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The absence of a robust cell culture model of hepatitis C virus (HCV)
infection has severely limited analysis of the HCV life cycle and the
development of effective antivirals and vaccines. Here we report
the establishment of a simple yet robust HCV cell culture infection
system based on the HCV JFH-1 molecular clone and Huh-7-derived
cell lines that allows the production of virus that can be efficiently
propagated in tissue culture. This system provides a powerful tool
for the analysis of host–virus interactions that should facilitate the
discovery of antiviral drugs and vaccines for this important human
pathogen.

CD81 � Huh-7 � viral entry � viral spread � interferon

Hepatitis C virus (HCV) is a noncytopathic positive-stranded
RNA virus that causes acute and chronic hepatitis and

hepatocellular carcinoma (1). The hepatocyte is the primary
target cell, although various lymphoid populations, especially B
cells and dendritic cells, may also be infected at lower levels
(2–4). A striking feature of HCV infection is its tendency toward
chronicity, with at least 70% of acute infections progressing to
persistence (1), which is often associated with significant liver
disease, including chronic active hepatitis, cirrhosis, and hepa-
tocellular carcinoma (5). Thus, with �170 million people cur-
rently infected (5), HCV represents a growing public health
burden.

The HCV life cycle and host–virus interactions that determine
the outcome of infection have been difficult to study, because
cell culture and small animal models of HCV infection are not
available. Thus, HCV infection studies to date have involved
infected patients (6–8) and chimpanzees (9–12). The recent
development of HCV replicon systems has also permitted the
study of HCV translation and RNA replication in human
hepatoma-derived Huh-7 cells in vitro (13, 14), revealing some of
the host–virus interactions that regulate these processes (15–19).
Nonetheless, these replicons do not replicate efficiently without
adaptive mutations (20, 21), nor do they produce infectious
virions. Thus, the relevance of replicons to HCV infection is
unclear, and they do not permit analysis of the complete viral life
cycle.

Wakita and colleagues (22, 23), however, have developed an
HCV genotype 2a replicon (JFH-1) that replicates efficiently in
Huh-7 cells, other human hepatocyte-derived cells (e.g., HepG2
and IMY-N9) (24), and nonhepatic cells (e.g., HeLa and
HEK293) (25) without adaptive mutations. This group also
recently reported that Huh-7 cells transfected with in vitro
transcribed JFH-1 genomic RNA can secrete infectious viral
particles.� Unfortunately, the infection efficiency observed was
low, and infectious particles could not be propagated in naı̈ve
Huh-7 cells (26, �).

In contrast, we now report the establishment of a robust highly
efficient in vitro infection system based on Huh-7-derived cell
lines and the JFH-1 consensus clone. This system yields viral
titers of 104-105 infectious units per ml of culture supernatant;
infection spreads throughout the culture within a few days after
inoculation at low multiplicities of infection (moi), and the virus
can be serially passaged without loss in infectivity.

Materials and Methods
HCV Constructs and Transcription. The HCV consensus clone used
was derived from a Japanese patient with fulminant hepatitis and
has been designated JFH-1 (23). Wakita et al. (22) cloned this
HCV cDNA behind a T7 promoter to create the plasmid pJFH-1,
as well as a replication-defective NS5B negative control con-
struct pJFH-1�GND (22). To generate genomic JFH-1 and
JFH-1�GND RNA, the pJFH-1 and pJFH-1�GND plasmids
were linearized at the 3� end of the HCV cDNA by XbaI
digestion. The linearized DNA was then purified and used as a
template for in vitro transcription (MEGAscript; Ambion, Aus-
tin, TX).

Cell Culture. The hepatic (Huh-7 and Huh-7.5.1) and nonhepatic
HEK293 (27) and HeLa (28) cells were maintained in complete
DMEM supplemented with 10% FCS�10 mM Hepes�100
units�ml penicillin�100 mg�ml streptomycin�2 mM L-glutamine
(Invitrogen) at 5% CO2. The human promyeloblastic HL-60 and
monoblastoid U-937 cell lines were obtained from American
Type Culture Collection and cultivated as recommended. The
human hepatocarcinoma cell line HepG2 (American Type Cul-
ture Collection) (29) and Epstein–Barr virus-transformed B cells
were maintained in RPMI medium 1640 with the same supple-
ments described above (Invitrogen).

