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Abstract: Hepatitis C virus (HCV) is a major cause of liver cirrhosis and hepatocellular carcinoma world-
wide. We previously reported that cyclosporin A (CsA) inhibits HCV-1b replication. However, its inhibition
of JFH-1 (HCV-2a) was much less. Since HCV genotype clearly affects the in vitro and in vivo response to
anti-viral therapy, we wished to examine the effect of CsA and its non-immunosuppressive derivative
NIMS811 on HCV genotype 4a replication. We first established an in vifro system supporting HCV-4a
infection and replication using immortalized human hepatocytes, HuS-E7/DN24 (HuS) cells, and these cells
were infected with sera obtained from Egyptian patients with chronic HCV-4a infection. HuS cells sup-
ported more robust HCV-4a replication than both HuH-7.5 and PH5CHS cells, and HCV-4a infection and
replication were completely inhibited by 3 pg/ml CsA and 0.5 pg/ml NIM811. Thus, HuS cells are a good
model system supporting the infection and high-level replication of HCV-4a, and both CsA and NIMS811

effectively inhibit HCV-4a replication in this system.
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Hepatitis C virus (HCV) is an enveloped, positive-
stranded RNA virus of the genus Hepacivirus and fami-
ly Flaviviridae (14). HCV is an important cause of
morbidity and mortality worldwide. A high proportion
of individuals infected with HCV develop chronic
hepatitis, and this may progress to cirrhosis and hepato-
cellular carcinoma (2). The WHO estimates that there
are at least 21.3 million HCV carriers in the Eastern
Mediterranean countries, and this number approaches
the combined estimated number of HCV carriers in the
Amencas (13.1 million) and Europe (8.9 million).
Indeed, the prevalence of HCV infection in Egypt
(15-25%) is amongst the highest in the world (18).

The genomes of a number of different HCV strains
have been cloned, and the divergence of these
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sequences indicates the existence of at least six HCV
genotypes with a number of subtypes (12). In North
America and Northern Europe, HCV subtype 1a is the
most common followed by 2b and 3a. In Japan, subtype
1b is responsible for up to 73% of cases of HCV infec-
tion (13). However, genotypes other than 1, 2 or 3 rep-
resent most HCV cases in the remaining countries.
HCV genotype 5 has been isolated almost exclusively
from patients in South Africa, and genotype 6 is pri-
marily found in Hong Kong, Vietnam and throughout
South East Asia (13). However, it is now clear that
genotype 4 is largely confined to Central Africa and the
Middle East, a region containing approximately one-
fifth of all HCV positive individuals worldwide (10).

Abbreviations: CsA, cyclosporin A; CyPB, cyclophilin B;
HCYV, hepatitis C virus; HCVpp, hepatitis C virus pseudoparti-
cles; hTERT, human telomerase reverse transcriptase; HusS,
HuS-E7/DN24; IFN-a, interferon-alpha; IRF-7, interferon regu-
latory factor-7; MAb, monoclonal antibody; Sv<40-Lt, Simian
virus 40-large T antigen.
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Our understanding of HCV was dramatically
impaired by the lack of an effective virus culture sys-
tem, and the establishment of self replicating full-length
HCV genomic replicon systems for genotypes la and 1b
in human hepatoma (HuH-7) cells provided valuable
insight into the mechanisms of HCV replication (6).
Recently, several groups reported the production of
infectious virus following transfection of HCV geno-
type 2a genomic RNA into HuH-7 cells (1). However,
immortalized, tumor derived cell lines may obscure
some aspects of HCV biology, and human primary
hepatocytes are the ideal cell to examine HCV replica-
tion under more physiologic conditions. Liver epithelial
cells, hepatocytes and biliary cells proliferate in vivo in
response to regenerative stimuli, but they do not prolif-
erate under standard culture conditions in vitro.
Recently, Aly etal. established a cell line derived from
primary hepatocytes immortalized by the expression of
the EG and E7 genes of the human papillomavirus type
18 and human telomerase reverse transcriptase gene
(hTERT) (1). This cell line, HuS-E7/DN24 (HuS), also
lacks interferon regulatory factor-7 (IRF-7) (1), and it
maintains a phenotype consistent with primary hepato-
cytes such as the continuous expression of albumin,
apolipoprotein A, transferrin and E-cadherin without
evidence of transformation even after prolonged culture
(1).

At present, the only approved therapies for chronic
HCV infection are interferon-alpha (IFN-o) with or
without ribavirin, but these drugs fail to clear HCV
from a significant number of patients (5). Recently our
group discovered that cyclosporin A (CsA), and its
non-immunosuppressive analogue, NIM811 could sup-
press HCV genome replication in a cell culture system
(&, 16). The anti-HCV effects of CsA correlated with
cyclophilin B inhibition (CyPB). CyPB, a cellular target
of CsA, regulates HCV replication through its interac-
tion with the viral RNA-dependent RNA polymerase
NSS5B, and CsA suppresses HCV replication by disrupt-
ing the association of CyPB with NS5B (17). CsA
strongly suppressed HCV-1b replication, but its effects
on HCV-2a (JFH-1) replication were less profound,
indicating that different HCV genotypes may be differ-
entially susceptible to CsA (17). However, the ability of
CsA to inhibit the replication of HCV-4a, one of the
most common genotypes worldwide, has not been
reported.

We infected HuS immortalized primary hepatocytes
with serum samples obtained from Egyptian patients
with chronic HCV-4a infection and examined the ability
of CsA and NIM811 to suppress viral replication. Our
data indicate that HHICV-4a is lughly susceptible to CsA
and NIMS811 treatment, suggesting that these may rep-

resent new treatment options to explore in HCV-4a
infected individuals.

Materials and Methods

Cells. The immortalized primary hepatocyte cell line
HuS-E7/DN24 (HuS) was cultured as reported (1). The
hepatoma cell line HuH-7.5 that supports mnfection and
replication of the recombinant HCV strain JFH-1
(HCV-2a) (15) was cultured as previously described.
Simian virus 40-large T antigen (Sv40-Lt) immortal-
ized primary hepatocytes (PHSCHS) supporting infec-
tion and replication of HCV-1b genotype samples were
cultured as reported (16).

Serum samples. Serum samples from Egyptian
patients with chronic HCV hepatitis genotype 4a were
collected in Egypt (after approval of the Medical
Research Ethics Committee in Mansoura University).
The virus titer in sera was determined using real-time
PCR for the detection of HCV as described (8).

Real-time reverse transcriptase polymerase chain
reaction (real-time RT-PCR) analysis. Five-hundred
nanograms of total RNA isolated from cells was reverse
transcribed as previously described (1), and the 5'-
untranslated region of HCV genomic RNA was quanti-
tated using the ABI PRISM 7700 sequence detector
(Applied Biosystems, Foster City, Calif., U.S.A) as
described previously (8). The forward and reverse
primers used in this experiment were 5-CGGGA-
GAGCCATAGTGG-3" and 5'-AGTACCACAAGGC-
CTTTCG-3', respectively. The fluorogenic probe was
5"CTGCGGAACCGGTGAGTACAC-3". As an inter-
nal control, ribosomal RNA was also quantified using
TagMan ribosomal RNA control reagents (Apphlied
Biosystems).

