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FIG. 3. Effect of mutations introduced into the NS3A C terminus on the production of infectious HCV particles. (A) Intracellular levels of core

protein measured at various time points after transfection. A total of 3 x 10° Huh-7 cells were transfected with 10 g of in vitro-transcribed HCV
RNAs specified in the inset and resuspended in 10 ml of culture medium, after which 2-ml aliquots were seeded into each well of a six-well culture
plate. The cells were harvested at different time points between 4 h and 96 h posttransfection, and then 500 pl of cell lysate per well was prepared.
After centrifugation, supernatants were processed for a core protein-specific ELISA. (B) Release of core protein from cells transfected with the
HCV genomes specified in the inset. Cell culture supernatants harvested from cells given in panel A were analyzed by a core protein ELISA.
{C) Efficiency of core protein release from cells transfected with the HCV genomes specified in the inset. The percent core protein release (vertical
axis) indicates the percentage of released core protein in relation to total core protein (the sum of intra- and extracellular core protein) calculated
for each time point. (D) Infectivity of virus particles contained in supernatants and cells after transfection with mutants specified below the graph.
Culture supernatants and cells were harvested 72 h posttransfection, and extracellular (white bars) and intracellular infectivity (gray bars) levels
were determined by TCIDy, assay. The gray line and arrowhead represent the detection limit of the limiting dilution assay. Mean values and

standard deviations for at least tniplicates are shown in all panels.

the transfectant with the triple glutamic acid substitution, CL3B/
SE, showed similar trends to that of CL3B/SA. In the coimmu-
noprecipitation experiments with FLAG-tagged core protein and
HA-tagged NS5A constructs (Fig. 6C), S24282430E, but not
$2428/2430A, restored the ability of NS5A to interact with the
core protein up to a similar level to that of wild type. As expected,
neither CL3B/SE nor CL3B/SA coimmunoprecipitated with the
core protein. Taken together, these results indicate that negative
charges at aa 2428 and 2430 preserve the ability of NS3A to
interact with the core protein and positively regulate virus pro-
duction. However, the data of the CL3B/SE mutant indicate that
it is likely that negative charges alone are not sufficient to enhance
either the interaction of NS5A with the core protein or virus
production.

Subcellular localization of NS5A and core protein in Huh-7
cells expressing HCV genomes. The coimmunoprecipitation
experiments described above indicate that the wild-type NS5A
but not the CL3B/SA mutant interacts with the core protein.
To evaluate the NS5A-core protein interaction in intact cells,
we examined the subcellular localization of NS5A with the core
protein by immunofluorescence analysis. NS5A colocalized with
the core protein in cells transfected with the JFH-1 wild type (Fig.
7A), whereas their colocalization was rarely observed in cells
transfected with the CL3B/SA RNA (Fig. 7B).

To further analyze the subcellular compartments for the
localization of NS5A and core protein in cytoplasmic mem-
brane structures, including the endoplasmic reticulum (ER)
and LDs, we performed subcellular fractionation studies as
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FIG. 4. aa 2428, 2430, and 2433 are essential for the interaction between NS3A and the core protein. (A) Effect of mutations at the NS5A C
terminus on the interaction of NSSA with the core protein. N-terminally FLAG-tagged core protein and N-terminally HA-tagged NS5A carrying
defined mutations were coexpressed in Huh-7 cells and immunoprecipitated with anti-FLAG antibody. The resulting precipitates were examined
by immunoblotting using anti-HA or FLAG antibody. One-tenth of the cell lysates used in IP is shown as the 10% input. (B) Interaction between
NS5A and the core protein in HCV-replicating cells. Huh-7 cells were lysed 72 h after transfection of the in vitro transcript of the HCV genome
(wild type or CL3B/SA) and were immunoprecipitated with anti-NS5A antibody or anti-C/EBPB antibody as a ncgative control. The resulting
precipitates were examined by immunoblotting using anti-core protein, NSSA, or C/EBPB antibody. One-tenth of cell lysates used in IP was
immunoblotted with anti-core protein antibody (10% input). Cell culture supernatants harvested from transfected cells were analyzed by a core

protein ELISA in parallel. IB, immunoblotting.

described in Materials and Methods. The iodixanol gradient
was collected from the top to the bottom into 12 fractions
(fractions 1 to 12). As shown in Fig. 7C, an ER marker, cal-
nexin, was found in fractions 7 to 12 and was localized primar-
ily in fractions 11 and 12. In contrast, ADRP, a cellular marker
for LDs, was mainly observed in fractions 4 to 7. These two
markers were equally distributed among cells analyzed (data
not shown). The distribution of the wild-type NS5A was found
in fractions 4 to 7, which was parallel to the fractionation
profile of ADRP. The CL3B/SA-mutated NS5A was more
broadly distributed and was also observed in heavier fractions
than the wild-type NS5A, which was analogous to distribution
of NS5A expressed in JFH1/4-1 cells bearing subgenomic rep-
licons. The core protein in cells expressing the JFH-1 wild type,
the CL3B/SA mutant, and in Huh/c-p7 cells that express JFH-1
structural proteins was distributed in a similar fashion, indicat-
ing that the distribution of core protein is not affected by NS5A
mutation. The fractionation profile of the core protein, with a
peak in fraction 4 or 5, was similar to that of the wild-type

NS5A or ADRP but not to that of the CL3B/SA-mutated
NS5A or calnexin, suggesting that core protein interacts with
the wild-type NS5A in LD fractions, which is consistent with
previous reports (33, 44, 45),

NS5A-core protein interaction is important for association
of the core protein with the viral genomic RNA. To further
address our hypothesis regarding involvement of NS5A in re-
cruiting viral RNA to nucleocapsid formation, we analyzed the
association of the core protein with HCV RNA in wild-type- or
CL3B/SA-expressing cells by IP-RT-PCR (Fig. 8). Both cell
lysates were immunoprecipitated with an anti-core protein an-
tibody or a negative control, mouse 1gG. Total RNA prepared
from each immunoprecipitate was subjected to RT-PCR in
order to detect HCV RNA. The amounts of immunoprecipi-
tated core protein (Fig. 8, lower panel) as well as the expres-
sion of HCV RNA (Fig. 8, upper panels, Input) were compa-
rable in both cells. In cells expressing the wild-type JFH-1
genome, the viral RNAs covering the 5’ terminal 2.2-kb as well
as the 3" terminal 2.2-kb regions were detected in immunopre-
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FIG. 5. Determination of critical amino acids responsible for virus production and the interaction of NSSA with the core protein. (A and B)
Effect of single or double serine-to-alanine substitutions on virus production. After transfection of in vitro transcripts of the HCV genomes
specified in the inset into Huh-7 cells, the cells and culture supernatants were harvested at the time points given, and the amounts of the core
protein were determined by core protein-specific ELISA. Percent core protein release (vertical axis) indicates the percentage of released core
protein in relation to total core protein (the sum of intra- and extracellular core protein) calculated for each time point. Mean values and standard
deviations for at least triplicate experiments are shown. (C and D) Effect of single or double serine-to-alanine substitutions on the interaction
between NSSA and the core protein. N-terminally FLAG-tagged core protein and N-terminally HA-tagged NS3SA carrying defined mutations were
coexpressed in Huh-7 cells and immunoprecipitated with anti-FLAG antibody. The resulting precipitates were examined by immunoblotting using

anti-HA or FLAG antibody, One-tenth of the cell lysates used in IP is shown as the 10% input. IB, immunoblotting.

cipitates obtained with the anti-core protein antibody but not
with the mouse IgG. In contrast, in cells expressing the
CL3B/SA genome, HCV RNA was not detected in the immu-
noprecipitates with cither antibody. These results demonstrate
that HCV RNA associates with the core protein in cells where
NS5A interacts with core protein (JFH-1 wild type) but not in
cells where their interaction is impaired (CL3B/SA).

DISCUSSION

In the present study, we demonstrated the involvement of
NS5A in the production of HCV particles via the interaction of
NS5A with the core protein and identified its C-terminal serine
cluster 3-B (aa 2428, 2430, and 2433), which is implicated in
basal phosphorylation, as a key element for the interaction of
NSSA with the core protein and for infectious virus produc-
tion. Serine-to-alanine substitutions at the cluster, which have
no impact on viral RNA replication, inhibit the interaction
between NS5A and the core protein, thereby indicating that
there is a connection between NS5A-core protein association
and virus production. Finally, CL3B mutation leads to impair-

ment of the association of the core protein with HCV RNA
and, therefore, possibly RNA encapsidation.