Huh-7.5.1 cells were derived from the Huh-7.5 GFP-HCV
replicon cell line I�5A-GFP-6 (30), kindly provided by Charles
Rice (Rockefeller University, New York). The I�5A-GFP-6
replicon cells were cultured 3 weeks in the presence of 100
units�ml human IFN-� to eradicate the I�5A-GFP-6 replicon.
Clearance of the HCV replicon bearing the neomycin resistance
gene was confirmed by G418 sensitivity and HCV-specific
reverse transcription real-time quantitative PCR (RT-QPCR)
analysis.

HCV RNA Transfection. In vitro transcribed genomic JFH-1 RNA
was delivered to cells by electroporation or liposome-mediated
transfection. Electroporation was performed as described by
Krieger et al. (31). Briefly, trypsinized cells were washed twice
with and then resuspended in serum-free Opti-MEM (Invitro-
gen) at 1 � 107 cells per ml. Ten micrograms of JFH-1 RNA was
mixed with 0.4 ml of the cells in a 4-mm cuvette, and a Bio-Rad
Gene Pulser system was used to deliver a single pulse at 0.27 kV,
100 ohms, and 960 �F and the cells were plated in a T162 Costar
f lask (Corning). Liposome-mediated transfection was per-
formed with Lipofectamin 2000 (Invitrogen) at an RNA�
lipofectamin ratio of 1:2 by using 5 �g of JFH-1 RNA in cell
suspensions containing 104 cells. Cells were then plated in
DMEM with 20% FCS for overnight incubation. In both cases,

Abbreviations: HCV, hepatitis C virus; moi, multiplicity of infection; RT-QPCR, reverse
transcription real-time quantitative PCR; ffu�ml, focus-forming units per milliliter; p.i.,
postinfection.

†J.Z. and P.G. contributed equally to this work.

¶To whom correspondence should be addressed. E-mail: fchisari@scripps.edu..

�Wakita, T., Kato, T., Date, T. & Miyamoto, M. 11th International Symposium on Hepatitis
C and Related Viruses, 2004, Oct. 3–7, 2004, Heidelberg, Germany.

© 2005 by The National Academy of Sciences of the USA

9294–9299 � PNAS � June 28, 2005 � vol. 102 � no. 26 www.pnas.org�cgi�doi�10.1073�pnas.0503596102



transfected cells were transferred to complete DMEM and
cultured for the indicated period. Cells were passaged every 3–5
days; the presence of HCV in these cells and corresponding
supernatants were determined at the indicated time points.

RNA Analysis. Total cellular RNA was isolated by the guanidine
thiocyanate method by using standard protocols (32). RT-QPCR
analysis (for primer sequences, see Fig. 7, which is published as
supporting information on the PNAS web site) was performed
as described (19, 33), and HCV and GAPDH transcript levels
were determined relative to a standard curve comprised of serial
dilutions of plasmid containing the HCV JFH-1 cDNA or human
GAPDH gene.

Indirect Immunofluorescence. Intracellular staining was performed
as described (33). Polyclonal anti-NS5A rabbit antibody MS5 [a
gift from Michael Houghton (Chiron)] was used at a dilution of
1:1,000 followed by incubation with a 1:1,000 dilution of Al-
exa555-conjugated goat anti-rabbit IgG (Molecular Probes) for
1 h at room temperature. Cell nuclei were stained by Hoechst
dye.

Titration of Infectious HCV. Cell supernatants were serially diluted
10-fold in complete DMEM and used to infect 104 naı̈ve
Huh-7.5.1 cells per well in 96-well plates (Corning). The inoc-
ulum was incubated with cells for 1 h at 37°C and then supple-
mented with fresh complete DMEM. The level of HCV infection
was determined 3 days postinfection by immunofluorescence
staining for HCV NS5A. The viral titer is expressed as focus-
forming units per milliliter of supernatant (ffu�ml), determined
by the average number of NS5A-positive foci detected at the
highest dilutions.

Amplification of HCV Viral Stocks. To generate viral stocks, infec-
tious supernatants were diluted in complete DMEM and used to
inoculate naı̈ve 10–15% confluent Huh-7.5.1 cells at an moi of
0.01 in a T75 flask (Corning). Infected cells were trypsinized and
replated before confluence at day 4–5 postinfection (p.i.).
Supernatant from infected cells was then harvested 8–9 days p.i.
and aliquoted for storage at �80°C. The titer of viral stock was
determined as described above.