Chemicals. CsA and IFN-o were purchased from
Sigma and Otsuka Pharmaceutical Co., respectively.
NIMS811 was generously provided by Novartis (Basel,
Switzerland). :

In vitro infection experiments. HuS, PH5CHS8 and
HuH-7.5 cells were harvested, washed, adjusted to
5X10° cells/ml in growth medium and cultured in 12-
well plates with 1 ml media per well. After 24 hr, the
culture medium was replaced with 1 ml of complete
medium containing HCV. Plates were incubated at 37 C
for 24 hr, and the virus-containing media was removed.
The cells were then washed twice with PBS, and 1 ml of
complete culture medium was added to each well.
Plates were re-incubated and the cells were harvested
at the indicated times for evaluation. Total RNA was
extracted from infected or non-infected cells, and HCV-
RNA was measured by real time RT-PCR as described

®).
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HCV infection neutralization experiment. HCV
infection of HuS cells was inhibited using anti-CD81
(BD-Bioscience) or anti-HCV-E2 (AP33) as previously
reported (7). The mouse monoclonal antibody (MAb)
AP33 recognizes the E2 glycoprotein of HCV-1A, and it
neutralizes retroviral pseudoparticles (HCVpp) carrying
genetically diverse HCV envelope glycoproteins,
including HCV-4a-glycoproteins (9).  Anti-tubulin
(Sigma, St. Louis, Mo., U.S.A.) was used as a control.

Inhibition of HCV replication. HuS cells were cul-
tured at a concentration of 5X 10* cells/well in 12-well
plates. After 24 hr, cells were infected by adding
growth medium containing HCV-da serum (adjusted to
a final virus titer of 5X10* copies of RNA/ml) and the
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indicated concentrations of CsA, NIM811, or IFN-a.
Plates were incubated at 37 C for 24 hr, and the medium
was then removed, the cells were washed twice with
PBS, and 1 ml of fresh medium containing CsA,
NIMS811, or IFN-a was added to the cells. On day 5
post-infection, the medium was removed, and the cells
were washed, trypsinized and collected. Total RNA
was extracted from infected or non-infected cells, and
HCV-RNA was measured by real-time RT-PCR.

CsA and NIM8I11 toxicity test. HuS cells were cul-
tured at a concentration of 5X 10° cells/well in 12-well
plates. Cells were untreated, or treated with 3 pg/ml
CsA or 1 pg/ml NIM811. Every 2 days, the medium
was replaced with fresh, drug-containing medium.
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Fig. 1. Kinetics of HCV-4a replication in HuS-E7/DN24 (HusS) cells. (A) Cells were incubated with a serum sample
containing HCV-4a virus for 24 hr, and the virus-containing medium was then removed, the cells were washed twice
and incubated for the indicated periods of time. At3, 5 and 7 days after infection, cells were washed again, and total
RNA was extracted and used to determine the number of HCV-RNA copies after reverse transcription and real-time
PCR. The results shown are the average of two independent experiments. (B) Cells were treated with anti-CD81 or
anti-tubulin antibody (1), or HCV containing serum was pre-incubated with anti-E2 or anti-tubulin antibody (2).
HCV-4a infection was performed and analyzed as above. The results shown are the average of two independent

expeniments.
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Wells from each group were collected on days 1, 2,3, 4,
and 35 to examine the number of viable cells in each
well after staining of the cells with trypan blue.

Results

HCV-4a Infection and Kinetics in HuS Cells in Vitro
We previously established the HuS cell line and
showed that these cells were efficiently infected with
HCV-1b and HCV-2b containing serum and JFH-1
(HCV-2a) concentrated medium (1). To determine
- whether HuS cells could support HCV-4a infection,
HCV-4a containing serum was incubated with HuS
cells for 24 hr, and, following washing and a change of
media, the cells were harvested 3, 5, and 7 days after
infection. Total RNA was extracted from the infected
cells, and the amount of HCV-RNA in 500 ng total
RNA was measured (Fig. 1A). As expected, after 3
days in culture the RNA extracted from non-infected
HusS cells did not contain any HCV copies. However,
viral RNA was detected in cells incubated with HCV-4a
containing serum. The number of viral genomes
detected was 164.5 = 52 copies/500 ng of total RNA at
day 3, and this peaked at 1,111 * 176 copies/500 ng of
total RNA at day 5. The increase from day 3 to day 5
after infection clearly indicates viral replication occur-
ring in these cells rather than increased viral entry with-
out replication. The number of viral genomes
decreased dramatically on day 7 to 80 + 18 copies/500
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ng of total RNA. Identical results were obtained using
HCV-4a genotype samples isolated from two other indi-
viduals (data not shown).

HCV-4a Infection Is Neutralized by Anti-CD81 and
Anti-E2

CD8l is involved in the entry of HCV pseudoparti-
cles and in vitro-synthesized JFH-1 (15). Similarly,
HCV envelope protein E2 is essential for HCV cell
entry and infection (7). Blocking antibodies against
both CD81 and E2 inhibit viral infection in in vitro
models. To detennine if HCV-4a infection of HuS cells
1s analogous to previously described systems, we treated
cells with either anti-CD81 (Fig. 1B-1) or anti-HCV-
E2 (Fig. 1B-2) blocking antibodies. Consistent with
results obtained using other HCV genotypes, antibodies
against CD81 and HCV-E2 effectively reduced HCV-
4a infectivity of HuS cells compared with a non-block-
ing anti-tubulin antibody.

HuS Cells Are More Permissive to Infection by HCV-4a
than PH5CHS8 and HuH-7.5 Cells

HuS cells clearly support HCV-4a infection and
replication. We wished to compare the ability of differ-
ent cell lines to support infection and replication of
HCV4a. HuS, PH5CH8 and HuH-7.5 cells were
infected with HCV-da serum containing 5.0X 10
copies/ml, and the number of viral copies at 3, 5, and 7
days after infection was examined. PHSCHS and HuH-

PHSCHS

Huh75

Fig. 2. HuS cells are more permissive to infection by HCV-4a than PHSCHS and HuH-7.5 cells. HCV-4a replication
was examined in HuS cells, PHSCHS and HuH-7.5 cells. HuS, PH5CHS, and HuH-7.5 cells were infected with the
same serum sample under the same conditions, and the extent of HCV genome replication was measured by real-time
RT-PCR on days 3, 5, and 7 after infection. The results shown are the average of two independent experiments.

212
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7.5 cells supported HCV4a infection to some extent,
but much less viral replication occurred in these cells
(Fg. 2). Indeed, we would not detect any HCV RNA in
HuH-7.5 cells 7 days after infection. Identical results
were obtained using HCV-4a genotype virus isolated
from two other individuals (data not shown). These
data are consistent with a previous report showing
increased viral infection and/or replication i HuS cells
incubated with HCV genotypes 1b and 2b denved from
patients’ sera (1).