Several reports have indicated that viral NS proteins are
involved in the virion assembly of Flaviviridae viruses (25, 29,
30, 33). For instance, mutations in yellow fever virus NS2A
block production of infectious virus, and this perturbation can
be released by a suppressor mutation in NS3 (25), while the
hydrophobic residues of Kunjin virus NS2A required for virus
assembly have been mapped (26). Mivanari et al. have shown
that HCV core protein recruits NS proteins to the LD-associ-
ated membranes and that the NS proteins around the LDs
participate in the assembly of infectious viral particles (33).
Furthermore, during preparation of the current article, two
studies regarding participation of NS5A in the assembly of
HCV particles were published. Appel et al. have demonstrated
the essential role of domain III of NS5A in the formation of
infectious particles, and deletions in this domain that disrupt
colocalization of NS5A and the core protein abrogate virion
production (2). Tellinghuisen et al. identified a serine residue
in domain 111 as a key determinant for viral particle production
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FIG. 6. Effect of glutamic acid substitutions for phosphoserines at aa 2428, 2430, and 2433 on virus production and the interaction of NS5A
with the core protein. (A) Alanine or glutamic acid substitutions for serine residues at aa 2428, 2430, and 2433, The numbers indicate amino acid
positions within the polyprotein of the JFH-1 isolate. The names shown on the left represent full-length HCV or N-terminally HA-tagged NS5A
constructs used in this experiment. Amino acid substitutions are marked in bold and underlined. C represents the C terminus. (B) Effect of alanine
or glutamic acid substitutions on virus production. After transfection of in vitro transcripts of the HCV genomes specified in the inset into Huh-7
cells, the cells and the culture supernatants were harvested at the time points given, and the amounts of core protein were determined by core
protein-specific ELISA. Percent core protein release (vertical axis) indicates the percentage of released core protein in relation to total core protein
(the sum of intra- and extracellular core protein) calculated for each time point, Mean values and standard deviations for at least triplicate
experiments are shown. (C) Effect of alanine or glutamic acid substitutions on the interaction between NS5A and the core protein. N-terminally
FLAG-tagged core protein and N-terminally HA-tagged NSSA carrying defined mutations were coexpressed in Huh-7 cells and immunoprecipi-
tated with anti-FLAG antibody. The resulting precipitates were ¢ 1 by i sblotting (IB) using anti-HA or FLAG antibody. One-tenth
of the cell lysates used in IP is as shown as the 10% input.
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FIG. 7. Subcellular localization of NS5A and the core protein in HCV-replicating cells. Huh-7 cells were transfected with the in vitro transcript
of the HCV genome, wild type (A) or CL3B/SA (B). Seventy-two hours after transfection, the cells were fixed with 4% pamformaldehyde,

permeabilized with 0.3% Triton X-100, and double stained with antibodies
with an Alexa Fluor 488- or Alexa Fluor 555-conjugated antibody. High-m.

against the core protein (green) and NSSA (red), followed by staining
agnification panels are enlarged images of white squares in the merge

panels. (C) HCV (wild type or CL3B/SA)-replicating cells, JFH1/4-1 cells harboring a subgenomic replicon of JFH-1, or Huh/c-p7 cells stably

expressing JFH-1 structural proteins were lysed by freeze-thawing, and th
distributions of NS5A, calnexin (ER marker), and ADRP (LD marker) we
examined by core protein-specific ELISA.

(50). However, the mechanism by which NS proteins partici-
pate in virus assembly or the role of the interaction between
structural and NS proteins in virus life cycles has not been fully
elucidated. Here, we have clearly demonstrated that HCV
NS5A interacts with the core protein in coimmunoprecipita-
tion experiments not only with coexpression of each epitope-
tagged protein but also with cells expressing the viral genome;
and by using immunofluorescence and subcellular fraction-
ation analysis, we have confirmed that mutations in CL3B
abolish colocalization of NS5A and the core protein, pre-
sumably around LDs. In addition, the intracellular infectiv-
ity assay and IP-RT-PCR strongly suggest that impairment of
the NS5A-core prolein interaction results in disruption of virus
production at an early stage of virion assembly. On the basis of
the present results and findings in accompanying articles, one
may infer the following events: newly synthesized HCV RNAs
bound to NS5A are released from the replication complex-
containing membrane compartment and can be captured by
the core protein via interaction with domain III of NS5A at the
surface of LDs or LD-associated membranes. Consequently,
the viral RNAs are encapsidated, and virion assembly proceeds
in the local environment. Recruitment of newly synthesized
viral RNAs 10 the core protein could be important for efficient
nucleocapsid formation in cells, where concentrations of the
viral genome and the structural proteins are typically low, and
may contribute to the selection of the viral genome to be

e cell lysates were fractionated on 5 to 25% iodixanol gradients. The
re determined by immunoblotting, and those of the core protein were

packaged. Interaction between NS5A and the core protein has
been previously reported, and the NS5A region containing an
interferon sensitivity determining region and the PKR-binding
sequence (aa 2212 to 2330) has been mapped to that required
for binding with core protein by yeast two-hybrid and in vitro
pull-down assays (13). However, involvement of domain I11 in
the NS5A-core protein interaction was not analyzed in detail,
and a role for the NS5A-core protein interaction in the HCV
life cycle was not examined in that study.

A growing body of evidence points to phosphorylation of
NS5A as being important in controlling HCV RNA replica-
tion. Although the degree and the requirement for its hyper-
phosphorylation diverge between different HCV isolates, mu-
tations that are associated with increased replicative fitness of
HCV replicons frequently lead to a reduced level of NSSA
hyperphosphaorylation (1, 5, 36). Inhibitors of sering/threonine
protein kinases that block NS5A hyperphosphorylation facili-
tate replication of a non-culture-adapted replicon (3, 36). One
model that has been proposed suggests that NS5A hyperphos-
phorylation negatively regulates HCV RNA replication by
disrupting the interaction between NS5A and the vesicle-asso-
ciated membrane protein-associated protein subtype A, a cel-
lular factor considered necessary for efficient RNA replication
(5). However, the regulatory role of the basal phosphorylation
of NS5A in the viral life cycle is poorly understood. It has been
reported that the C-terminal region of NS5A (aa 2350 to 2419)
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FIG. & IP-RT-PCR of HCV-replicating cells performed to examine the association between the core protein and the HCV genome RNA.
Huh-7 cells were transfected with the in vitro transcript of the HCV genome (wild type or CL3B/SA) and lysed in 500 pl of hypotonic buffer at
72 h posttransfection. After IP with an anti-core protein antibody or mouse IgG, immunoprecipitates were eluted in 100 wl of elution buffer. RNAs
in immunocomplexes were isolated by acid guanidinium thiocyanate-phenol-chloroform extraction. PCR was carried out as described in Materials
and Methods with primer sets amplifying the fragments of nt 129 to 2367 and nt 7267 to 9463 of the JFH-1 genome. One-tenth (10 pl) of each
cluted immunoprecipitate was used for assays of the core protein amounts to ensure 1P efficiency (lower pancl). RNA extracted from a small

aliquot of each cell lysate used in IP-RT-PCR is shown as the input.

is involved in basal phosphorylation (23). There are highly
conserved serine residues in this region, and alanine substitu-
tions or in-frame deletion of the serine residues has been
shown to impair basal phosphorylation but not to affect RNA
replication in the genotype 1b isolate (1). Consistently, a met-
abolic **P labeling experiment in the present study demon-
strated that NS5A mutants of the JFH-1 isolate in the region
impair the basal phosphorylation. Nevertheless, Tellinghuisen
¢t al. noted that the serine at aa 2433 of JFH-1 is involved in
generating hyperphosphorylated NS5A, as shown by Western
blotting (50). The basis for this difference is uncertain. To date,
there is no clear evidence to determine which serine residues
located in domain III are phosphoacceptor sites or whether
these residues influence NS5A phosphorylation in an indirect
fashion. Future study to map phosphoacceptor sites in the
NS5A domain III by biochemical approaches is needed.

We found that two of the three serine residues at CL3B are
responsible for regulating the interaction of NSSA with the
core protein as well as for infectious virus production. To
further evaluate the effect of constitutive serine phosphoryla-
tion at the cluster, we replaced the serine residues with glu-

tamic acid, which mimics the presence of phosphoserines. The
$2428/2430E mutant led to restoration of the interaction of
NS5A with the core protein and virus production up to levels
similar to the wild type. Somewhat unexpectedly, the triple
glutamic acid substitution (CL3B/SE) exhibited only a slight
restoration effect or none at all. It is considered that the degree
of negative charge on the glutamic acid residue is not com-
pletely equivalent to that of phosphoserine. It is likely that the
range of acidity at the local environment of the NS5A domain
[T that will allow interaction with the core protein is rather
narrow. Induction of a conformational change in NS5A by the
incorporation of phosphate may also be important for its in-
teraction with the core protein, Tellinghuisen et al. reported
that a single serine-to-alanine substitution at aa 2433 blocks
the production of infectious virus and that casein kinase II
likely phosphorylates the residue (50). Although this seems
inconsistent with our results, these investigators also showed
that deletions producing a lack of all three serine residues in
the cluster inhibited virus production more severely than a
single mutation. We observed that a single substitution of
§2428A, S2430A, or S2433A resulted in a moderate decrease
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in the virus released from the transfected cells; however, more
evident perturbation was obtained from double or triple sub-
stitutions (Fig. 5A and B). Tellinghuisen et al. determined the
HCV production at 48 h after RNA transfection and found a
marked inhibition by the single substitution S2433A. In our
study, as indicated in Fig. 5A, the reduction caused by the
$2433A mutant was approximately 90% at 48 h after transfec-
tion; however, the virus production from the mutant reached a
similar level to that of the wild type at 96 h posttransfection,