Concentration and Purification of HCV. Sucrose density-gradient
ultracentrifugation analysis was performed as described (34).
Pooled supernatant from two mock or two HCV-infected T162
cm2 Costar flasks (Corning) were centrifuged at 4,000 rpm for
5 min to remove cellular debris and then pelleted through a 20%
sucrose cushion at 28,000 rpm for 4 h by using a SW28 rotor in
an L8–80M ultracentrifuge (Beckman). The pellet was resus-
pended in 1 ml of TNE buffer (50 mM Tris�HCl, pH 8�100 mM
NaCl�1 mM EDTA) containing protease inhibitors (Roche
Applied Science, Indianapolis), loaded onto a 20–60% sucrose
gradient (12.5-ml total volume), and centrifuged at 120,000 � g
for 16 h at 4°C in a SW41Ti rotor (Beckman). Fractions of 1.3
ml were collected from the top of the gradient. The fractions
were analyzed by RT-QPCR to detect HCV RNA. To determine
the infectivity titer of each fraction, fractions were titrated on
Huh7.5.1 cells as described above.

Blocking Infection with CD81- and E2-Specific Antibodies. Recombi-
nant human monoclonal (IgG1) anti-E2 antibody was derived from
a cDNA expression library (prepared from mononuclear cells of a
HCV patient) that was screened against recombinant HCV geno-
type 1a E2 protein (GenBank accession no. M62321) by phage
display. The antibody was serially diluted and preincubated with
15,000 ffu of JFH-1 virus in a volume of 250 �l for 1 h at 37°C. The
virus antibody mixture was then used to infect 45,000 Huh-7.5.1
cells in a 24-well plate (Corning) for 3 h at 37°C. Mouse monoclonal

anti-human CD81 antibody 5A6 (35) at 1 mg�ml (a gift from
Shoshana Levy, Stanford University, Stanford, CA) was serially
diluted (1:2,000, 1:200, and 1:20) and preincubated in a volume of
50 �l with 104 Huh-7.5.1 cells seeded in a 96-well plate for 1 h at
37°C. Cells were subsequently inoculated with infectious JFH-1
supernatant at an moi of 0.3 for 3 h at 37°C. The efficiency of the
infection in the presence of antibodies was monitored 3 days p.i. by
RT-QPCR and immunofluorescence.

Results
Production of Infectious HCV Particles in HCV RNA-Transfected Hep-
atoma Cells. Blight et al. (36) have established an Huh-7-derived
cell line, termed Huh-7.5, that is highly permissive for replication
of HCV replicons, including the I�5A-GFP-6 replicon (30) that
expresses an NS5A-GFP fusion protein. For the current study,
we cured I�5A-GFP-6 replicon cells with IFN-� (see Materials
and Methods) establishing an HCV-negative Huh-7.5-derived
cell line, which we refer to as Huh-7.5.1. In a first set of
experiments, 10 �g of in vitro transcribed genomic JFH-1 RNA
was delivered into Huh-7.5.1 cells by electroporation. Trans-
fected cells were then passaged when necessary (usually every
3–4 days) to maintain subconfluent cultures throughout the
experiment. At the indicated times, total RNA was isolated from
the transfected Huh-7.5.1 cells, and the level of HCV RNA was
determined by HCV-specific RT-QPCR. Two days posttrans-
fection, 1.3 � 107 copies of HCV RNA per �g of cellular RNA
were detected (Fig. 1), probably reflecting a combination of
input RNA and RNA produced by intracellular HCV replica-
tion. HCV RNA levels subsequently decreased, reaching a
minimum level of 1.6 � 106 copies per �g of cellular RNA at day
8 posttransfection (Fig. 1). Importantly, however, intracellular
HCV RNA levels began to increase thereafter, reaching maximal
levels of �107 copies per �g of total RNA by day 14 posttrans-
fection, and these levels were maintained until the experiment
was terminated on day 26 (Fig. 1). These results suggested that
HCV was actively replicating in transfected Huh-7.5.1 cells. This
notion is supported by a rapid disappearance of a replication-
incompetent JFH-1 RNA genome after transfection (Fig. 7).