Inhibition of HCV-4a Replication in HuS Cells by CsA
and NIM811

Having established that HuS cells support HCV-da
infection and replication simular to other HCV geno-
types examined, we wished to determine if HCV-da
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was sensitive to treatment with CsA or its non-immuno-
suppressive derivative NIM811. Serum isolated from
two different individuals ‘was used as a source of HCV-
4a for all experiments. For both samples, treatment of
infected HuS cells with 1 pg/ml of CsA reduced the
number of recovered viral copies by 75% at 5 days
compared with untreated cells, and increasing the con-
centration of CsA to 3 pg/ml almost completely inhibit-
ed HCV-4a replication in HusS cells (Fig. 3A). Further-
more, we were unable to detect any viral RNA in HCV-
4a infected HuS cells treated with either 0.5 or 1 pg/ml
NIMS811 (Fig. 3B). For comparison, we also treated
infected cells with 50 IU/ml IFN-c, and this reduced
viral replication by 80-90% in HuS cells (Fig. 3C).
The inhibition of HCV-4a replication by CsA or
NIMS811 could be due to a general cytotoxic effect, and,
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Fig. 3. Inhibition of HCV-4a replication in Hus cells by cyclosporin and NIM811. Two different serum samples con-
taining HCV-4a were used to infect Hu$ cells in presence of CsA 0, 1 or 3 pg/ml (A), NIM811 0, 0.5 or 1 pug/ml (B)
and [FN-a 0 or 50 [U/ml (C). Celis were incubated for 5 days and the level of HCV replication was measured by real-
time RT-PCR as described in Fig. 1. The results represent the average of two independent experiments. (D) HuS cells
were left untreated or treated with either 3 pug/ml CsA or 1 pg/ml NIM811 for 5 days. Cells were harvested at the indi-
cated times, and the number of viable cells in each well was determined. The results shown are the average of 3 inde-

pendent experiments.
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to exclude this possibility, we cultured HuS cells with or
without CsA or NIM8I1 for 5 days. Although HuS cell
proliferation was- slightly reduced by the inclusion 3

g/ml of CsA in the culture media, it was not affected
by the addition of 1 pg/ml of NIM811 compared to
control untreated cells (Fig. 3D). Thus, the inhibition of
HCV-a replication by NIM811 and CsA in HuS cells
appear to be due to direct anti-viral effects.

Discussion

There are six major HCV genotypes with a number
of different subtypes that vary by geographic distribu-
tion and mode of transmission (12). Subtypes la, 1b,
2a, 2b, and 3a are distributed globally and account for
the majority of HCV infections worldwide (13). HCV-
4a is the predominant genotype seen in the Middle East,
a region encompassing approximately 20% of the esti-
mated 170 million HCV carriers in the world (11).
HCV-4a responds poorly to interferon treatment, and
individuals infected with HCV-4a are at higher risk of
liver related death and the need for transplantation (19).
Thus, the development of new treatments that are effec-
tive across a broader range of HCV genotypes is
urgently needed.

The development of more effective antiviral thera-
pies and an effective HCV vaccine remain the largest
challenges for HCV research in the near future. How-
ever, because HCV genotype affects the outcome of
antiviral therapy, it has become increasingly clear that
an in vitro system supporting HCV-4a infection and
replication is needed to develop anti-viral therapies
effective against this important viral subtype. Recent
studies have examined several different viral genotypes
using the replicon system in HuH-7 cells, but this is the
first report specifically designed to determine in vitro
conditions compatible with HCV-da infection and repli-
cation.

We recently established the HuS cell line, and this
cell line is able to be infected in vitro by sera containing
HCV-1b and -2b (1). In this study, we showed that
HusS cells also clearly support the infection and replica-
tion of HCV-4a derived from patient serum samples. A
high level of HCV-RNA was seen in these cells 5 days
after infection, but this rapidly declined by day 7. The

- kinetics of infection observed for HCV-ta in HuS cells

was similar to that observed when PH5CHS cells were
infected with HCV-1b containing plasma (16). Since
the aim of this paper was to study the suppressive effect
of CsA and NIM811 on HCV infection and replication,
which was monitored clearly on days 3 and 5, we didn’t
cuiture the infected cells for more than 7 days. The
extent of HCV-4a infection of HuS was much greater

than that for the PHSCHS8 and HuH-7.5 cell lines, and
these differences in permissiveness may arise from the
relative amounts or activities of host cell factors
required for RNA replication. Alternatively, HuS cells
lack functioning IRF-7, and this likely impairs their
ability to produce IFN-a. The absence IFN-a from the
culture media following infection could clearly con-
tribute to the increased replication seen in HuS cells.

There is an urgent need for improved HCV drug
therapies. We previously reported that CsA suppresses
HCV replication in vitro (16), and these effects are also
seen using its non-immunosuppressive denvative -
NIMB811. These compounds can induce multiple-log
reductions in HCV-RNA levels in a replicon cell culture
system using HCV-1b genotype virus (4). However,
the ability of CsA to inhibit a HCV-2a genotype virus,
JFH-1, was greatly reduced. In this study we examined
the effects of CsA and NIM811 on HCV-4a infection
and replication in HuS cells. As was seen with HCV-
1b, both CsA and NIM8I11 strongly inhibited HCV-da
infection and replication in HuS cells. Furthermore, the
inhibition by NIM811 was much greater at lower doses
than that seen for CsA. These findings were similar to
those previously reported for HuH-7 cells harboring a
HCV-1b replicon (4).

The HusS cell line is the only system described avail-
able for the study of HCV-4a infection and replication.
Using this cell line, we showed that HCV-4a replication
1s impaired by CsA and to a greater extent by its non-
immunosuppressive derivative NIM811. Despite these
findings, more studies are clearly needed to determine
the activity of these drugs in vivo as well as characterize
the possible differences in the HCV-4a life-cycle.
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ient of the JSPS Invitation Fellowship Programs for Research in
Japan. Dr. Hussein H. Aly is a recipient of the Japanese
Gakushu Shoreihi scholarship and was partly supported by the
Prof. Yassin A. El Ghaffar memorial scholarship for the
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The lipid droplet is an important organelle for hepatitis

C virus production

Yusuke Miyanari'?, Kimie Atsuzawa’, Nobuteru Usuda®, Koichi Watashi'?, Takayuki Hishiki'?, Margarita Zayas*,
Ralf Bartenschlager?, Takaji Wakita®, Makoto Hijikata'?and Kunitada Shimotohno'*¢

The lipid droplet (LD) is an organelle that is used for the storage
of neutral lipids. It dynamically moves through the cytoplasm,
interacting with other organelles, including the endoplasmic
reticulum (ER)!-. These interactions are thought to facilitate the
transport of lipids and proteins to other organelles. The hepatitis
C virus (HCV) is a causative agent of chronic liver diseases*. HCV
capsid protein (Core) associates with the LDS, envelope proteins
E1 and E2 reside in the ER lumen®, and the viral replicase is
assumed to localize on ER-derived membranes. How and where
HCV particles are assembled, however, is poorly understood.
Here, we show that the LD is involved in the production of
infectious virus particles. We demonstrate that Core recruits
nonstructural (NS) proteins and replication complexes to LD-
associated membranes, and that this recruitment is critical for
producing infectious viruses. Furthermore, virus particles were
observed in close proximity to LDs, indicating that some steps of
virus assembly take place around LDs. This study reveals a novel
function of LDs in the assembly of infectious HCV and provides a
new perspective on how viruses usurp cellular functions.

