicon cells by treatment
with interferon-a. The number of copies of replicon RNAs
in total RNA (each 3 pg) extracted from the replicon cells
was estimated to be in the range of 107 to 10° by comparing
these replicon RNAs with replicon RNA synthesized in vitro.
The NS3 and NS5B were also detected in all specimens
except those from the cured cells (Fig. 1b). The expression

levels of replicon RNAs and HCV proteins differed some-
what among these specimens, and no strong quantitative
relationship between replicon RNA and HCV proteins was
observed (Fig. 1). These results suggest that the stability of
replicon RNA or HCV proteins produced from the replicon
RNA, or the efficiency of translation, changes during the
periods of cell culture. In summary, we demonstrated that
the replication efficiencies of the 50-1 and 1B-2R1 replicons
remained high under the G418 selection pressure.

Sequence analysis of the 50-1 and 1B-2R1
replicon RNAs

To clarify the genetic variations and diversities of the
replicons during the period of cell culture, we carried out
sequence analysis of 50-1 and 1B-2R1 replicon RNAs
obtained at several time points in the cultures of both
replicon cells. Two separate RNA fragments (one was 2-0 kb
in length, containing the 5 UTR to the amino-terminal of
the NS3 region; the other was 6-1 kb in length, containing
the NS3 to NS5B regions) were amplified by RT-PCR, and
three independent clones of each were sequenced after
subcloning into pBR322MC, as described previously (Kato
et al., 2003b).

Genetic variations of 50-1 and 1B-2R1 replicons
during long-term cell culture

The determined nucleotide sequences of the 50-1 and
1B-2R1 replicon RNAs were compared with those of the

(a) 50-1
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Fig. 1. Characterization of replicon cells in long-term cell culture. (a) Northern blot analysis. Total RNAs from 50-1 cells after
4 months (4MK), 6 months (6MK, 6MN and 6MD), 12 months (12MK, 12MN and 12MD) and 18 months (18MK) in culture,
as well as total RNA from the parental 50-1 celis (OM) were used for the analysis. Total RNAs from 1B-2R1 cells after
& months (6M) and 12 months (12M) in culture, as well as total RNA from the parental 1B-2R1 cells (OM) were used for the
analysis. Total RNAs from each cured cells obtained from 50-1 and 1B-2R1 cells by interferon freatment were also used as a
negative control. Northern biot analysis was performed using a positive-stranded HCV genome-specific RNA probe (upper
panel) and a f-actin-specific probe (lower panel). Synthetic RNA transcribed from pNSS1RZ2RU (1 08 and 107 genome
equivalents spiked into normal cellular RNA) was used for the comparison of the expression level. (b) Western blot analysis.
The orders of specimens were the same as in (a). Productions of NS3 and NSEB in 50-1 and 1B-2R1 cells were analysed by
immunoblotting using anti-NS3 and anti-NS5B antibodies, respectively. f-Actin was used as a control for the amount of

protein loaded per lane.
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original 50-1 (Kishine et al, 2002; GenBank accession no.
AB041927) and 1B-2R1 replicons (Kato et al, 2003b;
AB109543), respectively. The results revealed that the
numbers of base substitutions in the first 2-0 kb region
and in the NS region (6-1 kb) of both replicon RNAs were
time-dependently increased with linearity (Fig. 2). These
substitutions were considered to be mutations that occurred
during the intracellular replication of replicon RNA. Based
on the results after 12 months in culture, the apparent
mutation rates in 50-1 replicon RNA were calculated to be
3-1x 107> and 3-0 x 10~ base substitutions/site/year in the
first 2 kb region and NS region, respectively, indicating that
there was no difference in mutation rate between the two
regions of 50-1 replicon RNA. Interestingly, almost the
same mutation rates (3-0x 107> base substitutions/site/
year in the first 2 kb region; 31 x 107> base substitutions/
site/year in NS region) were obtained for the 1B-2R1
replicon RNA, suggesting that the replication efficiency of
the 1B-2R1 replicon was almost equal to that of the 50-1
replicon.

Fig. 3(a) shows the schematic presentation of mutations
detected in the first 2 kb region by comparison with the
original sequences (NNRZ2RU) of 50-1 and 1B-2R1
replicon RNAs (Kato et al, 2003b; Kishine et al., 2002).
The results revealed that there were no common mutations
among the four cell culture lines (three for 50-1 and one

for 1B-2R1) over at least 12 months of cell culture. -

However, genetic mutations in both replicons were time-
dependently increased and accumulated, and several
mutations became abundant during the subsequent cell
culture (Fig. 3a).