Several previous studies have found that apolipoproteins B
(apoB) and E (apoE), microsomal triglyceride transfer protein,
and HCV p7 protein are key factors for production of the
infectious HCV particles (4, 11, 16, 22, 47). Assembly and
maturation of the viral particles appear to depend on the
formation of very-low-density lipoprotein, a large particle con-
taining apoB, apoE, and large amounts of neutral lipids in
hepatic cells. p7 protein is primarily involved in a late step of
virus particle production, and the findings support the idea that
p7 acts as viroporin, which has the capacity to compromise cell
membrane integrity and thus favors the release of viral prog-
eny. How the early step in virion production regulated by the
NS5A-core protein interaction links with the later step(s) in-
volved in the very-low-density lipoprotein assembly or p7 func-
tion remains an interesting question to be addressed. 1

In summary, we demonstrated that the C-terminal serine
cluster of NS5A (aa 2428, 2430, and 2433), which is involved in
generating the basal phosphorylated form, is a determinant of
NS5A interaction with the core protein and the subcellular
localization of NS5A. Mutation of this cluster blocks the
NS5A-core protein interaction, resulting in perturbation of
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A trans-packaging system for hepatitis C virus (HCV) subgenomic replicon RNAs was developed. HCV sub-
genomic replicon was efficiently encapsidated by the HCV structural proteins that were stably expressed
in trans under the control of a mammalian promoter. Infectious HCV-like particles (HCV-LPs), established

a single-round infection, were produced and released into culture medium in titers of up to 10” focus
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forming units/ml Expression of NS2 protein with structural proteins (core, E1, E2, and p7) was shown
to be critical for the infectivity of HCV-LPs. Anti-CD81 treatment decreased the number of infected cells,
suggesting that HCV-LPs infected cells in a CD81-dependent manner. The packaging cell line should be
useful both for the production of single-round infectious HCV-LPs to elucidate the mechanisms of HCV
assembly, particle formation and Infection to host cells, and for the development of HOV replicon-based

© 2008 Elsevier Inc, All rights reserved.

Hepatitis C virus (HCV) is a positive-strand RNA virus that be-
longs to the Hepacivirus genus in the Flaviviridae family. The HCV
genome comprises about 9600 nucleotides that encode a single
polyprotein of around 3000 amino acids [1-3], which is processed
by cellular and viral encoded proteases into at least 10 different
structural and nonstructural proteins |4-6]. The JFH-1 strain of
HCV, classified as genotype 2a strain, is the first HCV strain that
can produce HCV particles in Huh7 cells [7.8). The synthesis of
HCV-like particles (HCV-LPs) using a recombinant baculovirus con-
taining the cDNA of HCV structural proteins has been reported [9].
HCV-LP production by mammalian expression systems using vesic-
ular stomatitis virus [10] and semliki forest virus [11] were also re-
ported although the amount of VLP production is not as high as
that of baculovirus system.

Subgenomic replicon system is a useful tool as gene expression
vectors and is desirable for the development of vaccines. In the
case of flaviviruses, several systems have been described for pack-
aging favivirus replicons, including Kunjin virus replicons [12-14],
yellow fever virus replicons [15], tick-borne encephalitis virus rep-
licons [16], and West Nile virus replicons [17,18]. In some cases,
these packaging systems have utilized cell lines expressing the fla-
vivirus structural proteins under the control of eukaryotic promot-
ers [16,19]. These virus-like particle (VLP)-generating systems
have been useful for packaging viral genomes encoding various for-

* Corresponding author. Fax: +81 3 5285 1161.
E-mail address: kishii®nihgo.jp (K. Ishii)

0006-291X/5 - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc. 2008.04.110

eign genes | 14.15,20,18], the study of virus tropism and various as-
pects of viral assembly and entry [17].

Subgenomic replicons of JFH-1 replicate efficiently in Huh7 cells
and do not require cell culture-adaptive mutations [21]. The con-
struction of a system to package HCV replicon into HCV-LPs would
not only be useful to investigate as-yet unclear steps of HCV life cy-
cles such as genome packaging and virion assembly but also offers
the possibilities of a new approach for vaccine development. In this
study, we constructed subgenomic replicon cell lines constitutively
expressing JFH-1 structural proteins under the control of elonga-
tion factor-1x« (EF) promoter, and found stable expression of struc-
tural proteins and release of HCV-LPs from the cell line. A sucrose
density gradient centrifugation of the culture medium resulted in
partial purification of the HCV-LPs. Infectivity of HCV-LPs produced
by this system was confirmed by colony formation assay and
immunofluorescence analysis. Anti-CD81 antibody treatment de-
creased the infectivity of HCV-LPs, suggesting that VLPs infected
to cells in CD81-dependent fashion. This is the first report that
HCV structural proteins of HCV can trans-package its subgenomic
replicon. The system described here should be useful to elucidate
the mechanisms of HCV assembly, particle formation, and infection
to host cells.

Materials and methods

Plasmid construction. Core to p7 coding region of JFH-1 was
amplified using pJFH-1 [21] as a template and sense primer
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5 -GAGAATTCGTAGACCGTGCACCATG-3' and antisense primer 5'-
AAGAATTCTTAGGCATAAGCCTGCCGGGGCA-3'. Core to NS2 coding
region of JFH-1 was amplified using pJFH-1 as a template and sense
primer 5-GAGAATTCGTAGACCGTGCACCATG-3' and antisense pri-
mer 5'-AAGAATTCTTAAAGGAGCTTCCACCCCTTGG-3. Amplified
fragments were inserted into EcoRl site of pEF4 (Invitrogen) to gen-
erate pEFJFH/c-p7 and pEFJFHc-NS2, respectively.

Establishment of cell lines capable of packaging JFH-1 replicon RNA
into VLPs. Huh7 cells were transfected using Lipofectamine (Invit-
rogen) with either pEFJFH/c-p7 or pEFJFHc-N52 and were cultured
with 0.2 mg/ml of zeocin (Invitrogen). Zeocin-resistant colonies
were collected 3 weeks after transfection, The cell lines, Huh/c-
p7 and Huh/c-NS2 (expressing pEFJFH/c-p7 and pEFJFHc-NS2,
respectively) were then electroporated with 1 pg of JFH-1 subge-
nomic replicon (SGR-JFH1) RNA and were cultured with
0.375 mg/ml of G418 (Nacalai Tesque). Expression of core, E2 and
NS5A was confirmed by Western blotting using anti-HCV core
and anti-HCV E2 monoclonal antibodies [22] and anti-HCV NS5A
polyclonal antibody [23). The total RNA of culture media for each
cell line (Huh/c-p7/SGR and Huh/p-NS2/SGR) was extracted using
the QlAampViral RNA Mini spin column (Qiagen). Real-time RT-
PCR was performed using TagMan EZ RT-PCR Core Reagents (PE
Applied Biosystems), as described previously |24,25]. The HCV core
antigen in the culture media was measured by immunoassay
(Ortho HCV-Core ELISA Kit; Ortho-Clinical Diagnotics), following
the manufacturer’s instructions. Culture medium was centrifuged
at 8000g for 30 min to remove all cellular debris, after which the
supernatant was concentrated to 1 mi by centrifugation using Ami-
con Ultracel 100k (Amicon), The concentrated medium was then
layered on top of a continuous 10-60% (wt/vol) sucrose gradient
in phosphate buffered saline (PBS) and then centrifuged at
40,000 rpm at 4T for 16 h (SW41E rotor, Beckman), Fractions
(1 ml each) were collected from the top of the tube (12 fractions
in total) and the density for each fraction was determined. The con-
centrations of replicon RNAs and core proteins of each fraction
were measured as described above.

Infectivity of HCV-LPs. To determine whether these cell lines pro-
duced infectious HCV-LPs, we performed a colony formation assay
using neomycin-resistant gene of SGR-JFH1 RNA. Naive Huh7 cells
were infected with pooled fractions of 1,12-1.20 g/ml of both cell
lines and were cultured for 3 weeks with G418 at 0.375 mg/ml.
Formed colonies were stained with crystal violet and counted.

We also performed an immunofluorescence study in order to
analyze the infectivity of the HCV-LPs. Following 3 days of incuba-
tion, the cells were fixed and immunostained for NS5A with
anti-NS5A rabbit polyclonal antibody as described previously
(Murakami et al., in press). Ffu (focus forming units) was calculated
essentially based on the method as described previously [7.26].
Virus titration was performed by seeding Huh-7 cells in 96-well
plates at 1 » 10° cells/well. Samples were serially diluted 5-fold
in complete growth medium and used to infect the seeded cells
(six wells per dilution). Nuclei were labeled with 4'.6-diamidino-
2-phenylindole (DAPI).