Hepatitis C virus (HCV) has a plus-strand RNA genome that encodes
the viral structural proteins Core, E1 and E2, the p7, and the nonstruc-
tural (NS) proteins 2, 3, 4A, 4B, 5A and 5B (refs 7, 8). NS proteins are
reported to localize on the cytoplasmic side of endoplasmic reticulum
(ER) membranes®. To elucidate the mechanisms of virus production,
we used a HCV strain, JFH], which can produce infectious viruses'®-'*.
We first investigated the subcellular localization of the HCV proteins in
cells that had been transfected with JFH 15 RNA, in which a part of the
hypervariable region 1 of E2 was replaced by the FLAG epitope tag (see
Supplementary [nformation, Fig. S1, S2a-d). Corelocalized to the lipid
droplets (LDs; Fig. 1a), as previously reported®. Intetestingly, NS proteins
were also detected around LDs in 60-90% of JFH 1" -replicating cells
(Fig. 1a, c). Similar levels of colocalization of L.Ds with viral proteins were
observed in cells that had been transtected with chimeric HCV genomes

expressing structural proteins, p7 and part of N52 of the genotype 1b
(Conl) or the genotype la(H77) isolate (see Supplementary Information,
Fig. S1, S2e). In contrast, there was no close association between the
LDsand NS proteins in cells that had been transfected with JFH1“ RNA
(Fig. 1b, c), which lacked the coding region of Core (Supplementary
Information, Fig. S1). NS proteins were diffusely present on the ER, sug-
gesting that NS proteins are translocated from the ER to LDs in JFH1E-
replicating cells in a Core-dependent manner. Importantly, there was no
assaciation between LDs and PDI, an ER marker protein, indicating that
either ER membranes were absent in close proximity to LDsor that PDI
was excluded from such membranes (Fig. 1<). These results were sup-
ported by western blot analysis of the LD fraction (Fig. 1d). The LD frac-
tion contained ADRP, an LD marker, but not the ER markers Calnexin and
Grp78 (data not shown), indicating that there was no ER contamination
in the LD fraction. However, the LD fraction from JFH1#"-replicating
cells contained high levels of viral proteins in contrast to the LD frac-
tion from JFH1“-replicating cells (in which HCV proteins were virtu-
ally absent (Fig. 1d, LD fraction)), even though the expression levels of
the NS proteins in whole-cell extracts were similar (Fig. 1d, whole-cell
extract). About 20-45% of the total HCV proteins associated with the LDs
in JFH1®%-replicating cells (Fig. 1e). Consistent with previous reports
that Core enhances the formation of LDs", overproduction of LDs was
observed in JFH1%--, but not JFH1¢%-replicating cells (Supplementary
Information, Fig. S3a-1). Treatment of the cells with oleic acid, which
enhanced the formation of LDs, did not aftect either HCV protein levels
or the recruitment of viral proteins to LDs in JFH1**-replicating cells
(Supplementary Information, Fig. S3m-p). Thus, the overproduction of
LDs is insufficient for the recruitment of HCV proteins to LDs. To exam-
ine the ability of Core to recruit NS proteins to LDs, JFH14?-replicating
cells were transfected with a plasmid-expressing Core (Core™) (Fig. 1f, g).
NS5A accumulated around LDs (Fig. 1f, arrowheads and panel 2), as did
NS3 and NS4AB (Fig. 1), in cells expressing Core™. The translocation of
NS proteins to LDs was, however, not observed in JFH14®-replicating cells
expressing Core™* (Fig, 1g and Supplementary Information, Fig. S2f-h),
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Figure 1 Core recruits NS proteins to LDs. (a) Huh-7 cells transfected
with JFH1E#L RNA were labelled with antibodies against Core (red), NS5A
(blue), NS3 (red), NS4AB (red) or NS5B (red). Lipid droplets (LDs) and
nuclei were stained with BODYPI 493/503 (green) and DAPi (white in upper
panel, blue in lower panels), respectively. Insets are high magnification
images of areas in the respective panel. (b) JFH19S replicon-bearing cells
were labelled with DAPI (blue), BODIPY 493/503 (green) and indicated
antibodies (red). The insets are high magnifications of the corresponding
panel. (c) Percentages of JFH1¢¥L- or JFH 193-bearing cells in which
hepatitis C virus (HCV) proteins or PDI colocalize with LDs (n > 200).

{d) Western blot analysis of HCV proteins and marker proteins in whole-
cell extracts and the LD fractions from cells transfected with JFH152%
(E2FL) or JFH19® (dC3) RNA. (&) HCV proteins were quantified by using

avarjant of Coreé containing two alanine substitutions at amino-acid posi-
tions 138 and 143 that fails to associate with LDs'S. These results show that
LD-associated Core recruits NS proteins from the ER to LDs.
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western blotting data of the purified LD fraction and whole-ceil extracts of
JFH 15 replicating cells. Results are shown as relative amounts of HCV
proteins co-fractionated with LDs. This results correspond well with results
obtained by quantitative immunofluorescence staining (data not shown).
(f) Trans-complementation with Core™ relocates NS proteins to LDs. JFH1¢
replicon-bearing cells were transfected with pcDNA3-Core* and labelled
with BODIPY 493/503 (green), DAPI (white) and antibodies against NS5A
(red) and Core (blue). Arrowheads indicate Core"-expressing cells. Higher-
magnification images of area 1 and area 2 are shown in panels 1 and 2,
respectively. Scale bars, 2 pym. (g) The percentages of cells in which HCV
proteins colocalize with LDs in the presence of Core" or Core P (n > 200).
Uncropped images of gels are shown in Supplementary Information Fig. S6.
All error bars are derived from s.d.

Next, we investigated whether Core also recruited HCV RNA to [.Ds.
In situ hybridization analysis showed that in more than 80% of JFH 1%t~
replicating cells, both plus- and minus-strand RNAs were diffusely
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Figure 2 Core-dependent recruitment of active HCV replication complexes
to the LD. (a) Huh-7 cells transfected with JFH15% RNA were analysed
by in situ hybridization with strand-specific probes (plus or minus).
The cells were labelled to simultaneously visualize lipid droplets (LDs),
NS5A and Core (lower panels). Higher-magnification images of area 1

" and area 2 are shown in the upper and middie right panels 1 and 2,
respectively. Scale bars: 2 um (panels 1, 2); 10 pm (lower right panel).
(b) The percentages of JFH1E¥\. JFH193- and JFH1P"*A.expressing
cells positive for overlapping signals for LDs and plus- or minus-strand
hepatitis C virus (HCV) RNA (n > 200). (c) intact or digitonin and
nuclease-treated (dig/nuc) JFH 151 replicon-bearing cells were analysed

located in the perinuclear region (see Supplementary Information,
Fig. S4a). More importantly, in about 20% of these cells, plus- and
minus-strand RNAs accumulated around LDs (Fig. 2a, upper and mid-
dle panels; 2b) and colocalized with HCV proteins such as Core and
NS5A (Fig. 2a, lower panels). No association between HCV RNA and
LDs was detected in JFH19®- or JFH1"PA4-replicating cells (Fig. 2b).
Northern blot analysis revealed that 4.8% and 5.4% of total plus- and
minus-strand HCV RNA, respectively, were detected in purified LD
fractions of JFH®"-replicating cells (data not shown). Induction of
LD formation with oleic acid did not affect HCV RNA accumulation

around LDs (data not shown). These results provide strong evidence -

that Core recruits HCV RNA as well as NS proteins to LDs.
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by in situ hybridization. The percentages of ceils with overtapping
signals for LD and pius- or minus-strand HCV RNA are shown (n > 200).
(d) RNA-synthesizing activity in the LD fractions purified from cells
transfected with JFH 15274, JFH13 or JFH1PPAA RNA (top panel). As a
control, HCV RNA synthesis activity in digitonin-permeabilized cells was
analysed (second panel from the top). HCV protein levels represented by
NS5A are shown, together with the level of tubulin (bottom two panels).
(e} Localization of plus-strand HCV RNA and Core in JFH 13 replicon-
bearing cells transfected with pcDNA3-Core* (Scale bar, 10 pym).
Uncropped images of gels are shown in Supplementary Information Fig.
S6. All error bars are derived from s.d.