The NS regions (6-1 kb) of the 50-1 and 1B-2R1 replicon
RNAs were also analysed in addition to the first 2 kb region.
The mutation sites that showed amino acid substitutions are
schematically presented in Fig., 3(b). Regarding the 50-1
replicon, 2 aa substitutions (P1115L and E1966A) were
newly detected after 6 months in culture in all three cell
culture lines, in addition to 2 aa substitutions (K1609E and
V1896F) already observed when the replicon was first
established. These four substituted amino acids were stably
maintained over at least 12 months of cell culture. However,
such amino acid substitutions were not observed in the
1B-2R1 replicon even after 12 months of culture. After more
than 12 months in culture, several culture line-specific
amino acid substitutions (*1-5 for the K culture line; *6~8
for the D culture line; and *9-12 for the N culture line in
Fig. 3b) were observed in the 50-1 replicon. Also in the
1B-2R1 replicon, 1 aa substitution (*13 in Fig. 3b) was
detected after 12 months in culture; however, no common
amino acid substitutions were observed between the 50-1
and 1B-2R1 replicons. The mean numbers of amino acid
substitutions occurring after 6 and 12 months in culture
were 4-2 and 8-9, respectively, for the 50-1 replicon, and 4-7
and 10-0, respectively, for the 1B-2R1 replicon. These values
indicate a steady genetic evolution of 50-1 and 1B-2R1
replicons during the cell culture.
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Fig. 2. Genetic variations of 50-1 and 1B-2R1 replicon RNAs.
(a) First 2:0 kb region of replicon RNA, Filled squares‘indicate
the mean numbers of base substitutions detected in nine (after

.0, 6 and 12 months in culture) or three (after 4 and 18 months

in culture) clones containing the first 2:0 kb region of 50-1
replicon RNA, by comparison with its original sequences
(NNRZ2RU) (Kishine et al, 2002). Open squares indicate the
mean numbers of base substitutions detected in three clones
containing the first 2-0 kb region of 1B-2R1 replicon RNA, by
comparison with its original sequences (NNRZ2RU) (Kishine
et al, 2002). (b) NS region (61 kb) of replicon RNA. Filled
squares indicate the mean numbers of base substitutions
detected in nine (after 0, 6 and 12 months in culture) or three
(after 4 and 18 months in culture) clones containing the NS
region of 50-1 replicon RNA, by comparison with its original
sequences (Kishine et al, 2002). Open squares indicate the
mean numbers of base substitutions detected in three clones
containing the NS region of 1B-2R1 replicon RNA, by compari-
son with its original sequences (Kato et al., 2003b).
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Fig. 3. Genetic variations of 50-1 and 1B-2R1 replicons in long-term cell culture. (a) Schematic presentation of mutations
detected in first 2:0 kb regions of the replicon RNAs, Compared with the nucleotide sequences of the first 2:0 kb region of
the original replicon RNA (NNRZ2RU), nucleotide positions mutated in all three clones, in two of three clones and in one of
three clones are indicated by full-length, two-thirds and one-third vertical lines, respectively. Non-synonymous substitutions in
the Neo® region are indicated by heavy vertical lines. (b) Schematic presentation of amino acid substitutions detected in the
NS regions of the replicons. Compared with the amino acid sequences of NS region of the original 50-1 (Kishine et al., 2002)
and 1B-2R1 replicons (Kato et al., 2003b), amino acid positions substituted in all three clones, in two of three clones and in
one of three clones are indicated by full-length, two-thirds and one-third vertical lines, respectively. Four amino acid
substitutions (P1115L, K1609E, V1896F and E1966A) are indicated by heavy vertical lines. Culture line-specific amino acid
substitutions (indicated by the numbers with asterisks) are as follows: *1, 11686V; *2, L1701R; *3, T2332A; *4, G2336E; *5,
A2372T; *6, A1243G; *7, 1797V, *8, S2053G; *9, L1701R; “10, T2051N; *11, R2279G; “12, L2476M; *13, [1097V.
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Classification of mutations occurring in 50-1
and 1B-2R1 replicon RNAs during the long-term
cell culture

To understand the mutation mode of the replicons in long-
term cell culture, we examined the numbers of synonymous
and non-synonymous mutations with transition or trans-
version. The results are summarized in Table 1. The ratio of
synonymous to non-synonymous mutations in 50-1 repli-
con RNA was 0-81 to 1-50 (1-384-0-14 after 6 months in
culture and 1-03 +0-20 after 12 months in culture), and the
ratio in 1B-2R1 replicon RNA was 0-63 after 6 months in
culture and 0-59 after 12 months in culture, These values
indicate that amino acid substitutions in the replicons occur
frequently during the cell culture. The rate of mutations with
transition in the 50-1 replicon was 1-82-4-06-fold (2-00+
0-18 after 6 months in culture and 2-8511-07 after
12 months in culture) greater than the rate of mutations
with transversion. Similarly, the 1B-2R1 replicon showed a
transition-to-transversion ratio of 2-69 (after 6 months in
culture) or 2-86 (after 12 months in culture).

Regarding the mutation patterns over more than 12 months
of culture, we observed that A—G and U—C mutations
were the most and second-most common mutations, and
these mutations were approximately two to three times
more common than G—A and C—U mutations (Supple-
mentary Table A, which is available as Supplementary
material in JGV Online). The rarest mutation was G—U
(Supplementary Table A).