Results

Establishment of cell lines capable of packaging JFH-1 replicon RNA
into VLPs

Stable cell lines expressing JFH-1 structural proteins were gen-
erated by transfecting with either pEFJFH/c-p7 or pEFJFHc-NS2.
Zeocin-resistant colonies were collected 3 weeks after transfection
and the expression of JFH-1 structural proteins was confirmed by
Western blotting using anti-HCV core and anti-HCV E2 monoclonal
antibodies [22] (Fig. 1A, lanes 1 and 2). The cell lines, Huhfc-p7 and
Huh/c-N52 (expressing pEFJFH/c-p7 and pEFJFHc-NS2, respec-
tively) were then electroporated with 1 ug of SGR-JFH1 RNA. Six
G418-resistant colonies were selected 3 weeks after electropora-
tion and were termed Huhfc-p7/SGR (1-6) and Huh/c-NS2/SGR
(1-6) cells. Expression of core, E2 and NS5A of Huh/c-p7/SGR-1,
and Huhfc-NS2/SGR-3 was confirmed by Western blotting
(Fig. 1A, lanes 3 and 4).

To investigate whether HCV-LPs were secreted from Huhfc-p7/
SGR and Huh/c-NS2/SGR cells, we analyzed the culture medium of
these cell lines 6 days postinfection. As shown in Fig. 1B, HCV rep-
licon RNA and core protein were secreted from both cell lines. Fifty
milliliters of culture medium from one Huh/c-NS2/SGR-1 and Huh/
¢-p7/SGR-3 cell line was concentrated, layered on top of a contin-
uous 10-60% (wt/vol) sucrose gradient in PBS and then centrifuged
at 40,000 rpm at 4T for 16 h. Fractions were collected from the top
of the tube and the concentrations of replicon RNAs and core pro-
teins of each fraction were measured. HCV RNA and core protein
were predominantly detected in the 1.15-1.20 g/mi fractions, with
a peak fraction of 1.16g/ml fraction (Fig. 2A). HCV-LPs were
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Fig 1. (A) Western blot analysis of established cell lines. Huhje-p7/SGR (1), Huh/c-NS2/SGR (2), Huh/c-p7/SGR-1 (3), and Huh/c-N52/5GR-3 (4) cells were analyzed using
anti-core, anti-E2, and anti-NS5A antibodies, respectively. Huh7 cells were used as a negative control, (B) Screening of G418-resistant cell lines. HCV replicon RNA and core
pratein of culture media of six colonies from Huh/c-p7/SGR or Huh/c-N52/SGR cells were measured by real-time RT-PCR and ELISA. respectively. Black bars represented the
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observed by electron microscopy and these resembled previously
reported particles (Fig. 2B)[27]. The secretion of HCV-LPs from
these cell lines was maintained at almost the same level for more
than 1 year (data not shown).

Infectivity of HCV-LPs

To determine whether these cell lines produced infectious HCV-
LPs, we performed a colony formation assay using neomycin-resis-
tant gene of SGR-JFH1 RNA. If HCV-LPs were infectious, SGR-JFH1
that was encapsidated in the particles would be introduced into in-
fected cells, thus would confer neomycin resistance to the cells. To
exclude the possibility that subgenomic replicon RNA in culture
medium was captured by inoculated cells, Huh7 cells were also
inoculated with concentrated culture medium of SGR-JFH1 cells.
As shown in Fig. 3A, Huh7 cells infected with the fraction of
Huh/c-N52/SGR cells formed visible colonies 10-14 days after
infection. Calculated colony forming units (cfu) of the culture med-
ium of Huh/c-NS2/SGR cells were in the order of
5.54 £2.92 = 10" cfu/ml similar to those of culture medium of
JFH-1-infected cells [28]. The cells inoculated with concentrated
medium of SGR-JFH1 cells formed no colonies (Fig. 3A). On the
other hand, cells infected with Huhfc-p7/SGR formed no colonies,
suggesting that NS2 protein was required for the infectivity of
HCV-LPs. Infectivity of HCV-LPs from other cell lines of Huh/c-
NS2/SGR, shown in Fig. 1, were also confirmed by colony formation
assay, whereas HCV-LPs from other cell lines of Huh/c-p7/SGR
showed no infectivity (data not shown).

In order to analyze the infectivity of the HCV-LPs, an immuno-
fluorescence study was also performed. Huh7 cells infected with
the Huh/c-NS2/SGR culture medium peak fraction (Fig. ZA) were
positive for NS5A at 72 h postinfection (Fig. 3B), whereas the cells
infected with the Huhfc-p7/SGR culture medium peak fraction
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were negative for NS5A (Fig. 3B), suggesting that the expression
of NS2 protein in infected cells was critical for the infectivity of
the HCV-LPs. The infectivity of the Huh/c-N52/SGR culture medium
was calculated to be 3.4+ 0.6 = 107 fiu/ml. The Cfu of this culture
medium was determined to be approximately 16% of ffu, likely be-
cause only a portion of introduced replicon could render neomycin
resistance to the infected cells. The cells infected with JFH-1
showed spread of infection 72 h postinfection. On the other hand,
the cells infected with the Huh/c-NS2/SGR culture medium peak
fraction showed very limited or no spread of infection (Fig. 3B).
Moreover, no NS5A-paositive cells were observed when we inocu-
lated new Huh?7 cells with the concentrated culture medium from
Huh? cells that were infected the Huh/c-NS2/SGR culture medium
peak fraction (Fig. 3B, reinfection), suggesting that HCV-LPs pro-
duced by Huh/c-NS2/SGR cells supported only a single-round of
infection.

We also measured the infectivity of the 12 sucrose density gra-
dient fractions of the culture medium of Huh/c-N52/SGR cells. The
density of the peak of infectivity was lower than the peak densities
of the core protein and replicon RNA (Fig. 2A), however this result
agreed with a previous observation [29].

Neutralization of HCV-LPs infection by CD81-specific antibody

CD81 was shown to be involved in HCV entry. To determine
whether HCV-LPs formed in Huh/c-N52/SGR cells were infected
in a CDB1-dependent fashion, we incubated Huh7 cells with the
peak fractions of Huh/c-N52/SGR and Huh/c-p7/5GR cells in the
presence of 10 pg/ml of CD81 specific monoclonal antibody or non-
specific mouse antibody and cultured in the presence of 0.375 mg/
ml of G418. After 3 weeks postinfection, colonies were fixed and
the numbers of colonies were counted. CDB1-specific antibody re-
duced the number of colonies from 132.3 4323 to 13.04 11,5 flu/

Hub/c-NSZ/SGR
. RNA

0
LO2 1.051.08 111 L.14 L.17 1.2 L23
density (g/ml)

Fig. 2. (A} Sucrose density gradient analysis of culture supernatants of Huh/c-p7/SGR and Huhjc-NS2/SGR cells. Fifty milliliters of culture media collected from Huh/c-p7/SGR

or Huhfc-NS2/SGR cells was ¢ d to 1 ml and fracti

d by ultracentrifugation at 40,000 rpm for 16 h by continuous 10-60% (wi/vol) sucrose gradient in PES.

Fractions (1 ml each) were collected from the top of the tube (12 fractions in total) HOV replicon RNA and core protein were measured by real-time RT-PCR and ELISA. The
infectivity of each fraction of culture supernatant of Huhfc-NS2/5GR cells (right. lower panel) was determined by immunostaining of NS5A. (B) Electron microscopy analysis.
Samples were prepared from the 1.12-1.20 g/mi fractions of culture media collected from Huh/c-NS2/SGR cells. Bar: 50 nm.
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Huh/c-NS2/SGR
JFH1-infected

infection

re-infection

Hul/c-NS2SGR

449

Hub/c-p7/SGR

Huh/c-p7/SGR

Fig. 3. (A) G418-resistant colony formation. Naive Huh? cells were infected with 1.12-1.20 g/ml [ractions of either Huh/c-p7/SGR or Huh/c-NS2/5GR cells and were cultured
for 3 weeks with G418 at 0.375 mg/ml working concentration before staining with crystal violet. Experiments were performed in triplicate, and representative staining
examples are shown. (B) Immunostaining experiments. Samples were serially diluted 5-fold in complete growth medium and used to infect the seeded cells (six wells per
dilution}. Huh7 cells in 96-well plates infected with the peak fraction of culture medium. Three days postinfection, infected cells were fixed, permeabilized with 0.3% Triton X

100 in Block Ace (Yukijirushi) and stained with anti-NSSA rabbit polyclonal antibody and Alexad88-conjugated goat anti-rabbit IgG as described previously (Murakami et al.,
in press). NSSA protein was shown in green. Nuclei were labeled with DAPI and were shown in biue Re-infection shows the immunastaining of naive Huh7 cells infected with

either culture media of J[FH 1 -infected cells or that of Huh/c-NS2/SGR cells

ml (Fig. 4), confirming that the infection of HCV-LPs to target cells
is CD81-dependent and an important role of CD81 in HCV entry.