The HCV replication complex is compartmentalized by lipid bilayer
membranes'*", Therefore, HCV RNA in the complex is resistant to
nuclease treatment in digitonin-permeabilized cells” (Supplementary
Information, Fig. S4b-d). In situ hybridization analysis did not reveal a
significant difference in the number of cells containing LD-associated
HCV RNA before and after nuclease treatment (Fig. 2¢), indicating that
HCV RNA around LDs is part of the replication complex. An RNA syn-
thesis assay showed that the purified LD fraction from JFH1**'-, but not
JEH14%- or JEH1P"AA-replicating cells, possessed HCV RNA synthesis
activity, even though the expression levels of viral proteins and RNA-syn-
thesizing activities in total cell lysates were similar (Fig. 2d). Moreover,
the addition of Core™ rescued the localization of plus- and minus-strand
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Figure 3 Spatial distribution of Core and NS5A relative to the LD.

(a, b) The localizations of Core, NS5A and ADRP around the lipid
droplets (LDs) in JFH1?® replicon-bearing cells were analysed using
immunofluorescence microscopy. Scale bars, 1 pm. (c) Typical images
of the localization of LDs, Core, NS5A and merged images are shown
with the relative scale of each image. (d, e) Transmission electron
micrographs of LDs in naive Huh-7 celis and JFH15"-expressing cells.
Arrows and arrowheads indicate LD-associated membranes and rough
ER membranes, respectively. (f) Frequency of LDs with close appositions

HCV RNA around LDs in JFH!*-replicating cells (Fig. 2e and data not
shown). Both plus- and minus-strand RNA associated with LDs were
nuclease resistant (data not shown). These results demonstrate that Core
recruits biologically active replication complexes to LDs.

The LD is surrounded by a phospholipid monolayer'?, whereas HCV
replication complexes are likely to be surrounded by lipid bilayer mem-
branes'®"’. Therefore, the replication complexes might not be directly

of membrane cisternae. About 100 Huh-7 cells or JFH 1% -expressing
cells, respectively, were chosen randomly. LDs with apposed membrane
cisternae, as exemplified in panel e, were counted as positive. The LDs
judged as positive were divided by the total number of LDs.

(g-i) Immunoelectron micrographs of LDs labelled with antibodies
against Core (g), NS5A (h, i) or both (j) are shown. Panel i is a higher
magnification of area 1 in panef h. In panel j, Core and NS5A are labelled
with 15 nm and 10 nm gold particles, respectively. Scale bars, 200 nm.
Al error bars are derived from s.d.

associated with the membranes of LDs. To characterize the colocalization of
LDs, viral proteins and replication complexes more precisely, we analysed
thelocalization of NS5A. with high-resolution immunofluorescence micro-
scopy. Core was completely colocalized with ADRE, residing on the surface
of LDs™ (Fig. 3a), thus indicating that Core also directly associates with the
surface of LDs. More importantly, NS5A mainly localized around the Core-
positive area, resulting in a doughnut-shaped signal with a diameter slightly
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Figure 4 LD associations of Core and NS proteins are necessary for the
production of infectious HCV particles. (a) The culture medium from JFH182%,
JFH1%3- or JFH1"Mreplicating cells was collected at the indicated time points
and the titre of hepatitis C virus (HCV) RNA was measured by real-time RT-PCR
{upper panel, n = 3). The culture medium was added to naive Huh7.5 cells and,
24 h after inoculation, and cells were labelled with anti-HCV antibodies (lower
panels, red). (b) JFH1%? replicon-bearing cells were transfected with pcDNA3
(EV), pcDNA3-Core"t(Core*Y) or pcDNA3-Core™™(Core™™). The level of HCV
RNA and the infectivity of the culture medium were examined as described
above (n = 3). (c) Subcellular localization of NS5A and Core in cells expressing
JFH1M9% The insets are high magnifications of the area of the comesponding
panel. Scate bar, 2 ym. (d) Percentages of cells in which the signals for given
HCV proteins, and plus- and minus-strand HCV RNA, overlapped with those

for LDs (n > 200). (e) Different amounts of JFH1E2% (E2FL), JFH1*4% (99) or
JFH1MA102 (102) RNAS, respectively, were transfected into the same number of

Buoyant density (g mi')

Huh-7 cells. HCV RNA synthesis activity in purified LD fractions (LD) and whole-
cell lysates (whole cell) was analysed (HCV RNA synthesis). 28S rRNA was used
as a control. Westem blat analysis of NS5A, NS58 and tubulin in cells is also
shown. Al the RNA samples in the top panel were run on the same gel.

(f) Analysis of HCV released from cells expressing JFH127, JFH 1499 op
JFH1AA102 HCV RNA titres (black bars) and amounts of Core (white bars)
accumuiated in the culture medium at 5 d after RNA transfection were
measured (upper panel, n = 3). Infectivity of the culture medium for naive
Huh-7.5 cells was analysed as described above (lower panels). (g} Concentrated
culture medium from JFH 1827 and JFH1MA%replicating cells was fractionated
using 20-50% sucrose density-gradient centrifugation at 100,000 gfor 16 h.
For each fraction, the amounts of Core (black line), HCV RNA (blue line) and
infectivity (represented by infected cell numbers in a well; red line) are plotted
against the buoyant density (x-axis) (n = 3). Uncropped images of gels are shown
in Supplementary Information Fig. S6. All error bars are derived from s.d.
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e | D-associated membrane P4

Figure 5 Virus-assembly takes place around the LDs. (a) Immunoelectron
microscopic detection of E2 and Core in JFH1%*"-replicating cells. E2 and
Core are labelled with 15 nm and 10 nm gold particles, respectively.

{b) Western blot analysis of the fipid droplet (LD) fraction from JFH 12"

and JFH 1R replicon-bearing cells with anti-E2 and anti-ADRP antibodies.