Genetic diversity of the 50-1 and 1B-2R1
replicons arising during long-term cell
culture

To clarify whether or not the replicons acquire a
quasispecies nature during long-term cell culture, we
estimated the genetic diversities of the 50-1 and 1B-2R1
replicon populations. First, based on the sequence data of all
clones obtained in this study, we constructed phylogenetic
trees for the first 2 kb region and the NS region. The results
revealed that the genetic diversity of 50-1 replicon
populations was expanded in a time-dependent manner
(Fig. 4). Similar phylogenetic trees were obtained for the 1B-
2R1 replicon populations as well (data not shown). Next, as
another index of genetic diversity, we calculated the mean
number of nucleotide differences among three independent
clones at each time point. The schematic presentation of
such analysis on the NS regions of 50-1 and 1B-2R1 replicon
RNAs was shown in Supplementary Fig. A, which is
available as Supplementary material in JGV Online. The
results also showed a time-dependent expansion of genetic
diversity. After 12 months in culture, 0-32 % (mean of three
cell culture lines) and 0-55% diversities in nucleotide
sequences were observed in the NS region of 50-1 and
1B-2R1 replicon RNAs. A similar time-dependent expan-
sion of genetic diversity was also observed in the first 2 kb
regions of both replicon RNAs (data not shown). These
results indicate that-the quasispecies nature of replicon
RNA was easily acquired during the replication of the
replicons.

Table 1. Base substitutions occurring in 50-1 and 1B-2R1 replicon RNAs during long-term cell culture

The counting of base substitutions was performed by comparison with the consensus sequence obtained from the OM series of 50-1 or 1B-

2R1 replicon.

Replicon series No. base substitutions Synonymous/  Transition/
. , non-synonymous transversion
Transition Transversion
Synonymous Non- Non-coding Synonymous Non- Non-coding
synonyimous region synonymous region
Neo® NS Neo® NS Neo® NS Neo® NS
50-1 4MK 1 13 0 8 4 0 5 0 6 2 1-36 2-00
6MK 0 20 2 10 3 8 1 9 1 1-41 1-82
12MK 3 29 6 19 13 4 9 4 9 2 1-18 250
18MK 5 43 8 26 16 3 10 4 14 5 117 2:72
6MD 3 20 3 9 2 0 5 4 7 1 1-22 2-18
12MD 5 29 2 26 3 2 5 1 8 0 1-11 4-06
6MN 2 19 2 8 3 2 4 0 8 3 1-50 2-00
12MN 3 25 2 21 9 1 6 5 15 3 0-81 2-00
1B-2R1  6M 1 14 . 5 14 1 1 1 3 5 3 063 2-69
12M 2 22 4 29 6 1 2 3 10 6 059 2:86
650 Journal of General Virology 86
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Fig. 4. Phylogenetic trees of 50-1 replicon
populations obtained in long-term cell cul-
ture. The phylogenetic tree is depicted on
the basis of nucleotide sequences of all
replicon clones obtained by long-term cul-
ture of 50-1 cells. (a) The first 2:0 kb region
of replicon RNA. NNRZ2RU indicates the
original sequences of 50-1 replicon RNA,
and the others indicate the names of clones.
(b) The NS region of replicon RNA. Original
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(1B-1) indicates the original sequences of
04% 50-1 replicon RNA, and the others indicate
the names of clones.

Enhancement of HCV replication is associated
with the expansion of the repiicons’ genetic
diversity ‘

To assess whether or not the mutations accumulating in
the replicons increase the replication efficiencies of the
replicons, the efficiency of colony formation (ECF) of the
replicon was examined at each time point of the culture. An
ECE assay was performed by transfection of total RNAs
isolated from 50-1 and 1B-2R1 replicon cells at different
time points into naive HuH-7 cells. After 3 weeks of G418
selection, only a few colonies were obtained when RNAs
from 50-1 replicon cells cultured less than 4 month were
used (Fig. 5). However, ECF was apparently increased when
RNAs from cells cultured 6 months, in particular the D and
N cell culture lines, were used, and much higher numbers of
colonies were obtained when RNAs from cells cultured
12 months were used (Fig. 5). Interestingly, ECFs of RNAs
from D and N cell lines cultured more than 6 months were
higher than those in the K cell culture line. These results
indicated that ECF of the replicon was increased with the
cultured periods of the replicon cells and suggested that ECF
enhancement is associated with the expansion of the 50-1
replicon’s genetic diversity.

In contrast to the case with 50-1 replicon cells, a number of
colonies were obtained even when RNA from the initial
culture of 1B-2R1 replicon cells was used (Fig. 5). In this
replicon also, the ECF of RNA from cells cultured
12 months was apparently higher than those of RNA
from the initial culture or 6 months of culture (Fig. 5).
These results suggest that S2200R substitution, which was
detected when the 1B-2R1 replicon was established (Kato
et al., 2003b), function as an adaptive mutation, and that
the expansion of genetic diversity in the 1B-2R1 replicon

also contributes to the enhancement of ECF, as was the
case with the 50-1 replicon.

Effect of ribavirin and mizoribine on the genetic
evolution and dynamics of the 50-1 replicon

Combined treatment of interferon plus ribavirin for patients
with chronic hepatitis C has been shown to be more effective
than treatment with interferon alone (McHutchison et al,
1998), although it has been shown that ribavirin alone does
not cause a decrease of HCV level in patients with chronic
hepatitis C. Recently, several groups have reported that
ribavirin might cause ‘error catastrophe’ of HCV genome
(Contreras et al, 2002; Tanabe et al, 2004; Zhou et al,
2003), however, controversial results have also been repor-
ted (Schinkel et al., 2003). Therefore, to clarify whether
or not ribavirin affects the genetic alterations of HCV,
we cultured parent 50-1 cells (corresponding to OM in
Fig. 1) for 6 months in the presence of ribavirin (5 or
25 uM) or its derivative molecule, mizoribine (25 pM). As
a control, the parent 50-1 cells were also cultured for
6 months in the absence of ribavirin or mizoribine. After
6 months in culture, the levels of replicon RNAs and
HCV proteins were examined by Northern and Western
blot analyses, respectively. As shown in Fig. 6(a), the level
of replicon RNA in the cells treated with ribavirin or
mizoribine was almost the same as that in the cells without
ribavirin or mizoribine treatment. The NS3 and NS5B
were also expressed at similar levels in the cells irrespective
of ribavirin or mizoribine treatment (Fig. 6b). These results
indicate that even 6 months of treatment with ribavirin
or mizoribine did not prevent the replication of replicon
RNA under the G418 selection pressure. Using the 50-1