Interestingly, immunofluorescence staining for NS5A indi-
cated that the percentage of NS5A-positive cells in the trans-
fected cell cultures increased from 2% on day 5 (Fig. 2A) to
almost 100% on day 24 (Fig. 2B). These results were consistent
with the amplification of HCV RNA and further suggested either
that HCV-transfected cells had acquired a selective growth
advantage or that HCV was spreading to untransfected cells
within the culture.

To determine whether the JFH-1-transfected Huh-7.5.1 cells
were releasing infectious virus, we inoculated naı̈ve Huh-7.5.1

Fig. 1. Production of infectious HCV after transfection of genomic JFH-1
RNA. Ten micrograms of in vitro transcribed JFH-1 RNA was electroporated
into 4 � 106 Huh-7.5.1 cells. Transfected cells and supernatant were harvested
at the indicated time points posttransfection. Intracellular HCV RNA was
analyzed by RT-QPCR and displayed as genome equivalents (GE)��g total RNA
(line). Supernatant infectivity titers were determined in naı̈ve Huh-7.5.1 cells
and are expressed as ffu�ml (bars).
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cells with supernatants collected at different time points during
the transfection experiment. Not only did immunofluorescence
staining 3 days postinoculation reveal NS5A positive cells in the
culture (Fig. 2C) but also, when the supernatants were serially
diluted, the infection resulted in discrete foci of NS5A-positive
cells (Fig. 2D), which allowed us to determine the ffu�ml in the
supernatants collected at different times posttransfection. This
type of supernatant titration was performed for the transfection
experiment described in Fig. 1 and is indicated by vertical bars
(Fig. 1). Infectious virus was detected in the culture medium 3
days after transfection (80 ffu�ml) and then increased, reaching
a maximum of 4.6 � 104 ffu�ml by day 21 posttransfection,
concomitant with the amplification of intracellular JFH-1 RNA.

Taken together, these results strongly suggest that Huh-7.5.1
cells transfected with genomic JFH-1 RNA were able not only to
support HCV replication but also to produce infectious HCV
particles. Notably, similar results were obtained when JFH-1
RNA was delivered to Huh-7.5.1 cells by an alternative trans-
fection method (i.e., liposomes; Fig. 8, which is published as
supporting information on the PNAS web site).

Propagation of HCV Virus Generated by Transfection. Next, we
determined whether cells infected with JFH-1-transfected cell
supernatant produced progeny virus that could be serially pas-
saged to naı̈ve Huh-7.5.1 cells. To do so, we infected naive
Huh-7.5.1 cells at low multiplicity (moi � 0.01) with infectious
supernatants collected from two independent transfection ex-
periments and monitored infectious virus production by titrating
the infected cell supernatants at the indicated time points. On
day 1 after inoculation, no infectious particles were detectable in
the supernatant of cells infected with either transfection cell
inoculate (Fig. 3A). However, infectious particles exponentially
accumulated in the supernatant thereafter, reaching a maximal
titer of at least 104 ffu�ml on day 7 after both infections (Fig. 3A).
Thus, within 7 days p.i., HCV produced in two independent
transfection experiments was amplified in naı̈ve Huh-7.5.1 cells

�100-fold with very similar kinetics. Of note, we also performed
additional experiments in which we monitored the intracellular
levels of HCV RNA and proteins. This analysis confirmed that
the appearance of infectious virus in the cell culture supernatant
directly correlated with the amplification and subsequent trans-
lation of the input HCV RNA (Fig. 9, which is published as
supporting information on the PNAS web site).

To determine whether the progeny virus produced by infec-
tion could be further passaged, we infected naive Huh-7.5.1 cells
with the virus collected from one of the experiments shown in
Fig. 3A (lipofection). As shown in Fig. 3B, this secondary
infection progressed with kinetics similar to the primary infec-
tion (Fig. 3A), again reaching maximal levels on day 7. This was
reflected by increasing numbers of NS5A-positive cells over the
time course of the infection, with almost all of the cells being
positive for NS5A at day 7 (Fig. 3C). These results indicate that
the JFH-1 virus generated by transfection can be passaged in
Huh-7.5.1 cells without a detectable loss in infectivity, and that
it infects a high proportion of the cells in a relatively short period.

