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Hepatitis C virus (HCV) establishes persistent infections and leads to chronic liver disease. It only recently
became possible to study the entire HCV life cycle due to the ability of a unique cloned patient isolate (JFH-1)
to produce infectious particles in tissue culture. However, despite efficient RNA replication, yields of infectious
virus particles remain modest. This presents a challenge for large-scale tissue culture efforts, such as inhibitor
screening. Starting with a J6/JFH-1 chimeric virus, we used serial passaging to generate a virus with substan-
tially enhanced infectivity and faster infection kinetics compared to the parental stock. The selected virus clone
possessed seven novel amino acid mutations. We analyzed the contribution of individual mutations and
identified three specific mutations, core K78E, NS2 W879R, and NS4B V1761L, which were necessary and
sufficient for the adapted phenotype. These three mutations conferred a 100-fold increase in specific infectivity
compared to the parental J6/JFH-1 virus, and media collected from cells infected with the adapted virus yielded
infectious titers as high as 1 � 108 50% tissue culture infective doses (TCID50)/ml. Further analyses indicated
that the adapted virus has longer infectious stability at 37°C than the wild type. Given that the adapted
phenotype resulted from a combination of mutations in structural and nonstructural proteins, these data
suggest that the improved viral titers are likely due to differences in virus particle assembly that result in
significantly improved infectious particle stability. This adapted virus will facilitate further studies of the HCV
life cycle, virus structure, and high-throughput drug screening.

Hepatitis C virus (HCV) is an enveloped positive-strand
RNA virus that has only recently been adapted to tissue culture
(22, 41, 46). The full-length genome of isolate JFH-1 was
demonstrated to be competent for viral particle production in
tissue culture (22, 41, 46) by using Huh-7-derived cell lines that
are permissive to HCV infection and replication (2, 20). Sev-
eral of these HCV cell culture (HCVcc) systems have been
described, the most robust of which are based on chimeric
J6/JFH-1 viruses or tissue culture-adapted strains of JFH-1 (1,
3, 4, 17, 18, 26, 36, 47). However, the quantity of infectious
virions these systems can produce is limited, presumably due to
currently unidentified constraints on infectious virus particle
production in tissue culture (5, 16, 26, 47). After passage of
tissue culture-grown J6/JFH-1 virus in animals, the resultant
viruses exhibited a higher specific infectivity (23). Similarly,
passage of HCV in primary human hepatocytes yielded virus
with higher specific infectivity (33). Although Huh-7 cells are
currently the most efficient system for culturing of HCV, these
data suggest that virus particle production is suboptimal in
these cells compared to that in bona fide hepatocytes.

Serial passage of HCV in cell culture has yielded virus iso-
lates with increased viral titers (9, 10, 32, 37, 44). Interestingly,
these studies revealed complex genetic interactions between
viral structural and nonstructural proteins that influence the

efficiency of virus particle production. Specifically, interactions
between core and NS5A proteins or between NS2, NS3, and
the viral envelope glycoproteins have been demonstrated to be
important for virus production (25, 31). These viral genetic
studies demonstrate interplay between structural and non-
structural proteins and suggest that an appropriate set of adap-
tive mutations in HCV proteins might improve viral replication
and/or assembly.

In this study, we generated an adapted HCV with a specific
infectivity that is approximately 100-fold greater than that of
wild-type HCV. This adapted phenotype is conferred by the
mutations core K78E, NS2 W879R, and NS4B V1761L. Col-
lectively, these 3 mutations increase specific infectivity by in-
creasing the stability of infectious viral particles. The adapted
viral replication, assembly, and egress were not significantly
enhanced relative to those of the wild type. The generation of
this adapted HCV enables the pursuit of studies that until now
have been difficult to conduct. These include antibody produc-
tion, cryo-electron microscopy, drug resistance selection, and
high-throughput screening for novel HCV inhibitors.