“cells cultured for 6 months with or without ribavirin or

mizoribine, we performed sequence analysis of replicon
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initial cell no.
1x105 3x108

Source of
total RNA

None

oM

4MK

6MK

12MK

50-1

18MK
6MD
12MD
6MN
JZMN

oM

6M

1B-2R1

12M

Fig. 5. ECF of the RNAs isolated from 60-1 and 1B-2R1
replicon cells at different time points in the culture. Total RNAs
obtained from the replicon cells were transfected into HuH-7
cells as described in Methods. The panels show the cell colo-
nies that were recovered after 3 weeks of G418 selection.

RNAs as described above. As shown in Table 2, the results
revealed that the numbers of mutations in the first 2-0 kb
and NS regions of the replicon RNAs sequenced were not
significantly different among the specimens, although the
number in the NS region derived from the cells treated with
25 pM of ribavirin was a little lower than those of the other
specimens. These results suggest that the treatment of
replicon cells with either ribavirin or mizoribine does not
increase the mutation rate of replicon RNA. The ratio of
synonymous and non-synonymous mutations, and the ratio

Ribavirin Mizoribine
None 5 ubM 25 pM 25 uM Cured
{2-;- 3 R 4

S

8 kb

L2 kb

(b) Ribavirin _Mizoribine

None 5pM 25 uM 25pM Cured
B &
NS3 |

70 kDa
NS5B

p-Actin 142 kDa

Fig. 6. Characterization of 50-1 cells cultured for 6 months in
the presence of ribavirin or mizoribine. (a) Northern blot analy-
sis. Total RNAs from 50-1 cells cultured for 6 months in the
presence of ribavirin (5 and 25 pM) or mizoribine (25 pM), as
well as total RNA from 50-1 cells cultured for 6 months in the
absence of ribavirin and mizoribine were used for the analysis.
Northern blot analysis was performed as indicated in Fig. 1(a).
(b) Westemn blot analysis. The orders of specimens were the
same as in (a). Western blot analysis was performed as indi-
cated in Fig. 1(b).

of transition and transversion mutations were also not
altered by ribavirin or mizoribine treatment (data not
shown). In addition, we did not observe any ribavirin- or
mizoribine-specific common amino acid substitutions in
either the first 2 kb or NS regions of the replicon RNA,
although P1115L and E1966A were detected after 6 months
in culture in all cell culture lines. The above-described
analysis of genetic diversity among the replicon RNAs did

Table 2. Base substitutions occurred in 50-1 replicon RNA
during 6 months culture in the presence of ribavirin or
mizoribine

6MR5 and 6MR25 indicate the series treated with 5 and 25 pM of
ribavirin, respectively. 6MM25 indicates the series treated with
25 pM of mizoribine. The counting of base substitutions was per-

formed by the comparison with the original sequence of 50-1
replicon (Kishine et al., 2002).

Series First 2-kb region NS region
6M (Fig. 2) 5-441-9% 164+ 1-8
6M ‘ 5.742-5 16:040-0
6MR5 57415 16:3+1-5
6MR25 57415 107412
6MM25 37406 1874 4-0

*Numbers of base substitutions +SD.
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not reveal any significant differences between the specimens
derived from the replicon cells with and those without
ribavirin or mizoribine treatment (data not shown). Taken
together, these results suggest that neither ribavirin nor
mizoribine accelerated the mutation rate of HCV replicons
or the development of their quasispecies nature.

DISCUSSION

In this study, we analysed the genetic evolution and
dynamics of HCV replicons, and time-dependent
genetic mutations of HCV replicons were observed. Time-
dependent expansions of their genetic diversities were also
revealed. Our results should provide useful fundamental
information for understanding the remarkable genetic
diversity and variation among the HCV genomes observed
in patients with chronic hepatitis C.

Although RT-PCR techniques were used to amplify the
replicon RNAs in this study, it is unlikely that the detected
mutations were due to errors related to the use of the KOD-
plus DNA polymerase in the PCR reaction, because we
previously showed that KOD-plus DNA polymerase
possessed a high proofreading activity (Alam et al, 2002;
Naganuma ef al., 2004). Furthermore, in the present study,
we sequenced several clones (containing a 2-0 or 6-1 kb
fragment) obtained by PCR using KOD-plus DNA poly-
merase and a single sequenced clone as a template, but
no mutations were detected in these sequenced clones,
indicating that KOD-plus DNA polymerase possesses
extremely high fidelity. However, we are not able to
completely exclude the possibility that some substitutions
resulted from the erroneous use of KOD-plus DNA
polymerase during the PCR. Even if such errors occurred,
the error frequency is estimated to be less than one
nucleotide per sequenced clone. This is explained as fol-
lows. Fig. 2 shows that the numbers of substitutions time-
dependently increased with linearity in both HCV replicons.
Interestingly, when these linear lines are extrapolated to zero
base substitutions, the crossing points show approximately
—2-—3 months in the time axis. These range of months is
in accord with the time of initial electroporation of HCV
replicon RNA to HuH-7 cells. Therefore, PCR-induced
mutations are considered to be very rare and such mutations
would have very little effect on the results shown in Fig. 2.
In addition, to avoid a sampling effect, we sequenced three
independent clones derived from each time point.