HCV Infection Is Inhibited by Anti-E2 Antibodies. Previous studies
using HCV surface glycoprotein (E1�E2) pseudotyped viruses
(37, 38) have suggested that E1 and�or E2 mediate the inter-
action with cellular receptors that are required for viral adsorp-
tion. To verify whether such an interaction is required for HCV
infection in vitro, we performed neutralization experiments using
anti-E2 antibodies in which the JFH-1 virus was preincubated
with serial dilutions of a recombinant human monoclonal anti-
body specific for HCV E2 or an isotype-negative control anti-
body for 3 h at 37°C before infection.

Huh-7.5.1 cells infected with JFH-1 virus (moi � 0.3) in the
presence of 100 �g�ml of anti-E2 antibody were found to have
5-fold lower intracellular HCV RNA levels compared with cells
infected in the presence of the same amount of an isotype control
antibody (Fig. 4A), and this was reflected by a reduction in
NS5A-positive cells as determined by immunofluorescence

Fig. 2. Detection of infected cells by NS5A immunofluorescence. (Upper) Immunofluorescent detection of NS5A in transfected cells: (A) day 5 and (B) day 24
posttransfection. (Lower) Infectivity titration of transfected cell supernatant on naı̈ve Huh-7.5.1 cells; (C) undiluted supernatant; (D) 10-fold diluted supernatant.
NS5A staining in red; nuclei stained with Hoechst (blue) (�50).
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(data not shown). Titration of the anti-E2 antibody indicated
that 10 �g�ml of antibody was required for a 50% reduction in
intracellular HCV RNA 3 days p.i. (Fig. 4A). These results are
therefore consistent with the conclusion that in vitro HCV
infection in this system is at least in part mediated by the viral
envelope E2 protein.

HCV Infection Is Inhibited by Anti-CD81 Antibodies. Previous studies
using pseudotyped viruses that express HCV E1�E2 have also
suggested that the interaction between HCV E2 and CD81 is
crucial for viral entry (39). To determine whether CD81 is
required in this HCV infection system, anti-CD81 antibody-
pretreated naı̈ve Huh-7.5.1 were infected with JFH-1 virus at an
moi of 0.3 and analyzed 3 days p.i. Intracellular HCV RNA levels

were reduced in a dose-dependent manner with a 50-fold
reduction at 50 �g�ml anti-CD81 antibody compared with the
control antibody-treated cells (Fig. 4B).

Biophysical Properties of Infectious HCV JFH-1 Particles. To examine
the density of the secreted infectious HCV virions, supernatants
collected from uninfected and HCV-infected Huh7.5.1 cells
were subjected to sucrose gradient centrifugation. Gradient
fractions were collected after centrifugation and analyzed for the
presence of HCV RNA and infectivity (Fig. 5). Maximal infec-
tivity titers (1.25 � 104 ffu�ml) were present in fraction 5 and
coincided with the peak of HCV RNA. The �1.105 g�ml
apparent density of the peak infectivity fraction is consistent
with that previously reported for HCV virions isolated from
patient sera (40, 41), indicating that the density of the recom-
binant JFH-1 virus is similar to that of human isolates.

In Vitro Tropism of JFH-1 HCV. To determine whether infection with
the JFH-1 virus was restricted to Huh-7.5.1 cells, we attempted
to infect a panel of hepatic (Huh-7 and HepG2) and nonhepatic
cell lines (HeLa, HEK293, HL-60, U-937, and EBV-transformed
B cells). Besides the Huh-7.5.1 cells, only the Huh-7 cells were
permissive for HCV infection, as determined by immunofluo-
rescent staining for the viral NS5A protein at day 3 p.i. (data not
shown).

To determine whether there are quantitative differences in
infection efficiency between the Huh-7.5.1 and Huh-7 cells, we
infected both cell lines in parallel. As shown in Fig. 6, infectious
particle release into the supernatant of infected Huh-7 cells

Fig. 3. HCV infection kinetics and passage in tissue culture cells. Naı̈ve Huh
7.5.1 cells were inoculated with culture supernatants at an moi of 0.01.
Supernatants from the inoculated cells were collected at the indicated times
p.i. and evaluated for infectivity (ffu�ml). Data represent the average of two
or more experiments with error bars. (A) Huh-7.5.1 cells inoculated with
supernatant harvested at day 19 after transfection of Huh-7.5.1 cells with
JFH-1 genomic RNA by electroporation (dashed line) or day 24 after lipofec-
tion (solid line). (B) Huh-7.5.1 cells inoculated with supernatant collected at
day 5 from the infection shown as a solid line in A; (C) Increasing NS5A
immunostaining in Huh-7.5.1 cells between days 5 and 7 p.i. in the experiment
shown in B.