MATERIALS AND METHODS

Cell culture. Huh-Lunet and Lunet-CD81 cells were maintained in Dulbecco’s
modified Eagle medium (DMEM-Glutamax) supplemented with nonessential
amino acids and 10% fetal bovine serum (FBS) (DMEM complete medium).
Huh-Lunet cells (20) were obtained from ReBLikon GmbH (Mainz, Germany).
Media and supplements were purchased from Gibco-BRL, Life Technologies
Ltd. (Madison, WI). All cell lines were maintained in humidified incubators at
37°C and 5% CO2.
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Generation of stable Lunet-CD81 cell line. pOTBR-human CD81, a plasmid
carrying the human CD81 gene, was obtained from ATCC (Manassas, VA). A
lentivirus encoding human CD81 was generated by using the ViraPower lentivi-
rus expression system (Invitrogen, Carlsbad, CA) per the manufacturer’s instruc-
tions. Huh-Lunet cells were transduced with the human-CD81 lentivirus and
subsequently selected in complete medium supplemented with blasticidin (5
�g/ml). Stably transduced cells were stained with a CD81-specific monoclonal
antibody (JS-81; Becton Dickinson Biosciences, San Diego, CA) and sorted for
high CD81 expression at the Stanford University fluorescence-activated cell
sorter (FACS) facility (Palo Alto, CA). Subsequently, cells were transduced and
sorted a second time to generate a homogenous cell line that stably expresses
high levels of CD81. This cell line was designated Lunet-CD81.

Plasmid construction. All constructs were verified by DNA sequencing (Tac-
gen, Richmond, CA). Restriction enzymes were purchased from New England
BioLabs (Ipswich, MA). A chimeric HCV genome consisting of the J6 sequence
(genotype 2a) from core through NS2 (genotype 2a) followed by the JFH-1
sequence (genotype 2a) of the 5� untranscribed region (UTR) and then from
NS3 through the 3� UTR with a FLAG tag inserted in the NS5A coding sequence
was called J6/JFH-1 Rluc and was previously described (30). To create a non-
reporter version of this genome, the Rluc gene was removed by using the flanking
MluI restriction sites. The religated product did not contain the Rluc gene, and
the resulting plasmid is referred to as pJ6/JFH-1. The individual mutations K78E
(core), S401N (E2), W879R (NS2), Y904H (NS2), V1761L (NS4B), D2173G
(NS5A), and V2417A (NS5A) were introduced into the pJ6/JFH-1 plasmid by
using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA.).
Mutated regions were then exchanged into wild-type pUC19-J6/JFH-1 plasmid
by using the restriction enzyme sets EcoRI/NsiI (for the region containing
K78E), NsiI/MluI (for the region containing S401), MluI/SpeI (for the region
containing W879R and Y904H), SpeI/BamHI (for the region containing
V1761L), BamHI/RsrII (for the region containing D2173G), or RsrII/BsrGI (for
the region containing V2417A). Plasmids containing a combination of mutations
were created by using a QuikChange Multi kit (Stratagene) and up to three
mutagenesis primers at once. A region containing both NS2 mutations (W879R
and Y904H) was synthesized (GeneOracle, Mountain View, CA) with incorpo-
rated 5� MluI and 3� SpeI restriction sites and then subcloned into the virus
cDNA by using these enzymes. The pJ6/JFH-All 7 construct containing all 7
mutations was synthesized through a combination of ligation and mutagenesis
techniques. Single reversion mutants were created by reverting individual muta-
tions in pJ6/JFH-All 7 back to the wild type using the primer sets described.

RNA transcription and electroporation. In vitro transcripts were generated as
previously described (30). Briefly, plasmids were linearized with XbaI and puri-
fied by using a MinElute column (Qiagen, Valencia, CA). RNA was transcribed
from 1 to 5 �g of purified template by using a T7 Megascript kit (Ambion, La
Jolla, CA). Reaction mixtures were incubated at 37°C for 2 h and then digested
with 3 U of DNase I (Ambion) for 15 min. RNA was purified by using an RNeasy
kit (Qiagen) and quantified by absorbance at 260 nm. RNA integrity was deter-
mined by agarose gel electrophoresis and SYBR staining (Invitrogen). Each
transcribed RNA (5 �g) was mixed with a suspension of trypsinized Huh-Lunet
cells (7.5 � 106 cells/ml in a volume of 400 �l). Cells were then electroporated
at 260 V and 950 �F in a Gene Pulser II apparatus (Bio-Rad, Hercules, CA).
Electroporated cells were allowed to recover for 10 min at room temperature
prior to addition of cell culture medium and plating in T75 flasks or 12-well
plates.