We showed that the mutation rates for the 50-1 and 1B-2R1
replicon RNAs were almost the same — about 3 x 1072 base
substitutions/site/year. However, the actual mutation
frequency of the replicon RNAs would be higher than this
value, because the mutations that occurred in positions that
were critical for the replication of replicon RNA should not
have been passed on to the progeny. Our observed mutation
rates of the replicon RNAs were approximately two times
higher than those previously obtained in chimpanzees and
clinical patients with chronic hepatitis C (Major et al., 1999;

Ogata et al., 1991; Okamoto et al., 1992). Since the selective
pressure of the immune system also functions in vivo (Kato
et al., 1993), the mutation rate in cell culture obtained in this
study may be reasonable value as a potential mutation rate of
HCV. However, direct comparison of these mutation rates
would be difficult, because both the experimental model and
analytical method were different in this study compared
with the previous studies. It would be interesting to examine
whether this mutation rate (3 x 10~ base substitutions/site/
year) would be maintained during longer-term culture of
the replicon cells. If so, approximately 3% of nucleotide
sequences of the replicon RNAs might be mutated after 10
years in cell culture. Alternatively, the mutations might
become saturated during further long-term culture of the
replicon cells. To clarify this point, further long-term culture
of replicon cells is in progress.

Although the mutations detected in this study were
dispersed throughout the entire length of the replicon
RNAs (Fig. 3), the mutation frequencies in the 5’ UTR and
NS5B region were lower than those in other regions, and the
NS5A region showed the highest mutation frequency. These
observations are consistent with the genetic diversities of
HCVs in patients with chronic hepatitis C reported to date
(Kato, 2001). In addition, the positions in which amino acid
substitutions were observed during the cell culture did not
appear to be critical for replication of the HCV genome.

Time-dependent expansions of genetic diversities of HCV
replicons were also found in this study. However, this
finding seems to be different from the previous findings that
HCV populations in the cells infected in vitro gradually
altered with time and converged to the limited populations
(Kato et al., 1998; Kato, 2001). This gap may have been due
to the differences in the HCV sources used: a patient’s -
inoculum containing a quasispecies of HCV was used for the
in vitro infection experiment, and a single HCV species was
used for the replicon system. Alternatively, the gap may
have been due to the overwhelming difference between the
replication level of the HCV genome in the cells infected
in vitro and that in the replicon cells.

To date, a number of amino acid substitutions belonging to
adaptive mutations that enhance the frequency with which
the replicon is established in vitro have been found in
established HCV replicons (Bartenschlager, 2002; Blight et
al., 2000, 2003; Tkeda et al, 2002; Krieger et al., 2001;
Lanford et al., 2003; Lohmann et al., 2001, 2003; Pflugheber
et al., 2002). Although none of the amino acid substitutions
detected in the long-term cultures of the 50-1 and 1B-2R1
replicons were the same as those reported as adaptive
mutations, ECF analysis of the replicons using naive HuH-7
cells suggested that adaptive mutations accumulated in the
replicon populations in a time-dependent manner. In
particular, drastic enhancement of ECF was observed in
the 50-1 replicon after 6 months of culture. However, this
result suggests that the four common amino acid substitu-
tions (P1115L, K1609E, V1896F and E1966A) do not
coniribute much to the drastic enhancement of ECF,

http://vir.sgmjournals.org

653

- 121 -



N, Kato and others

because the ECFs of 4MK and 6MK samples possessing these
substitutions did not increase much. Therefore, we estimate
that some uncommon amino acid substitutions accumu-
lated as so-called adaptive mutations. The candidates for
such adaptive mutations are culture-line-specific amino
acid substitutions (Fig. 3b, *1-12), and many amino acid
substitutions sporadically appeared in the replicons in the
long-term cell cultures. To identify which amino acid
substitution is the main contributor to the drastic
enhancement of ECF, further transfection experiments
using replicon RNAs possessing mutations will be needed.
Based on the results of this study, S2200R substitution in the
1B-2R1 replicon is considered an adaptive mutation. This
description is supported by the previous result that we were
unable to obtain any G418-resistant colonies when the
original 1B-2 replicon RNA library, used in the isolation of
the 1B-2R1 replicon, was transfected into naive HuH-7 cells
(Kato et al., 2003b). Since the ECF of 1B-2R1 replicon RNA
from 12 months of culture was further enhanced, it may
be that the 11097V substitution, detected commonly at
12 months of culture, functions as an additional adaptive
mutation.

Interestingly, once a new mutation was observed in all three
clones at a particular time point, the clones which went
back to the original sequences were never obtained in the
subsequent cell culture, except for one clone (a mutation in
the HCV IRES region) derived from 1B-2R1 replicon cells
after 12 months in culture (Fig. 3a). This finding suggests
that the genetic evolution of HCV. replicons is irreversibly
progressing.