Discussion

Here we describe the development of cell lines selected to
persistently harbor noncytopathic subgenomic replicons of HCV
encoding neomycin resistant gene and the HCV core to NS2 cas-
sette. The HCV-LPs secreted by this cell line are not proliferative
and exhibit morphological, biophysical and antigenic properties
similar to those of the putative HCV virions |27]. Jeong et al
suggested that HCV-LP is a potent immunogen for the induction
of HCV-specific humoral and cellular immune responses by using

A

a-CDB1 MAD 10pug/ml  Conlrol MAb 10ug/ml

baboon as a primate model [30]. Recently, replicon-based vectors
of positive-stranded RNA viruses were recognized as a desirable
choice of highly efficient and safe vaccines. Recent comparative
analyses of vaccine potential of Kunjin virus replicons delivered
as plasmid DNA, as naked RNA, and as VLPs showed a signifi-
cantly better induction of immune responses to an encoded
immunogen after VLP delivery than with other delivery modali-
ties [31). These studies suggested that HCV-LPs encapsidating its
subgenomic replicon RNA are an attractive candidate for a hep-
atitis C vaccine. We are now constructing cell lines that secrete
HCV-LPs of genotype 1a and 1b strains with this trans-packaging
system and analyzing the HCV-LPs infectivity. We also showed
that the expression of NS2 region is essential for infectious

20M)
<115
150
Rl
E
50
UDRL  megetive contral

Fig. 4. Neutralization of HOV-LPs infection by CD81-specific antibody, Naive Huh7 cells were infected with peak fraction of either Huhjc-p? JSGR or Huhjc-NS2/SGR cells in
the presence of 10 sg/ml of CDB1 specific monoclonal antibody or nonspecific mouse antibody, then cultured 3 weeks with 0.375 mg/ml of G418 Colonies were stained with
crystal violet and colony numbers were counted. (A) Colony formation, Experiments were per formed in triplicate, and representative staining examples are shown. (B} Cfu of

culture media per 1 ml was calculated and means = SD was shown
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HCV-LPs production. NS2 is dispensable for RNA replication,
since subgenomic replicons that lack the entire core to N52 cod-
ing region replicate autonomously. The HCV N52/3 protein is a
highly hydrophobic protease responsible for the cleavage of the
viral polypeptide between nonstructural proteins NS2 and NS3.
However, many aspects of the N52/3 protease’s role in the viral
life cycle and mechanism of action remain unknown. By using
intergenotypic chimeras, Pietschmann et al. showed that NS2
plays an important role in the HCV morphogenesis by interacting
with other NS proteins during the process of virion assembly
[32). Jones et al. reported that NS2 was required for infectious
virus production and acts early in virion morphogenesis prior
to the accumulation of infectious intracellular virus and indi-
cated that the NS2 protease domain may form important inter-
actions with other NS proteins during the process of virion
assembly [33]. The results presented here also showed the
importance of NS2 protein expression for the production of
infectious particles, coincided with these previous observations.
The mechanism NS2 plays in the process of virion morphogene-
sis Is still unclear and remains to be determined.

In summary, we have generated a stable packaging cell line
allowing production of large amounts of HCV-LPs in which the sub-
genomic replicon was encapsidated. The packaging cell line proved
to be useful both for the production of HCV-LPs and for the encaps-
idation of HCV replicons for a single-round of infection.
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In this study, we establish that cholesterol and sphingolipid associated with hepatitis C virus (HCV)
particles are important for virion maturation and infectivity. In a recently developed culture system enabling
study of the complete life cycle of HCV, mature virions were enriched with cholesterol as assessed by the molar
ratio of cholesterol to phospholipid in virion and cell membranes. Depletion of cholesterol from the virus or
hydrolysis of virion-associated sphingomyelin almost completely abolished HCV infectivity. Supplementation
of cholesterol-depleted virus with exogenous cholesterol enhanced infectivity to a level equivalent to that of the
untreated control. Cholesterol-depleted or sphingomyelin-hydrolyzed virus had markedly defective internal-
ization, but no influence on cell attachment was observed. Significant portions of HCV structural proteins
partitioned into cellular detergent-resistant, lipid-raft-like membranes. Combined with the observation that
inhibitors of the sphingolipid biosynthetic pathway block virion production, but not RNA accumulation, in a
JFH-1 isolate, our findings suggest that alteration of the lipid composition of HCV particles might be a useful

approach in the design of anti-HCV therapy.

Hepatitis C virus (HCV) is recognized as a major cause of
chronic liver disease, including chronic hepatitis, hepatic ste-
atosis, cirrhosis, and hepatocellular carcinoma. It presently
affects approximately 200 million people worldwide (26). HCV
is an enveloped positive-strand RNA virus belonging to the
Hepacivirus genus of the family Flaviviridae. Its genome of
~9.6 kb encodes a polyprotein precursor of ~3,000 residues,
and the structural proteins (core, El, and E2) reside in its
N-terminal region.

Little is known about the assembly of HCV and its virion
structure, because efficient production of authentic HCV par-
ticles has only recently been achieved. Nucleocapsid assembly
generally involves oligomerization of the capsid protein and
encapsidation of genomic RNA. This process is thought to
ocecur upon interaction of the core protein with viral RNA, and
this core-RNA interaction may induce a change from RNA
replication to packaging. As with related viruses, the mature
HCV virion likely consists of a nucleocapsid and an outer
envelope composed of a lipid membrane and envelope pro-
teins. Expression of the structural proteins in mammalian cells
has been observed to generate virus-like particles with ultra-
structural properties similar to those of HCV virions (35, 29).
Packaging of these HCV-like particles into intracellular vesi-
cles as a result of budding from the endoplasmic reticulum
(ER) has also been observed (8, 34). However, HCV structural
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proteins are observed both in the ER and in the Golgi appa-
ratus (45). Moreover, complex N-linked glycans have been
detected on the surfaces of HCV particles isolated from pa-
tient sera, suggesting that the glycans transit through the Golgi
apparatus (44). Interactions between the core and E1/E2 pro-
teins are thought to determine viral morphology and are me-
diated through a cytoplasmic loop present in the polytopic
form of E1 (35). Recently, we and others have identified a
unique HCV genotype 2a isolate, JFH-1, that is able to repli-
cate and produce high levels of infectious virus in culture
(HCVce) (54, 56), enabling us to investigate new aspects of the
HCYV life cycle.

In this study, we examine the importance of cholesterol and
sphingolipid in association with the HCV membrane in virion
maturation and virus infectivity. Mature HCV particles are
rich in cholesterol. Cholesterol depletion or hydrolysis of
sphingolipid from HCV particles results in a loss of infectivity.
We further demonstrate a requirement for virion-associated
cholesterol and sphingolipid for viral entry.

MATERIALS AND METHODS

Cell culture. The human hepatoma cell line Huh-7, which is permissive to
HCV infection. was obtained from Francis V. Chisari (The Scripps Research
Institute), Human embryonic kidney 293T cells were cultured in Dulbecco’s
modified Eagle medium (DMEM)-10% fetal bovine serum. Hub-7 cell lines,
which carry subgenmmt replicon RNA of either the JFH-1 (20) or the N (11, 17)
strain, were ¢ i as previously described (21, 46).

Rﬂgum. The pnmary amibodles used in ll'ns study were mouse monocional

dies agains! vesi itis virus glycog in (VSV-G) (Sigma, St
Louis, MO), HCV E1 (54) and E2 {Bmd:slgn International, Saco, ME]), caveo-
lin-2 (New England Biolabs, Beverly, MA), and CD81 (BD Pharmingen, Fran-
klin Lakes. NJ), as well as rabbit polyclonal antibodies against in (Stress-
gen, Ann Arbor, M) and HCV core (48). ISP-Limyriocin, cholesterol, and
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heparinase I were purchased from Sigma. and recombinant Bacillus cercus sphin-
gomyelinase (SMase) was obtained from Hq:n Shuyu (Tokyo, Japan). (LR3R)-

N+ 3-Hydraxy-1-hydroxymethyl-3-phenyl, ide (HPA-12), which
mmbmdudﬁmmtdkwagm&mﬂwwnmm-
versity of Tokyo).

Plasmids. pCAE1 and pCAE? contain HCV ¢DNAs spanning the E1 region
(amino acids 192 10 383) with & FLAG 1ag ai the N terminus and the E2 region
(amino acids 384 1o B09) with a Myc tag at the N terminus of strain NIHJ1 (1),
respectively, under the control of the CAG promoter (38). pCAV3I40V and
pCAVTIIV consist of the euodwnm cIEl méE... rupcctwety wrlh Lh:
N-terminal signal seq and
derived from VSV-G, as described elsewhere (50) (see Fig. -l-D}

¥irus production. Plasmid pJFH1, containing full-length cDNA of the JFH-1
solate, was used to generate HCVec as described elsewhere (23, 33, 34, 54).
pJ&/JFH was obtained from JFH1 by repl of the 5 lated region
to the p7 region (EcoRI-Bell) of J6. In vitro-transcribed RNA from lincarized
pIFHI or pJ&TFH] was dulivemd to Huh-7 cells by electroporation. Culture
supernatants were collected at 72 h fection, clarified by low-speed
centrifugation, passed through a n‘S-mm-pnm-an-.: filter, and concentrated us-
ing an Amicon Ultra-15 unit (Millipore, Bedford, MA) or by ul iff
(23). Infectious titers, HCV RNA copies, and core protein concentrations dlhe
viral stocks were ~35 % 107 focus-forming units per ml, ~1 % 107 copies/ml, and ~1
x 10 EmoIJllm. respec:hely HC\-’m wu isolated by a combination ol‘ ultrafil-
tration, ion parin affinity ch graphy, and su-
crose density Mtramm:lugmon (33 K. Morikawa and T. Wakita, unpublished
data). Pseudotyped VSV containing E1 and E2 proteins of the HCV genotype la
isolate HTTe (HCVpv) was generated as previously described (51). Briefly, 293T
cells transiently exp 1g E1 and E2 proteins (strain HT7) were infected with
VS\-"chG-GFPJG. in wlnch the G envelorlc gene was replaced with green fluo-
rcsccr.rl pruleln (GFP) and mudutyped with VSV-G.