(c) Transmission electron micrographs of JFH 15 -replicating cells. Arrows
indicate virus-like particles. (d) Immunoelectron micrographs of LDs labelled
with antibodies against Core (10 nm) and E2 (15 nm) are shown. Arows show
Core in electron-dense granules. Scale bar: a and upper panel of ¢: 100 nm;

larger than that of Core (Fig. 3b). The LD-proximal NS5A signal partially
overlapped with the Core signal (Fig. 3b, ¢, grey). This concentric stain-
ing pattern was also observed with the other NS proteins (Supplementary
Information, Fig. S5a), indicating that NS proteins associate with Core on
the surface of LDs. Electron microscopic analysis only rarely revealed a
cdose association of LDs with other organelles in naive Huh-7 cells (Fig. 3d,
f). However, in the case of JFH1**L-replicating cells, about 30% of the LDs
were in close proximity to membrane cisternae (Fig. 3e, arrows; 3f), argu-
ing for a HCV-induced membrane rearrangement around LDs. Core was
mainly located on the periphery of LDs, and occasionally signals were

Replication
complex

in d and lower panels of ¢: 50 nm. (e) A model for the production of infectious
hepatitis C virus (HCV). Core mainly localizes on the monolayer membrane that
surrounds the LD. HCV induces the apposition of the LD to the endoplasmic
reticulum (ER)-derived bilayer membranes (LD-associated membrane). Core
recruits NS proteins, as well as replication complexes, to the LD-associated
membrane. NS proteins around the LD can then participate in infectious virus
production. E2 also localizes around the LD. Through these associations, virion
assembly proceeds in this local environment. Uncropped images of gels are
shown in Supplementary [nformation Fig. S6.

observed in more distal areas of the LDs (Fig. 3g, arrowheads and arrows,
respectively). Although some NS5A signals were observed on the surface
of the LD, the majority of NSSA signals were detected more distal of LDs
(Fig. 3h, i). Furthermore, we often observed membrane cisternae as white
lines in the same area as NS5A signals (Fig. 3i, arrows). When the same
section was labelled with anti-Core and anti-NS5A antibodies, Core was
detected on the surface of the LDs, whereas NS5A was mainly observed in
the peripheral area of the LDs (Fig. 3j, arrowheads and arrows, respectively).
In summary, these results show that Core recruits NS proteins, as well as
HCV replication complexes, to the LD-associated membranes.
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The above results prompted us to ask whether Core-LD colocali-
zation is important for the production of infectious virus particles.
JEH1#*"replicating cells released virions into the culture medium and
these viruses were highly infectious for naive Huh-7.5 cells', although
culture medium from JEH1™/4A- or JFH19%-replicating cells did not
contain significant levels of HCV RNA and infectious virus (Fig. 4a).
However, following trans-complementation with Core™, a high titre of
HCV RNA and infectious virus could be rescued from JFH1“*-replicat-
ing cells (Fig. 4b; and see Supplementary Information, Fig. $5b, c). In
contrast, the production of infectious viruses was not rescued by trans-
complementation with Core®®** (Fig. 4b). RNA-binding properties
and oligomerization of Core™ and Core®™™44, which are both necessary
for virus assembly, were similar (Supplementary Information, Fig. S5d;
ref. 22), arguing that the primary defect of this mutant in preventing
infectious virus production is the inability to associate with LDs.

To investigate the contribution of NS proteins around LDs to infec-
tious virus production, we used variants of NS5A, which were not
recruited to LDs even in the presence of Core. We assumed that NS5A
was crucial for recruiting other NS proteins to LDs, because the level
of NS5A recruited to LDs via Core was higher than the levels of the
other recruited NS proteins (Fig. 1c, JFH1##), Using alanine-scanning
mutagenesis within the NS5A coding region of JFHI®,.we gener-
ated two mutants, JEH1444% and JFH144412 in which the amino-acid

' sequence APK (aa 99-101 of NS5A) or PPT (aa 102-104 of NS5A) was
replaced by AAA (Supplementary [nformation, Fig. §1). In JEH1444%-
-and JFH144A1%2replicating cells, NS5A was rarely detected around LDs,
whereas Core was still localized to LDs (Fig. 4c, d). Importantly, these
mutations impaired not only the NS5A association with LDs, but also
the recruitment of other NS proteins and viral RNAs to LDs (Fig. 4d).
These results indicate that NS5A is a key protein that recruits replica-
tion complexes to LDs. Importantly, HCV RNA synthesis activity in the
LD fractions from these mutant JEH1 -replicating cells was also severely
impaired (Fig. 4e), corroborating the lack of association of HCV replica-
tion complexes with LDs.

To investigate the infectious virus production of these NS5A
mutants, we prepared cells expressing similar levels of HCV proteins
and RNA by adjusting the amount of transfected HCV RNA (Fig. 4e).
This was necessary, because replication activities of these mutants were
lower compared with JFH1™*-, Under these conditions, the amounts
of Core and HCV RNA that were released into the culture medium
from cells transfected with the mutants were comparable to JFH =
(Fig. 4f, uppér graph). However, infectivity titres of the mutants were
sevérely reduced (Fig. 4f, lower panels). In sucrose density-gradient
centrifugation of culture medium from JFH1¥*"-bearing cells, two
types of HCV particles were detected: low-density particles (about
1.12 g ml™") with high infectivity (Fig. 4g, green area of JFH1**'), and
high-density particles (about 1.15 g ml™") without infectivity (yellow
area). This result indicates that only 2 minor portion of released HCV
particles is infectious, whereas the majority of released particles lack
infectivity. In contrast, cells bearing the JFH1444* mutant almost exclu-
sively released non-infectious particles of around 1.15 g ml-!, whereas
infectious particles were barely detectable (Fig. 4g, JFH1*4%%). Taken
together, these results provide convincing evidence that the association
of NS proteins and replication complexes around LDs is critical for
producing infectious viruses, whereas production of non-infectious
viruses seems to follow a different pathway.

LETTERS

The results described so far imply that some step(s) of HCV assem-
bly take place around LDs. To explore this possibility, we analysed the
distribution of the major envelope protein E2 around the LD. Electron
microscopic analysis revealed that, in about 90% of JFH1®"-replicat-
ing cells, E2 was localized in the peripheral area of the LDs (Fig. 5a,
large grains). This labelling pattern was similar to the one observed for
NS5A (Fig. 3j), indicating that E2 also localizes on the LD-associated
membranes. Western blot analysis of the LD fraction supported this
conclusion, because the LD fraction that was purified from JFH15%-
replicating cells, but not from JFH1¢%-replicating cells, contained E2
(Fig. 5b). Furthermore, spherical virus-like particles with an average
diameter of about 50 nm were observed around LDs in JFH 15" -repli-
cating cells (Fig. 5¢, upper panel). These particles were never observed
in naive Huh-7 cells. A more refined analysis indicates that these par-
ticles are closely associated with membranes in close proximity to
LDs (Fig. 5¢, lower panels, arrows). Finally, these particles around the
LDs reacted with Core- and E2-specific antibodies, arguing that the
particles represent true HCV virions (Fig. 5d). These results suggest
that infectious HCV particles are generated from the LD-associated
membranous environment.

In this study, we have demonstrated that Core recruits NS proteins,
HCV RNAs and the replication complex to LD-associated membranes.
Mutations of Core and NS5A (Fig. 4), which failed to associate with
LDs, impaired the production of infectious virus. We note that the
mutant Core retains the ability to interact with RNA (Supplementary
Information, Fig. $5b) and to assemble into nucleocapside. Similarly,
the NS5A mutant still supports viral genome replication and the for-
mation of capsids or virus-like particles, arguing that the introduced
mutations in Core and NS5A do not affect overall protein folding,
stability or function (Fig. 4). Taken together, the data show that the
association of HCV proteins with LDs is important for the production
of infectious viral particles (Fig. 5e).

Our results also indicate that NS proteins around the LDs participate
in the assembly of infectious virus particles. In one scenario, NS pro-
teins may indirectly contribute to the different steps of virus produc-
tion — for example, by establishing the microenvironment around the
LDs that is required for infectious virus production. Alternatively, NS
proteins around the LDs may directly participate in virus production
— for example, as components of the replication complex that provide
the RNA genome to the assembling nucleocapsid.