Fig. 4. Inhibition of HCV infection by anti-E2 and anti-CD81 antibodies. (A)
JFH-1 virus was preincubated with the indicated concentrations of anti-E2
antibody or irrelevant human IgG1 antibody for 1 h at 37°C before inoculating
Huh-7.5.1 cells. Total cellular RNA was analyzed by RT-QPCR at day 3 p.i. (B)
Huh-7.5.1 cells were preincubated with the indicated concentrations of anti-
human CD81 or control mouse IgG1 antibody for 1 h at 37°C before inocula-
tion with JFH-1 virus at an moi of 0.3. Total cellular RNA was analyzed by
RT-QPCR at day 3 p.i.

Fig. 5. Sucrose gradient sedimentation of infectious HCV. Supernatant from
infected Huh-7.5.1 cells was fractionated as described in Materials and Meth-
ods. Fractions (1–9) were collected from the top of the gradient and analyzed
by RT-QPCR for HCV RNA (line). The infectivity of each fraction was deter-
mined (bars) by titration. Fraction densities are expressed as g�ml.

Fig. 6. Kinetics of JFH-1 HCV infection in Huh-7.5.1 and Huh-7 cells. A virus
stock generated in Huh-7.5.1 was diluted to infect Huh-7.5.1 and Huh-7 cells
at an moi of 0.01. Culture supernatant was collected at the indicated times and
titrated. Infectious titers in Huh-7.5.1 (solid lines) and Huh-7 cells (dashed
lines) are expressed as ffu�ml. Average values of two independent infection
experiments are shown.
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appears to be delayed when compared with the particle produc-
tion by Huh-7.5.1 cells. Nevertheless, Huh-7 cells produced
similar amounts of infectious particles by days 8 and 10. Similar
delayed kinetics in the amplification of intracellular HCV RNA
was also observed in the Huh-7 cells (Fig. 10, which is published
as supporting information on the PNAS web site). Taken to-
gether, these results demonstrate that Huh-7 cells can produce
similar amounts of progeny virus as Huh-7.5.1 cells but with
delayed kinetics.

Discussion
The absence of a robust cell culture model of HCV infection has
limited the analysis of the HCV life cycle and the development
of effective antivirals and vaccines. Despite intensive efforts by
many groups and the finding that in vitro transcribed HCV RNA
is infectious when transfected into the liver of chimpanzees (42,
43), production of infectious HCV in vitro has remained prob-
lematic. Although a cell line capable of producing HCV-like
virions was recently reported, the infectivity of those particles
was not demonstrated (34). Furthermore, until recently, the
replication efficiency of HCV replicons has depended on adap-
tive mutations (reviewed in ref. 44) that are attenuating in
chimpanzees (45).

Interestingly, Kato et al. (22) produced an HCV genotype 2a
replicon (JFH-1) that replicates efficiently in Huh-7 cells without
adaptive mutations. Importantly, Wakita et al. (26, �) have also
reported that JFH-1 RNA generated from the genomic JFH-1
viral clone can produce virus when transfected into Huh-7 cells.
The limitation of this discovery has been the low efficiency of
infection achieved and the resulting inability to perform con-
trolled infection experiments.

Here, we report the establishment of a simple yet robust cell
culture HCV infection system based on the reverse genetics
system designed by Wakita et al. (26, �), which allows the rescue
of infectious virus from the JFH-1 consensus cDNA clone. Our
results demonstrate that transfection of JFH-1 RNA into the
Huh-7-derived cells allows for the recovery of a viable JFH virus
that can then be serially passaged and used for infection-based
experimentation. Impressively, infection with serial dilutions of
the virus resulted in the formation of infected cell foci that
allowed us to quantitatively titrate the HCV being produced.
Although the molecular basis of this viral spread pattern requires
additional investigation, one can speculate that after infection at
low multiplicity, HCV may spread by multiple mechanisms such
as by attaching preferentially to adjacent cells after secretion
and�or by spreading via cell-to-cell transmission.