of ehok | and phospholipid of HCVec and in-
f«ud cells. Cellular and viral lipids were mmed from isolated HCVec and
from unlnfeeled and infected Huh-7 cells. Chnimeml content was d ined

J. VikoL

TABLE 1. Cholesterol and phospholipid contents of

HCVee and cells
Content (nmal) i i
Cell type or virus ol st 8 Chol/PL ratio
Chol PL
Cells
Uninfected 1039 = 104 2532 = 106 042
JFH-1 infected 1165 = 10.0 2920+ 184 0.40
Virus
JFH-1 436 =24 338=18 1.29
J6/IFH-1* 287+ 48 22729 1.26

'Da(l;x::t Mﬂg:soclmm Independmi measurements = standard devia-
tions.

B IGIFH] virus was pmduned from the pI6/N2X-JFH! construct and has
structural proteins from the J6CF strain.

|1n..n *H]cholesterol in DMEM for 24 h. Culture supernatants of the cells were
bated in the or at dB{DuSmymlforlhatS‘l”C.
followed by u]lm:tmrl.fug,nm on a 60% The virus:
fractions and correspondi ions from an uninfected culture were l'ysed in
the buffer containing 1% Triton X-100 (TX-100), and radioactivity was quanti.
fied by scintillation counting. Radioactivities (in counts per minute) of HCVee
smpk:swcre determined by subtracting the radioactivity of uninfected cells from
that of HCVoc-infected cells.
lysis of lipid After 2 h of incubation
with ["“Clserine (0. 5 man'rnl) in Opu MEM (Invitrogen), the cells were lysed
with 0.1% sodium dodecyl sulfate, and total lipid was extracted with chloroform-
methanol (1:2, volivol). The extracts were spotted onto silica gel 60 plates
{Merck, Dnrmsmh Germany) and chromatographed with methyl acetate-1-

usmg the che 1 oxid. hod as previously described (14), Total phos-
P wis ined using the L“chou:e:cllL[-ﬂ}
Chol I depletion and repl t. To remove chol | from the HCV
envelope, stock uampln of H(N:: were treated with methyi-B-cyclodexirin (B-
CD) in DMEM (Sigma) supplemented with 10% fetal bovine serum (Sigma) and
nonessential amino acids (Invitrogen, Carlsbad, CA) for 1 h at 37°C, followed by
centrifugation at 100,000 x g for 3 h to form a pellet, which was resuspended in

0.5 ml of the medium. In order to replenish ¢hol 1, the medium of HCVee
Ireaied with § mg/ml B-CD was replwed with DMEM containing various con-
of hol | (Sigma) and incubated for 1 b, followed by

centrifugation to form a pellet. In order to perform HCVee infection assays,
Huh-7 cells were infected with HCVec, with or without the treatment described
above, for 1 h at 37°C and then washed as described above. Viral core protein
levels in the cells and in the supernatant were quantified 72 h later using an HCV
core enzyme-linked immunosorbent assay (Ortho-Clinical Diagnostics, Tokyo,
Japan).

SMase treatment. HCVee was treated with SMase at various concentrations in
DMEM for | hat 37°C and was then centrifuged at 100,000 x g for 3 h to form
a pellet, which was resuspended in 0.5 ml of medium for the infection assays.

HCVee binding and internalization assays. To monitor binding, cells grown in
a 6-well plate were preincubated for 1 b at 4°C, after which B-CD- or SMase-
lmlud HCVoc was bound to the cells for | h at 4°C. As a measure of virus

ion, fi g the virus binding f dure, the cells were warmed 1o
37°C and maintained far 2 h, after which they were treated with 0.25% trypsin for
10 min at 37°C. Huh7-25, a CD81-negative Huh-7 subclone (3), was used to
ensure removal of surface-bound virus by trypsin treatment. For both the binding
and i i assays, the g cells, as described above, were washed
with ice-cold phosphate-buffered saline, followed by Iysis with TRIzol reagent
(Invitrogen). Cell-associated virus was quantified by measuring the amount of
HCV RNA in the cell lysate by the real-time reverse transcription-PCR method
(2, 34). Cells were treated with heparinase as previously described (33).

HCV replication assay in HCVec-infected or replicon cells. HCV subg,
replicon cells or cells infected with HCVec were treated with various concentra-
tions of inhibitors for 72 h. Total RNA was isolated from replicon cells using
TRIzol (Lavi ), followed by quantification of HCV RNA by real-

time reverse transcription-PCR as previously described (2, 34). Levels of core

protein in the culture of HCVec-infected cells were tested as de-
scribed above,

Detection of chol I content of HCVee. For [*H]chalesterol labeling of
viruses, HCVec-infected or uninfected cells were incubated with 50 mCi of

hanol-0.25% KCI (25:25:25:10:9, volivol). Radi
Ih-: tpois were qunnnmwdy detected by BAS 2000 (Fuji Film, Japan).
ion assay. The Iy flotation assay was performed as
previously described (46).

RESULTS

Critical role of virion-associated cholesterol. A role of virion-
associated cholesterol in infectivity has been demonstrated
for several enveloped viruses (4). However, little is known
about the role of lipids associated with the virions of flavi-
viruses, including HCV, and their contribution to the viral
life cycle. To determine the lipid composition of mature
HCV virions, we extracted total lipid from HCVe¢e (JFH-1
and chimeric J6/JFH-1) prepared from the culture superna-
tants of cells infected with HCV, as well as the total cellular
membrane fractions of uninfected and infected Huh-7 cells.
The cholesterol and phospholipid contents were quantified,
because these are the two major lipid constituents of bio-
logical membranes. The cholesterol-to-phospholipid molar
ratio, which is known as a parameter of membrane viscosity
(47), was significantly higher in virus samples (1.29 and 1.26
for JFH-1 and J6/JFH-1, respectively) than in cell mem-
brane samples (0.40 and 0.42 for JFH-1-infected and unin-
fected cells, respectively) (Table 1), The ratios in viral sam-
ples were similar to or greater than those in mammalian plasma
membranes, where most cellular cholesterol is found. Minimal
contamination of the viral samples with extracellular mi-
crovesicles likely occurred, since only a small amount of lipid was
detected in a sample prepared from the culture medium of un-
infected cells (data not shown). Thus, it is likely that HCV virions
are enriched with cholesterol during assembly and maturation.

To investigate a potential role for the particular lipid
composition of HCV particles, HCVec was treated with
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FIG. 1. Role of HCV-associated cholesterol in infection. (A) Effect of cholesterol depletion on HCV infectivity. HCVec particles (~2 fmol of the core
protein) were treated with B-CD at 0.1, 1, and 5 mg/ml for 1 h at 37°C. After removal of B-CD, Huh-7 cells were infected with the treated virus particles,
after which the core protein content of infected cells at 72 h p.i. was determined as an indicator of infectivity, as previously established (24). (B) Effect
of cholesterol replenishment on infectivity. After treatment with 5 mg/ml B-CD, virus was treated either with medium alone or with medium containing
exogenous cholesterol for 1 h at 37°C. (C) Effect of cholesterol depletion and replenishment on density gradient profiles of the viral particles. The HCVee
treated with 5 mg/ml B-CD was replenished with exogenous cholesterol (1 mM) and then separated by 10-10-60% sucrose gradient ultracentrifugation,
The core protein in each fraction was measured. The density of each fraction was determined by refractive index measurement. (D) Effects of cholesterol
depletion and replenishment on viral infectivity. Each fraction (see panel C) was infected, and then the core proteins in the cells were measured at 72 h
p.i. (E) Effect of cholesterol depletion on the infectivity of HCVpv (genotype 1a) (shaded bars) or the control, VSVdelG-GFP/G (solid bars). The viruses
were preincubated with B-CD for 1 h at 37°C before infection. (F) (Left) The culture medium from HCVee-producing cells was fractionated as described
above. For each fraction, the amounts of core and intracellular core (infectivity) are plotied. Peaks of the core (arrow) and infectivity (arrowhead) are
indicated. (Center) An aliquot of fraction 8 (peak of the core) was treated with 1 mM cholesterol for 1 hat 37°C. The resultant aliquot and an untreated
aliquot of the fraction were subjected to sucrose gradient ultracentrifugation. The core in each fraction was plotted. (Right) The infectivities of fractions
(Fr.) 6 and 8 (see the left panel) with or without cholesterol treatment were determined as shown above. Data are means from four independent
experiments. Error bars, standard deviations.

increasing concentrations (0.1 to 5 mg/ml) of B-CD, which is
known to extract cholesterol from membranes (40). The
viral samples were then used to inoculate Huh-7 cells after
removal of B-CD by ultracentrifugation. Infectivity was

evaluated by quantifying the viral core protein in cells at
72 h postinfection (p.i.). Using an immunoassay that pro-
vides results indicative of HCV infectivity (25), we also
confirmed a good correlation between the core level and
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TABLE 2. Depletion of virion-associated cholesterol by B-CD
Radioactivity (cpm) of

Treatment HCVe* Avg (%")
Expt 1 Expt 2
None 537 5373 5,450 (100)
B-CD (5 mg/ml) 3,643 1,646 2,644 (48.5)

* Determined by subtracting the radioactivity of uninfected cells from that of
HCVec-infected cells in two experiments.
* Percemtage of the radioactivity of the i sample.

infectious titers (data not shown). As shown in Fig. 1A, core
protein levels following B-CD treatment at 0.1, 1, or 5 mg/ml
were reduced by 60, 83, or 98%, respectively, from the levels
with the untreated virus. The cholesterol level of HCVee
treated with 5 mg/ml B-CD was found to be ~50% of that of
untreated virions (Table 2).