Although the mechanism of action of ribavirin for patients
with chronic hepatitis C is ambiguous, an ‘error catastrophe’
theoty of ribavirin has been proposed by several groups
(Contreras et al, 2002; Tanabe et al., 2004; Zhou et al.,
2003). However, our results obtained in this study were not
able to support this ‘error catastrophe’ theory, because
ribavirin had no effect on the genetic variation and diversity
of the 50-1 replicon. The concentration (5 and 25 pM) of
ribavirin used in this study was considered to be reasonable,
because the growth rate of 50-1 cells decreased at a ribavirin
concentration of more than 50 pM, and approximately
10 uM of ribavirin is the maximum plasma concentration
in current clinical usage (Tanabe et al, 2004). Higher
concentration (more than 50 pM) of ribavirin used in
previous studies may be required for causation of the error
catastrophe. Recently, a single amino acid substitution
(F2834Y) was identified as a ribavirin-resistant NS5B
mutation in genotype la (Young et al., 2003); however, it
is difficult to evaluate that finding in this study, because
most of the HCV strains belonging to genotype 1ib,
including 1B-1 (50-1) and 1B-2 (1B-2R1), already possess
a Tyr residue at position 2834. No amino acid substitution at
position 2834 in NS5B was observed in the replicon cells
treated with ribavirin.

This study provided the fact that the genetic diversity of
HCYV replicons was enlarged in a time-dependent manner

during long-term cell culture. Since all the HCV replicons
established to date have been shown to be highly sensitive to
interferon-¢, -B and -y (Kato et al., 2003b), and most of the
HCV replicons established to date are able to replicate in
only HuH-7 cells, the extensive genetic polymorphism of
HCV replicon populations obtained by long-term cell
culture may change the sensitivity against interferon or the
ability of replication in the cells except for HuH-7. In the
future, it will be necessary to clarify these points. Thus, HCV
replicon populations obtained by long-term cell culture may
be useful not only for analysis of the genetic variations and
dynamics of HCV but also for analysis of the variable
properties of HCV.
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Abstract

Hepatitis C virus (HCV) causes chronic hepatitis, liver cirrhosis and hepatocellular carcinoma in addition to acute hepatitis. The HCV
genome encodes two envelope glycoproteins, EI and E2. To investigate the role of E1 and E2 in HCV infection, we used a recombinant
vesicular stomatitis virus (VSV), VSVAG*, harboring the green fluorescent protein gene instead of the VSV G envelope protein gene. It was
complemented with the native form of E1 and E2, or E1 or E2 alone, to make HCV pseudotypes VSVAG*(HCV), VSVAG*(EL), and
VSVAG*(E2). Neither E1 nor E2 expression was detected on the cell surface, as reported. Unlike previous reports, infectious activities of
VSVAG*HCV), VSVAG*(E]) and VSVAG*(E2) pseudotypes were detected under conditions where VSV was completely neutralized by
anti-VSV. We could enhance the infectious titers 100-fold by sonication upon virus harvest. Bovine lactoferrin efficiently inhibited infection
by VSVAG*(HCV) as well as VSVAG*(E2), as the interaction between E2 and lactoferrin has been thought to contribute to the inhibition of
HCV infectivity. VSVAG*(HCV) infected many adherent cell lines, including hepatic cell lines, but not most hematopoietic cell lines, Treat-
ment of cells with trypsin, tunicamycin, or sulfated polysaccharides before infection reduced the infectivity of VSVAG*(HCV) by about 90%,
suggesting that a cell surface protein(s) with sugar chains plays an important role in HCV infection. The VSV pseudotypes developed here
would be useful for analyzing the early stages of HCV infection.
© 2004 Published by Elsevier SAS.
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1. Introduction

Hepatitis C virus (HCV) has been one of the major caus-
ative agents of posttransfusion and sporadic hepatitis [1]. At
present, transfusion-associated hepatitis C has been virtually
eliminated in developed countries, and risk factors that most
are strongly correlated with HCV infection there are illegal

* Corresponding author. Tel.: +81 27 220 8000; fax: +81 27 220 8006.
E-mail address: hoshino@med.gunma-u.ac.jp (H. Hoshino).

1286-4579/$ - see front matter © 2004 Published by Elsevier SAS.
doi: 10.1016/j.micinf.2004.09.006

drug use and high-risk sexual behavior. Current worldwide
estimations suggest that more than 200 million people are
infected with HCV [2]. The infection frequently develops into
chronic hepatitis, which further leads to the development of
liver cirrhosis and hepatocellular carcinoma [3,4]. The mecha-
nisms involved in HCV infection and HCV-mediated disease
progression are not well understood, and a therapy effective
for most HCV-infected patients is not yet available.