The ability to monitor the complete HCV infection process in
vitro has already provided some insight into the HCV life cycle.
Specifically, the disappearance of input virus from the superna-
tant within 24 h p.i. suggests that particles were able to enter the
cells within this time frame. As infectious viral titers rose from
these undetected levels to 104-105 ffu�ml, the number of NS5A-
positive cells also increased, suggesting that the virus was
spreading to new cells (Fig. 3C). Importantly, when passaged to
naı̈ve Huh-7.5.1 cells, the virus produced by both transfected and
infected cells exhibited the same infection kinetics with an HCV
doubling time of �22 h. This doubling time is longer than the 6–8
h previously reported in infected patients (46) and chimpanzees
(47); however, technical and biological factors may be respon-
sible for this discrepancy. For example, earlier estimates were
based on the number of HCV genome equivalents detected in
the serum of infected individuals, not the infectivity titer as in the
current study. The different doubling times may also reflect
genotypic differences between the infecting viruses in the vari-
ous studies and�or biological differences between Huh-7.5.1
cells and primary hepatocytes in the context of the liver.

The tropism of the JFH-1 virus thus far appears to be limited
to Huh-7-derived cell lines. Even HepG2, HeLa, and HEK293

cells, which have been shown to support replication of the
subgenomic JFH-1 replicon (22, 24, 25), failed to become
infected. This suggests that the block to HCV infection in these
cells may exist before RNA replication and translation. Impor-
tantly, that an antibody directed against the viral surface glyco-
protein E2 reduced the infectivity of the JFH-1 virus suggests the
process of viral adsorption and entry can be studied in this
system. Consistent with this claim, HCV infection of Huh-7-
derived cells was inhibited by an antibody against CD81 (Fig. 4),
an extensively characterized putative HCV receptor (48).

Our initial efforts focused on the use of Huh7.5.1 cells, a cell
line derived from Huh7.5 cells that has been shown to be highly
permissive for HCV genotype 1 replicon replication (36). Im-
portantly, however, non-HCV-adapted Huh-7 cells were also
found to be susceptible to infection with the JFH-1 virus (Fig. 6).
Virus amplification in Huh-7 cells did tend to display slower
kinetics, but the Huh-7 cells eventually produced viral titers
comparable to those attained in Huh-7.5.1 cells. The specific
characteristics of the Huh-7.5.1 cells might be crucial in the
future, because we expect mutants with reduced viability to be
produced during reverse genetics studies investigating HCV
biology.

Although the different kinetics of virus production in these
two Huh-7-based cell lines is still under continued investigation,
at this point, the differences observed are compatible with the
idea that HCV infection may induce an innate antiviral response
in the Huh-7 cells that is compromised in the Huh-7.5.1 cells.
Specifically, it has been demonstrated that Huh-7.5 cells contain
an inactivating mutation in RIG-I (49), a key component of the
cellular double-stranded RNA-sensing machinery (50). Hence,
our results suggest that HCV infection may induce a double-
stranded RNA antiviral defense pathway in the Huh-7 cells,
which transiently delays viral replication and�or spread. That
HCV eventually overcomes the limitations present in Huh-7 cells
and reaches titers similar to those produced by Huh-7.5.1 cells
further suggests that expression of one or more viral encoded
functions (e.g., NS3 or NS5A) may block or negate the intra-
cellular antiviral defense(s). HCV infection, however, remained
sensitive to the effects of exogenously added IFN, because both
IFN-� and -� prevented JFH-1 virus infection of Huh-7.5.1 cells
(Fig. 11, which is published as supporting information on the
PNAS web site). Interestingly, these in vitro observations appear
to parallel those seen clinically (5, 46, 51), in which IFN therapy
is able to reduce viral titers in some patients regardless of the
mechanisms the virus has evolved that allow it to persist in the
presence of the IFN it induces. Ongoing comparison of HCV
infection in these different Huh-7-based cell lines should provide
a unique opportunity to dissect and understand these critical
virus–host interactions.

Conclusion
We have established a robust cell culture model of HCV
infection in which infectious HCV can be produced and serially
passaged to naı̈ve cells. The availability of this system creates the
opportunity to address aspects of the virus life cycle, including
entry, trafficking, viral assembly, and egress, that have not been
previously approachable. Likewise, many aspects of the host–
virus relationship can now be explored, particularly the proviral
factors that are required for viral production and the antiviral
factors that control HCV infection. In addition to the deeper
understanding of basic HCV infection biology that should be
forthcoming from this system, it creates new investigative op-
portunities that could greatly accelerate the discovery of anti-
viral drugs and contribute to the development of an HCV
vaccine.
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