To demonstrate that the reduced infection efficiency of B-
CD-treated virus was caused by the reduced cholesterol con-
tent of the viral envelope, we attempted to reverse the inhib-
itory effect by adding exogenous cholesterol. Following
treatment of HCVee with 5 mg/ml B-CD, the drug was washed
out, and increasing concentrations of cholesterol were added
in an attempt to reconstitute the normal virion cholesterol
content. The addition of 1 mM cholesterol completely reversed
the virus infectivity (Fig. 1B). After cholesterol was replen-
ished, the viral RNA was restored to a level similar to that in
the untreated control.

To investigate the effect of cholesterol on the density of
infectious HCV virions, B-CD-pretreated or untreated viral
samples, as well as cholesterol-replenished treated viral sam-
ples, were subjected to sucrose density gradient centrifugation
(Fig. 1C). The density of HCVec core protein at its peak
concentration in untreated virus samples was ~1.17 g/ml
When virion-associated cholesterol was removed by B-CD, the
density of HCVee core protein at its peak concentration was
shifted to 1.20 g/ml. Addition of exogenous cholesterol to this
cholesterol-depleted sample restored a lower-density fraction
(1.15 g/ml). Figure 1D illustrates the infectivity of each gradi-
ent fraction. Untreated virus had maximum infectivity at ~1.13
g/ml (fraction 6), while, as expected, fractions from B-CD-
treated viral samples exhibited minimal to no infectivity. Re-
plenishment of depleted virus with cholesterol returned infec-
tivity to untreated-control levels, and cholesterol-replenished
virus had a buoyant density of ~1.07 g/ml (fraction 4), suggest-
ing that HCV-associated cholesterol is crucial for viral infec-
tivity and that the effect of a cholesterol-depleting drug is
reversible. We further observed that B-CD treatment of a
pseudotyped VSV containing the E1 and E2 proteins of the
HCV genotype 1a isolate H77¢ (HCVpv) resulted in a pro-
gressive loss of infectivity, while B-CD had significantly less
impact on the infectivity of the control virus VSVdelG-GFP/G
(Fig. 1E).

The results described above raise the possibility that the
infectivity of HCV virions with relatively low levels of incor-
porated cholesterol might be enhanced by supplementation
with exogenous cholesterol. Density gradient fractions of cul-
ture supernatants collected from HCV-infected cells were an-
alyzed with regard to the presence of core protein and infec-

J. VIrOL.

tivity (Fig. 1F, left). As indicated above, maximum infectivity
was obtained with fraction 6 (1.13 g/ml). In contrast, a major
fraction of core protein banded at a higher density (1.17 g/ml)
in fraction 8. We hypothesized that fraction 8 contains lipids at
lower levels than those in fraction 6. However, quantification
of lipids, including cholesterol, in the fractions obtained failed,
presumably duc to a low sensitivity of detection. Thus, to
extend our findings on the involvement of cholesterol, we
added exogenous cholesterol to fraction 8, followed by ultra-
filtration to remove unincorporated cholesterol. A subsequent
density gradient profile demonstrated a shift in the core pro-
tein peak to 1.13 g/ml (Fig. 1F, center). A concomitant increase
in the infectivity of the fraction, approaching that of untreated
fraction 6, was observed (Fig. 1F, right). In contrast, supple-
mentation of fraction 6 with exogenous cholesterol did not
alter its infectivity (Fig. 1F, right) or change its density gradient
(data not shown). These results suggest that exogenous cho-
lesterol supplementation can reverse deficits in the infectivity
of HCV virions due to low cholesterol content.

Sphingolipid dependence of HCV infectivity. In addition to
cholesterol, sphingolipid is a major component of eukaryotic
lipid membranes. We therefore investigated the functional sig-
nificance of sphingomyelin (SM), the most abundant sphingo-
lipid, with regard to HCV infectivity. HCVcc was treated for
1 h with increasing concentrations (0.1 to 10 U/ml) of bacterial
SMase, which is known to hydrolyze membrane-bound SM to
ceramide. Following ultracentrifugation to remove the SMase,
Huh-7 cells were inoculated with the HCVee. The amount of
HCV core protein within the cells was quantified at 72 h p.i.
Figure 2A shows 50 and 90% reductions in HCV infectivity
after incubation of the virion with 0.1 and 1 U/ml SMase,
respectively. We further observed that SMase treatment of
HCVpv resulted in a progressive loss of infectivity, while
SMase had no effect on the infectivity of the control virus (Fig.
2B). This demonstrates that sphingolipid, like cholesterol,
plays an essential role in HCV infectivity.

Requirement for virion-associated cholesterol and sphingo-
lipid during HCV cell entry. These findings support the idea
that virion-associated cholesterol and sphingolipid may influ-
ence viral entry into host cells by altering the interaction be-
tween viral particles and a host cell factor(s), Viral entry is a
multistep process including binding of the virion to the cell
surface and internalization into the cytoplasm by endocylosis.
To examine whether virion-associated cholesterol and SM
might play a role in cell binding or postbinding events during
viral entry, we used a binding assay in which Huh-7 cells pre-
incubated for 1 h at 4°C were infected with B-CD- or SMase-
treated HCVee. Total RNA was extracted after a 1-h addition
of the virions at 4°C, followed by quantification of HCV RNA.
As shown in Fig. 3A, treatment of the virions with either B-CD
or SMase had little influence on their ability to bind to cells.

It has been shown that CD81 plays an important role in
HCV internalization but is not correlated with viral attachment
(7, 33). An anti-CD81 antibody was used as a negative control
for reduced viral attachment. It is likely that heparan sulfate
proteoglycan on the target cell surface is needed for the initial
attachment of HCV (33). Thus, heparinase I was used as a
positive control for reduced HCV attachment to the cells. To
examine the roles of cholesterol and sphingolipid on the
HCVec membrane in viral internalization, a virus-cell mixture
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FIG. 2. Efiect of SM hydrolysis on viral infectivity. (A) Effect on the infectivity of HCVee, HCVee was treated with 0.1, 1, or 10 U/ml SMase
for 1 h at 37°C, after which SMase was removed by ultracentifugation. Huh-7 cells were infected with the treated virus, and the core protein content
of infected cells was determined at 72 h p.i. (B) Effect on the infectivity of HCVpy (genotype 1a) (shaded bars) or the control, VSVdelG-GFP/G
(VSV cont) (solid bars). The viruses were preincubated with SMase for 1 h at 37°C before infection. Data are means from four independent

experiments. Error bars, standard deviations.

prepared at 4°C as described above was incubated for 2 h at
37°C, followed by trypsinization 1o remove virions that were
surface bound but not internalized (Fig. 3B). We verified that
94% of surface-bound-viruses were removed by trypsinization
using CD81-negative Huh-7 subclones, A marked reduction in
viral RNA levels within cells was detected after pretreatment
of the virus with either B-CD or SMase. These results strongly
suggest that virion-associated cholesterol and sphingolipid
function as key determinants of internalization but not of cell
attachment.