In support of the role of LDs in virus formation, we observed that
colocalization of HCV protein with LDs was low in cases of the chimera
Jel, supporting up to 1,000-fold higher infectivity titres compared with
JEH1 (ref. 13). In a Jcl-infected cell, only about 20% of LDs demon-
strated detectable colocalization with Core, but this value increased to
80% in the case of a Jc1 mutant lacking most of the envelope glycopro-
tein genes and thus being unable to produce infectious virus particles
(data not shown). This inverse correlation between the efficiency of
virus production and Core protein accumulation on LDs indicates that
rapid assembly and virus release results in the rapid liberation of HCV
proteins from the LDs.

Steatosis and abnormal lipid metabolism caused by chronic HCV infec-
tion may be linked to enhanced LD formation'. In fact, the overproduc-
tion of LDs is induced by Core (Supplementary [nformation, Fig. $3) and
HCV also induces membrane rearrangements around LDs (Fig. 3d-f).
Our findings suggest that excessive Core-dependent formation of LDs
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and membrane rearrangements are required to supply the necessary
microenvironment for virus production. NS proteins and HCV RNA
seem to be translocated from the ER to the LD-associated membranes.
Interestingly, the LD-associated membranes were occasionally found in
continuity with ribosome-studded rough ER (Fig. 3e, arrowheads). Thus,
at least parts of the LD-associated membranes are likely to be derived
from ER membranes. ER marker proteins, however, were not detected
in the LD fraction, suggesting that the LD-associated membrane is char-
acteristically distinct from that of ER membranes.

To our knowledge, this isthe first report showing that LDs are required
for the formation of infectious virus particles. The fact that capsid pro-
tein of the hepatitis G virus also localizes to LDs" indicates that LDs
might be important for the production of other viruses as well. Our
findings demonstrate a novel function of LDs, provide an important
step towards elucidating the mechanism of HCV virion production and
open new avenues for novel antiviral intervention. a

METHODS

Antibodies. The antibodies used for immunoblotting and immunolabelling
were specific for Core (#32-1 and RR8); E2 (AP-33 (ref. 23); 3/11, CBH5 and
Flag M2 (Sigma-Aldrich, St Louis, MO); NS3 (R212)"7; NS4A and 4B (PR12);
NS5A (NS5ACL1); NS5B (NS5B-6 and JFH1-1)* ADRP (Progen Biotechnik,
Heidelberg, Germany); tubulin (Oncogene Research Products, MA, USA);
Grp78 (StressGen, Victoria, Canada); PDI (StressGen); and-Calnexin-NT
(StressGen). Antibodies specific for Core (#32-1 and RR8), NS3 (R212) and
NS4AB (PR12) were gifts from Dr Kohara (The Tokyo Metropolitan Institute
of Medical Science, Japan). Anti-E2 antibody (AP-33) was provided by Dr Patel
(MRC Virology Unit, UK). Anti-NS5B (NS5B-6) antibody was kindly provided
by Dr Fukuya (Osaka University, Japan). Rabbit polyclonal antibodies specific
for NS5A were raised against a bacterially expressed GST-NS5A (1-406 aa)
fusion protein. In the case of the HCV chimeras Con1/C3 and H77/C3, immun-
ofluorescence analyses were performed by using the following antibodies: Core
(C7/50)%, a JFH 1 NS3-specific rabbit polyclonal antiserum; NS4B (#86)%; and
NS5A (Austral Biologicals, San Ramon, CA).

Indirect immunofluorescence analysis. Indirect immunofluorescence analysis
was performed essentially as described previously"”, with slight modifications.
Cells transfected with JFH1 RNA were seeded onto a collagen-coated Labtech
11 8-well chamber (Nunc, NY, USA). The coating with collagen was performed
using rat-tail collagen type I (BD Bioscience, Palo Alto, CA) according to manu-
facturer’s instructions. Three days after seeding, the cells were washed twice with
phosphate-buffered saline (PBS; 137 mM NaCl,2.7 mM KCl, 4.3 mM Na,HPO,
and 1.4 mM KH,PO,) and fixed with fixation solution (4% paraformaldehyde
and 0.15 M sodium cacodylate at pH 7.4) for 15 min at roon: temperature. After
washing with PBS, the cells were permeabilized with 0.05% Triton X-100 in PBS
for 15 min at room temperature. For the precise localization of the proteins, the
cells were permeabilized with 50 g ml-! of digitonin in PBS for 5 min at room
temperature®. After incubating the cells with blocking solution (10% fetal bovine
serum and 5% bovine serum albumin (BSA) in PBS) for 30 min, the cells were
incubated with the primary antibodies. The fluorescent secondary antibodies
were Alexa 568- or Alexa 647-conjugated anti-mouse or anti-rabbit IgG antibodies
(Invitrogen, Carisbad, CA). Nuclei were labelled with 4;6-diamidino-2-phenylin-
dole (DAPI). LDs were visualized with BODIPY 493/503 (Invitrogen). Analyses
of JEH1 were performed on a Leica SP2 confocal microscope (Leica, Heidelberg,
Germany). Analysis of the Con1/C3 and the H77/C3 chimeras was performed
in the same way, except that imaging was performed on a Nikon C1 confocal
microscope (Nikon, Tokyo, Japan).

Electron microscopy. For conventional electron microscopy, cells cultured in
plastic Petri dishes were processed in situ. The cells were fixed in 2.5% glutar-
aldehyde and 0.1 M sodium phosphate (pH 7.4), and then in OsO, and 0.1 M
sodium phosphate (pH 7.4). The cells were then dehydrated in a graded ethanol
series and embedded in an epoxy resin. Ultrathin sections were cut perpendicular
to the base of the dish. For immuno-electron microscopy, cells were detached

from the dish with a cell scraper after fixation in 4% paraformaldehyde, 0.1%
glutaraldehyde and 0.1 M sodium phosphate (pH 7.4) for 24 h, and washed in
0.1 M lysine, 0.1 M sodium phosphate (pH7.4) and 0.15 M sodium chloride.
After dehydrating the cells in a graded series of cold ethanol, they were embed-
ded in Lowicryl K4M at 20 °C. Ultrathin sections were labelled with primary
antibodies and colloidal gold particles (15 nm) conjugated to anti-mouse IgG or
anti-rabbit IgG antibodies. For double labelling, colloidal gold particles with dif-
ferent diameters (10 nmand 15 nm) conjugated to anti-mouse IG or anti-rabbit
antibodies were used. Samples were observed after staining with urany! acetate
and lead citrate with a JEM 1010 electron microscope at the accelerating voltage
of 80 kV. Anti-Core (#32-1 and RR88), anti-NS5A (NSSACL1) and anti-E2 (Flag
M2) antibodies were used.