HCYV is an enveloped, positive-stranded RNA virus belong-
ing to the Flaviviridae family [2]. The viral genome contains
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a single open-reading frame of approximately 9.5 kb that
codes for a large polyprotein precursor of 3000 amino acids
(aa) [5,6] (Fig. la). Structural proteins are located in the
N-terminal of the precursor polyprotein, which is to be cleaved
by cellular signal peptidases. The core protein (C) is fol-
lowed by two putative envelope proteins, E1 and E2. A small
protein, p7, is produced by the cleavage of the E2 protein.
Downstream of the structural proteins, non-structural pro-
teins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) are located
[7,8]. The E1 and E2 envelope proteins form a non-covalently
linked heterodimer, which probably represents the native pre-
budding complex, in the endoplasmic reticulum (ER) [9].
The binding of the virus to the host cell surface receptor(s)
is the first step in the infection process. As in most enveloped
viruses, E1 and E2 are believed to be the major viral attach-
ment proteins in HCV. There has been no clear evidence as to
which protein, E1 or E2, defines the interaction with human
cells, because of the lack of a suitable experimental system
for HCV entry. It has been reported that a truncated, soluble
form of E2 binds to human CD81 (hCD81) and human scav-
enger receptor class B type I (SR-IB), suggesting that
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hCD81 or SR-IB is a candidate cellular receptor for HCV
{10,11]. Furthermore, HCV particles have also been reported
to utilize the LDL receptor for binding and their entry into
the cells [12,13]. But it is still unknown whether they serve as
functional receptors, since the expression of neither
hCD81 nor the LDL receptor is restricted in hepatocytes, and
hCD81 transgenic mice are resistant to HCV infection [14].
There may also be a functional difference between the native
form of HCV envelope protein and the soluble form of E2.
The main obstacle to clarifying these points is the lack of
suitable tools with which to evaluate the attachment to and
entry into the target cells quantitatively. Recently, to analyze
virus entry mediated by HCV envelopes, systems for the pro-
duction of vesicular stomatitis virus (VSV) pseudotypes bear-
ing modified HCV envelope proteins have been reported
[15-17]. To express the HCV envelope proteins on the cell
surface to incorporate them into VSV virions, chimeric HCV
El and E2 proteins containing the transmembrane domain
and cytoplasmic tail of VSV G glycoprotein (VSV G) were
generated. Otherwise, E1 or E2 is not expressed on the cell
surface. There is the possibility that these pseudotypes may
show a different infectivity from the viruses bearing the native
forms of HCV envelopes.

In this study, we developed a system to prepare VSV
pseudotypes expected to bear the native HCV envelope pro-
teins, E1E2, E1 or E2. That s, cells were transfected with the
native structural protein genes, and then infected with a recom-
binant VSV, VSVAG*G, containing the green fluorescent pro-
tein (GFP) gene as a reporter instead of VSV G {18]. Unlike
previous reports [15-17], we could detect pseudotype virus
activities after transfection of not only the native structural
protein gene C-E1-E2, but also the unmodified E1 or E2 gene.
These pseudotype virus-like activities were not neutralized
by any sera from chronic hepatitis C patients, as previously
reported using pseudotypes with chimeric HCV envelopes
[17,19]. These infectious activities were inhibited by treat-
ment with bovine lactoferrin, as we reported using PCR for
detection of HCV infection [20,21]. Using these new VSV
pseudotypes, we further examined the mechanism involved
in HCV infection. That is, the infectivity of pseudotype viruses
was studied in various cell lines, and the effects of chemical
reagents on the infection were tested.

2. Materials and methods
2.1. Cells

293T is derived from the human embryonic kidney cell
line 293 and contains the SV40 large T-antigen [22]. The other
cell lines used in this study and their derivations are listed in
Table 3. BALL-1, C8166, C91/PL, Daudi, HEL, HL-60,
K562, Molt-4, MT-2, Raji, TALL-1, U937 and Wil2NS were
cultured in RPMI-1640 medium (Nissui, Tokyo, Japan)
supplemented with 10% fetal calf serum (FCS). 293T, A172,
HepG2, HOS and Huh7 were maintained in Dulbecco’s modi-
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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 PHSCHS8 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 ug/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 (pCXbsr/C), HCV E1 protein (pCXbst/E1),
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:

o sense primer, 5'-AAAAGCTCTATTGCCTCTTTTT-

TCTTTATC;

e antisense primer, 5'-GCAATTCACCCCAATGAATA-

AAAAGGCTAA.

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

o sense primer, 5'-TATGAAGTGCGCAACGTGTCCGG-

GGTGTAC;

» antisense primer, 5'-GATCCGGAGCAACTGCGA-

TACCACCAGGGC.

The ectodomain of the HCV E2 (aa 384-715) genomic
region was amplified by PCR using pCXbst/CE1E?2 as a tem-
plate and the following primers:

¢ 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 pPCAGGS/EITM and pCAGGS/
E2TM were isolated. pCAGGS/E1TM 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 E1 and E2

293T cells were seeded onto stide glasses and the next day
transfected with the expression plasmid vectors for HCV enve-
lope proteins using FuGENE6 (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 MADb to E2, Mo-12 [27], were used as follows.
The MAD 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 pCAGGS/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
structural 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
VSVAGH*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 HITACHI. Pellets
were suspended in 30 pl of sample buffer (1% SDS, 1%
2-mercaptomethanol, 50 mM Tris—HCI [pH 6.8], and 20%
glycerol). The samples were loaded onto 10% SDS-PAGE
gel. E1 proteins were detected using an anti-E1 mouse MAD,
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. HepG2 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. Trearment of the pseudotype viruses with chemicals

Pseudotype virus samples expected to bear El, 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 ul of heparitinase (Sigma) for 1 hr, 50 pl 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 El or E2, and
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Table 1
Detection of HCV envelope proteins by indirect immunofluorescence