Association of HCV structural proteins with lipid rafts.
Cholesterol and sphingolipid are major components of lipid
rafts, which can be isolated as detergent-resistant mem-
branes (DRMs) by treatment with cold TX-100, followed by
equilibrium flotation centrifugation. Matto et al. (30) re-

A

% HCV RNA

o

(‘-}151102

B-CD SMase &
Q

ported that HCV core protein is associated with DRMs in
cells carrying the full-length HCV replicon. To investigate
whether HCV structural proteins are associated with DRMs
in HCVee-producing cells, lysates from cells infected with
HCVec were subjected to membrane flotation analysis. In
the absence of detergent treatment, the majority of the core
(Fig. 4A) and E1 (Fig. 4B) proteins were detected in the
membrane fractions. After treatment with cold TX-100, sig-
nificant amounts of both viral proteins were recovered from
the DRM fraction. However, after treatment with TX-100 at
37°C, the majority of the E1 and core proteins had shifted to
the detergent-soluble fractions. We also found that HCV
genotype 1b E1 and E2 can be associated with the lipid raft
in 293T cells transfected with an E1 or E2 expression plas-
mid (Fig. 4C) and that the cytoplasmic tails of envelope
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B-CD SMase
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CcD81+ cD81-

FIG. 3. Effects of B-CD or SMase on virus attachment and internalization. (A) Virus attachment to Huh-7 cells was determined at 4°C after treatment
of HCVee with B-CD (1 or 5 mg/ml) or SMase (1 or 10 U/ml). An antibody (Ab) against CD81 was used, in order to ensure that the antibody did not
inhibit HCVee binding (7, 33). Heparinase was used to reduce HCV attachment to the cell. Viral RNA copies were normalized to total cellular RNA,
and the normalized RNA copies in the mock-treaied sample (—) were arbitrarily set at 100%. (B) Virus internalization was measured in Huh7-25, a
CD8]1-negative subclone (CD81 ) (3), and Huh7-25-CD81, which stably expresses CD81 (CD817), after treatment of the virions with B-CD or SMase.
After internalization for 2 h at 37°C, cells were exposed to trypsin (trypsin +) or phosphate-buffered saline (trypsin — ). Huh7-25 was used to ensure that
surface-bound virus would be removed by trypsin treatment. The amounts of HCV RNA in Huh7-25 and Huh7-25-CD81 cells infected with untreated
HCVee were assigned the arbitrary value of 100%, respectively. Results are representative of four independent experiments.
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FIG. 4. Compartmentation of HCV structural proteins within DRM fractions. Lysates of HCVec-infected cells were either treated with 1%
TX-100, either on ice or at 37°C, or left untreated, followed by sucrose gradient centrifugation. (A and B) For cach fraction, the amount of core
protein was determined by an enzyme-linked immunosorbent assay (A), and El, calnexin, and caveolin-2 were analyzed by Western blotting (B).
The amount of core protein in each lysate (TX-100, 37°C; TX-100, 4°C; Untreated) was assigned the arbitrary value of 100%. M, membrane; NM,
nonmembrane; DS, detergent soluble. (C) Lysates of 293T cells expressing HCV E1 or E2 protein were either treated with 1% TX-100, either on
ice or at 37°C, or left untreated, followed by discontinuous sucrose gradient centrifugation. Each fraction was concentrated in a Centricon YM-30
filter unit and subjected to 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed by immunoblotting with antibodies against
calnexin, caveolin-2, Myc (E1), or FLAG (E2). (D) (Top) Structures of HCV envelope genes used. Amino acid positions of HCV are indicated.
Signal sequence, tr brane (TM), and cytoplasmic tail (CT) domains of VSV G protein are shown. (Bottom) Cell lysates expressing chimeric
HCV El or E2 protein were treated with 1% TX-100 on ice or left untreated, followed by discontinuous sucrose gradient centrifugation. It has
been reported that VSV-G is not associated with lipid (39). Calnexin, caveolin-2, and chimeric glycoproteins (chimeric E1 and chimeric E2) were
analyzed by immunoblotting. Fractions are numbered from 1 to 9 in order from top to bottom (light to heavy).
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FIG. 5. Effects of B-CD or SMase treatment of cells on HCV
infectivity. Huh-7 cells were either left untreated or treated with B-CD
at 0.1, 1, or § mg/ml (A) or with SMase at 0.1, 1, or 10 U/ml (B) prior
to HCVee infection. Intracellular core levels were quantitated 72 h p.i.
Data are from four independent experiments, Error bars, stan-
dard deviations.

proteins are important for their interaction (Fig. 4D). These
data suggest that subpopulations of HCV structural proteins
are associated with lipid rafts in cells generating the HCV
particles.

Moderate inhibition of HCV infection by B-CD or SMase
treatment of host cells, It has recently been reported that
cholesterol depletion or SM hydrolysis from the host cell mem-
brane decreases HCV infection, in part by decreasing the level
of CD81 on the cell surface (19, 53). The involvement of the
lipid environment of the host cell plasma membrane in HCV
infection was investigated in our HCVce infection system.
Prior to infection, Huh-7 cells were treated with B-CD or
SMase and then washed with the medium five times. Choles-
terol depletion from Huh-7 cells by B-CD at 1 or 5 mg/ml
inhibited HCV core levels by 20 and 75%, respectively, com-
pared to levels in untreated cells (Fig. SA). We also found that
hydrolysis of SM by SMase at 1 or 10 U/ml on the cells,
respectively, led 10 moderate reduction of the viral infection,
by 20 or 55% of the infection level of the untreated control
(Fig. 5B). There was no influence on cell viability under the
conditions of these treatments (data not shown). These find-
ings, compared with the results in Fig. 1A and 2A, suggest that
the raft-like environment on the plasma membrane likely
serves as a portal for HCV entry, but HCV virion-associated
cholesterol and sphingolipid more readily play more critical
roles in viral infection.

Inhibitors of the sphingolipid biosynthetic pathway sup-
press the production of HCVee, but not RNA replication, for a
JFH-1-derived replicon. In the course of studying the involve-
ment of lipid metabolism in the HCV life cycle, we observed
that inhibitors of the sphingolipid biosynthetic pathway, includ-
ing ISP-1 and HPA-12, which specifically inhibit serine palmi-
toyltransferase (31) and ceramide trafficking from the ER 10
the Golgi apparatus (55), influenced subgenomic replicons de-
rived from the HCV-N isolate (genotype 1b), but not those
derived from JFH-1. A dose-dependent decrease in HCV
RNA copy numbers among HCV-N replicon cells was ob-
served upon exposure to ISP-1 or HPA-12, as previously re-
ported (43, 52). In contrast, these compounds had little or no
effect on viral RNA accumulation in JFH-1 replicon cells (Fig.
6A). Furthermore, these compounds did not affect luciferase

ROLE OF VIRION-ASSOCIATED LIPIDS IN HCV INFECTION 5721

activity in the lysates of Huh-7 cells transfected with an in
vitro-transcribed JFH-1 replicon RNA containing a luciferase
reporter gene (22) (data not shown). Figure 6B shows the
effects of ISP-1 and HPA-12 on de novo sphingolipid biosyn-
thesis by replicon cells. No differences in the inhibitory effects
of each compound were observed in replicon cells derived
from HCV-N versus JFH-1. When de novo synthesis of sphin-
golipids was examined by metabolic labeling with [*Clserine,
ISP-1 almost completely inhibited the production of both cer-
amide and SM, while HPA-12 greatly inhibited the synthesis of
SM but not ceramide. Levels of phosphatidylethanolamine and
phosphatidylserine, into which serine is incorporated by a
pathway distinct from that of sphingolipid biosynthesis, were
not influenced by these drugs. These results suggest that sup-
pression of HCV RNA replication by inhibitors of sphingolipid
biosynthesis might be dependent on the viral genotype or iso-
late.

This observation prompted us to investigate whether inhib-
itors of the sphingolipid biosynthetic pathway might have the
ability to prevent HCV virion production. Interestingly, when
Huh-7 cells producing JFH-1 HCVec were treated with ISP-1
or HPA-12 under conditions similar to those the replicon cells,
viral core levels in the culture supernatants were greatly re-
duced in a dose-dependent manner. For example, exposure 10
10 M ISP-1 or 1 pM HPA-12 reduced viral core protein levels
more than 85% from those for control cells (Fig. 6C). The 50%
inhibitory concentrations of both drugs were less than 0.1 pM,
50-fold less than those obtained for the RNA replication of the
HCV-N-replicon. Together, these results suggest that the
sphingolipid biosynthetic pathway plays an important role in
the production of HCV particles, but not in genome replica-
tion, in JFH-1-based HCVee.

DISCUSSION

In this study, we demonstrated the role of HCV virion-
associated cholesterol and sphingolipid in viral infectivity. Al-
though dependence on virion-associated cholesterol for virus
entry has been shown for a number of viruses (4, 6, 28, 49), this
is the first study to demonstrate the importance of envelope
cholesterol in a virus belonging to the family Flaviviridae. Fur-
thermore, 1o our knowledge, the functional role of virion mem-
brane-associated SM has not been examined in viruses. Our
previous studies using Chinese hamster ovary cell mutants
deficient in SM synthesis have demonstrated that reduction of
cellular SM levels enhances cellular cholesterol efflux in the
presence of B-CD (9, 12). Thus, it may be possible that SM
plays a role in the retention of cholesterol on HCV particles
due to interaction between cholesterol and SM. The finding
that B-CD or SMase treatment of HCVec markedly inhibited
virus internalization but not cell attachment (Fig. 3) suggests
that HCV membrane-associated cholesterol and sphingolipid
are crucial for the interaction of viral glycoproteins with the
virus-receptor/coreceptor required for cell entry. Cholesterol
depletion or sphingolipid hydrolysis might induce a conforma-
tional change in the viral envelope, resulting in instability of
the virion structure. Since the cholesterol/phospholipid ratios
of membranes affect bilayer fluidity, the maturation of viral
envelopes with high cholesterol/phospholipid ratios via associ-
ation with rafts may be important for the stability of HCV
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