Preparation of the lipid droplets. Cells at a confluency of ~80% on a dish
with a diameter of 14 cm were scraped in PBS. The cells were pelleted by cen-
trifugation at 1,500 rpm. The pellet was resuspended in 500 ul of hypotonic
buffer (50 mM HEPES, | mM EDTA and 2 mM MgCl, at pH 7.4) supplemented
with protease inhibitors (Roche Diagnostics, Basel, Switzerland) and was incu-
bated for 10 min at 4 °C. The suspension was homogenized with 30 strokes of
a glass Dounce homogenizer using a tight-fitting pestle. Then, 50 il of 10x
sucrose buffer (0.2 M HEPES, 1.2 M KoAc, 40 mM Mg(0Ac), and 50 mM DTT
at pH 7.4) was added to the homogenate. The nuclei were removed by cen-
trifugation at 2,000 rpm for 10 min at 4 °C. The supernatant was collected and
centrifuged at 16,000 g for 10 min at 4 °C. The supernatant (S16) was mixed
with an equal volume of 1.04 M sucrose in isotonic buffer (50 mM HEPES,
100 mM KCl, 2 mM MgCl, and protease inhibitors). The solution was set at
the bottom of 2.2-m| ultracentrifuge tube (Hitachi Koki, Tokyo, Japan). One
milliliter of isotonic buffer was loaded onto the sucrose mixture. The tube was
centrifuged at 100,000 g in an $558 rotor (Hitachi Koki) for 30 min at 4 °C.
After the centrifugation, the LD fraction on the top of the gradient solution was
recovered in isotonic buffer. The suspension was mixed with 1.04 M sucrose
and centrifuged again at 100,000 g, as described above, to eliminate possible
contamination with other organelles. The collected LD fraction was used for
western blotting or the HCV RNA synthesis assay.

HCV RNA synthesis assay. An assay of HCV RNA synthesis using digitonin-
permeabilized cells was performed as described previously”. For RNA synthe-
sis assays using the LD fraction, the LD fraction collected by sucrose-gradient
sedimentation was suspended in buffer B, which contained 2 mM manganese
(11) chloride, 1 mg ml! acetylated BSA (Nacalai Tesque, Kyoto, Japan), 5 mM
phosphocreatine (Sigma), 20 units/mi creatine phosphokinase (Sigma), 50 pg ml"'
actinomycin D, 500 uM ATP, 500 uM CTP, 500 uM GTP (Roche Diagnostics) and
1.85 MBq of [a-*P] UTP (GE Healthcare, Little Chalfont, UK), and incubated
at 27 °C for 4 h. The reaction products were analysed by gel electrophoresis fol-
lowed by autoradiography.

Note: Supplementary Information is available on the Nature Cell Biology website.
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Supplementary Fig. 1

Schematic structures of HCV genomes and mutants used in this study

In JFH15?™ the amino acid residues at positions 393 to 400 in the hyper variable region
1 of B2 were converted to a Flag epitope: DYKDDDDK. The JFHI1E* genome was
used to generate other mutant variants of JFH1. In these cases the Flag epitope is
marked with a blue vertical line. JFH1C* carried a deletion in the Core gene that
eliminated the 17® to the 163" amino-acid residue of Core. JFH1?"** is a mutant of
JFH1EF carrying alanine substitutions for proline residues at amino-acid positions 138
and 143 in Core. JFH1***% and JEH1**4' contained mutated NSSA genes carrying
triple-alanine substitutions for the APK sequence at amino acid positions 99 to 101 and
the PPT sequence at amino acid positions 102 to 104, respectively. Constructs Conl/C3
and H77/C3 are chimeras in which the region from Core to the N-terminal domain of
NS2 of JFH1 was replaced by the analogous region of the genotype 1b isolate Conl or
by the genotype 1a isolate H77%.
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Supplementary Fig. 2 Characterization of mutant JFH1s
(a) JFH1-replicating cells were stained with indicated antibodies, BODYPI 493/503 and
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DAPL Scale bars = 2 pm. Percentages of JFHI- and JFH1®replicating cells with
overlapping signals for LDs and HCV proteins (n > 200). (b) HCV proteins in JFH1 and
JFH1PF replicating cells were ahalyzed by western blotting with indicated antibodies.
(c) Efficiency of virus production and infectivity of JFH1 and JFH1®" viruses were
analyzed as described in Fig. 4. (n = 3) (d) Inhibition of HCV infection by anti-E2
antibody and anti-CD81 antibody. JFH1 and JFH1®" virus were pre-incubated with
normal IgG (nlgG) or anti-E2 antibody for 1 hr at 4°C and were subsequently used to
inoculate Huh-7.5 cells (upper panet). Huh-7.5 cells were pre-incubated with normal
IgG (nIgG) or anti-CD81 antibody for 1 hr at 37°C before inoculation with JFH1 or
JFH1® viruses (lower panel) (n = 3). No obvious difference with respect to the
subcellular localization of viral proteins (a), efficiency of viral replication (b), virus
production (c), and pathway of virus entry (d) were observed between JFH1® and
JFH1 (e) Conl/C3 or H77/C3 replicating cells were stained for HCV antigens (Core or
NS3 or NS4B or NS5A) and LDs. The graphs show the percentage of Con1/C3 (black) or
H77/C3 (white) positive cells in which HCV protein signals overlapped with LD signals.
The overlapping signals were detected by using the ImageJ RG2B software package (n>
200). (f) Whole-cell extracts of JFH1E (E2FL) and JFHIP™A (PP/AA)
replicon-bearing cells were analyzed by Western blot with indicated antibodies. Both
Core™ and Core™2 had an apparent molecular weight of about 21 kDa, indicating that

FPIAA wwas efficiently processed. The expression level of Core”™ 4 however, was

Core
slightly lower than that of Core™. (g) Analysis of the subcellular localization of Core
and NS5A in cells bearing the JFHIP"*A mutant. Cells were labeled to detect LDs
(green), Core (red), NS5A (red) and nuclei DAPI (blue). Scale bars = 10um. (h) The

1 PP/AA

percentages of JFH replicon-bearing cells positive for overlapping signals of LDs

and HCV proteins are indicated (n > 200).
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Supplementary Fig. 3

Enhanced formation of LDs in JFH1- and JFHIE"L-replicating cells

Cells transfected with JFH1°® (a-c), JFH1 (d-f), and JFH1™F" RNA (g-i) were stained

with BODIPY493/503 (green), DAPI (blue), and anti-NSS5A antibody (red). + and —
" indicate HC V-positive and HC V-negative cells, respectively. Fluorescence intensities of

LDs in Huh-7 cells, JFH1C., JFH1-, and JFH1¥ " replicating cells were measured by

confocal microscopy. The results are represented as relative fluorescence intensity of

[Ds (j). (k and 1) Lipid fraction extracted from Huh-7 cells, JFH1., and

JFH1E _replicating cells was analyzed by thin-layer chromatography. Each lane was

loaded with lipid corresponding to an equal amount of protein. Cholesterol ester (CE)

and triglyceride (TG) are indicated (k). The relative intensity of CE and TG in panel k is

shown in 1 (n = 3). (m-p) JFH1¥*™ replicon-bearing celis were treated with 500 pM
oleic acid for 24 hrs and were labeled with BODIPY493/503 (m and n). Cells
transfected with JFH1™ (E2FL), JFH!® (dC3), or JFHPPAA (PP/AA) RNA were
treated with or without oleic acid. (o) The HCV protein level as represented by the level
of NS5A was analyzed by western blot. (p) The percentages of cells positive for
overlapping signals for LDs and the HCV proteins or PDI are indicated. The data was

obtained in the presence (500 pM) or absence (MOCK) of oleic acid in the culture
medium (n > 200).
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