Positively stained cells (%)"

Transfected plasmids antj-El anti-E2
GO 2 N o B )
pCXbsr 0 0 0 0
pCXbsr/CEIE2 0 30 0 30
pCXbst/EL 0 40 0 0
pCXbsi/E2 0 0 0 40
pCXbst/El and pCXbsi/E2 0 40 0 30
pCXbst/El, pCXbst/E2 and 0 20 0 30
pCXbst/C
pCXbst/EITM 40 40 0 0
pCXbst/E2TM 0 0 50 50

pCXbst/E1TM and pCXbsr/E2TM 30 30 40 40

2 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.

b293T cells were transfected with the indicated plasmid DNA and culti-
vated for 2 days. The cells were fixed with 4% paraformaldehyde and per-
meabilized (4), or not (), with Triton X-100, before immunofluorescence.

the transmembrane domain of VSV G have been used [15-17].
We also made pCXbst/EITM and pCXbsI/E2TM encoding
the ectodomains of E and E2, respectively, joined to the sig-
nal sequence, transmembrane and cytoplasmic tail of VSV G
protein. In addition, we made plasmid vectors, pCXbst/

CE1E2 coding for the entire HCV structural protein, -

pCXbsr/C, pCXbst/El and pCXbsit/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
ELlTM 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, VSVAGH* pseudotype virus samples were analyzed by
Western blotting (Fig. 2a). E1 was detected as a broad band
in a MW range of 3040 kDa, as previously reported [31,32].
E1 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. El 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*EL + 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) pCXbsr/CELE2
VSVAG*(EI) pCXbsi/El
VSVAG*(E2) pCXbst/E2

VSVAG*(EI] + E2)
VSVAG*(C +El +E2)
VSVAG*(EITM)
VSVAG*(E2TM)
VSVAG*(EITM + E2TM)
VSVAG*®

pCXbsr/El and pCXbsr/E2

pCXbsr/E1, pCXbsr/E2 and pCXbst/C

pCXbst/EITM

pCXbst/E2TM

pCXbsti/E1TM and pCXbst/E2TM
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 supernatants and
the cells were harvested on the following day to prepare pseudotype sam-
ples, and stocked at -80 °C after sonication.

®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 HepG2 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*(E]),
VSVAG*(E2), VSVAG*(EL + E2), VSVAG*(C + E1 + 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*(ELTM +
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 HepG2 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 E1
[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
PHSCHS 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
1 (HTLV-D)-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 + E1 +E2) and VSVAG*(EITM + E2TM) were
nearly as infectious as VSVAG*(HCV). Onto non-hepatic
cells such as 293T, HBMEC or MT-2, VSVAG*(HCV) plated

Pseudotype virus®

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

HepG2 Hepatoblastoma 53,000 1 34x%10® 280
Huh7 Hepatoma 25,000 0.47 12x%10° 1200
PH5CHS Liver 4700 0.09 2.8x 10° <10
293T Embryonal kidney 50,000 0.94 6.8 x 10* 300
HUK-1 Kidney 800 0.02 7.2 % 100 40
Al72 Glioma 19,000 0.36 1.3 x 10® 80
NP2 Glioma 15,000 0.28 2.6 x 10° <10
U251 Glioma 2200 0.04 1.1 x 107 <10
U8TMG Glioblastoma 1100 0.02 9.8 x 107 120
HBMEC Brain microvascular endothelial cell 3600 0.07 3.1 x 10% 100
HBP Brain pericyte 520 0.01 2.8x 107 60
HOS Osteosarcoma 1500 0.03 1.0 x 107 20
Molt-4 T-cell acute lymphocytic leukemia <10 12x10° <10
TALL-1 T-cell acute lymphocytic leukemia 40 32108 <10
C8166 HTLV-1 (+) T cells <10 8.0 x 108 <10
CS1/PL HTLV-1 (+) T cells <10 20x 108 100
MT-2 HTLV-1 (+) T cells 260 0.005 8.0x 10% <10
BALL-1 B-cell acute lymphocytic leukemia <10 1.7x 108 <10
Daudi Burkitt’s lymphoma <l0 42x 108 <10
Raji Burkitt’s lymphoma <10 3.6 x 10® <10
Wil2NS Plasmacytoma 20 5.2 x 10% <10
HEL Erythroleukemia 240 0.005 1.4x10° <10
K562 Chronic myelogenous leukemia 40 2.8 x 10 20
HL-60 Acute promyelocytic leukemia <10 42 %107 20
U937 Histiocytic leukemia <10 6.1 x 10° <10

2 Psendotype virus samples described in Table 2 were diluted and inoculated onto the indicated cells.
b 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
Pseudotype virus® 1U/ml Relative infectivity
HepG2 HepG2 Huh7 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.

*pseudotype virus samples described in Table 2 were diluted and inoculated onto the indicated cells.
b 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*(E1TM + E2TM): these two latter pseudotypes were
prepared with E1 and E2 expressed in trans.

3.6. Effect of sulfuted 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 HepG2 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*(HCV) 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 sutfated 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 TU of VSVAG*(HCV) or VSVAG*G. (b) Effect of sulfated poly-
saccharides on the infectivity of VSVAG*(HCV). Two hundred TU 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.
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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 plating 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] reported that HCV-like particle