Adaptation of wild-type J6/JFH-1 to Lunet-CD81 cells. Five 96-well plates of
Lunet-CD81 cells were infected by limiting dilution (one to four dilutions, from
a multiplicity of infection [MOI] of 0.8 to 0.0008) of wild-type-J6/JFH-1-contain-
ing supernatant. Following the initial infection, supernatants containing virus
were passed onto naive Lunet-CD81 cells. Supernatant passages were performed
by collecting supernatant 72 h postinfection and transferring 100 �l virus-con-
taining supernatant onto naive Lunet-CD81 cells, seeded at 3,500 cells per well
in 100 �l of complete DMEM medium, so that cells in each well were maintained
in a total volume of 200 �l. Overall, eight supernatant passages were performed
during the initial adaptation. During the adaptation process, the percentage of
cells infected at each passage was quantified by indirect immunofluorescence
(see below). Following the 96-well supernatant passages, supernatants from wells
consistently exhibiting �50% infected cells were passed into 24-well plates for
two passages and then 6-well plates for four passages, T25 and T75 flasks for two
passages, and finally a T225 flask. During the process, the percentage of cells
infected was continuously monitored by indirect immunofluorescence, and virus
supernatants producing greater than 80% infected cells were passed into larger
vessels. Cell culture supernatants were assessed for infectious virus via indirect
NS5A immunofluorescence or TCID50 assay, and cells were used for preparation
of total RNA (see below).

Virus collection. Virus-containing supernatants were collected and filtered
through 0.22-�m filters (Corning, Union City, CA). Following filtration, HEPES
buffer, pH 7.5 (Gibco), was added to a final concentration of 10 mM. Viral
supernatants were aliquoted and stored immediately at �80°C. Large stocks of
virus were prepared by seeding 20 T225 flasks of Lunet-CD81 cells at 2.5 � 106

cells per flask. After cell attachment (�6 h postseeding), medium was removed
and 5 to 7 ml of virus-containing supernatants were added at an MOI of �0.3.
The next morning, 45 ml of complete DMEM was added to each flask. Three
days later, supernatants were collected from subconfluent cells and fresh medium
was added. Thirty hours later, supernatants were collected again. For high-titer
virus stock collection, virus infection was the same as above. However, virus-
containing supernatant was collected at 4-h intervals three times per day 2 to 5
days postinfection.

Preparation of total RNA, amplification of viral RNA by reverse transcription-
PCR (RT-PCR), and cloning of amplified DNA fragments. Total RNA was
isolated from T75 flasks of confluent Lunet-CD81 cells infected with the adapted
virus by using the QiaShredder (Qiagen) and RNeasy (Qiagen) kits or from
infected cell supernatants by using the virus RNA QIAamp kit (Qiagen) as
recommended by the manufacturer. One microgram total RNA and 50 pmol
primer were used for cDNA synthesis by using the SuperScript III RT-PCR
system (Invitrogen) as recommended by the manufacturer. Sequence analysis
was performed with a set of primers covering the complete HCV genome (Tac-
gen).

NS3-4A protease assay. The presence of viral NS3-4A protease was indirectly
measured by using a europium-labeled NS3-4A protease substrate as described
previously with slight modifications (43). Briefly, virus-infected cells were grown
in 96-well plates and lysed in 1� lysis buffer (Promega) containing 150 mM NaCl
and 150 nM europium-labeled NS3 protease substrate (AnaSpec, Fremont, CA).
Time-resolved fluorescence was measured by using a BioTek Synergy 2 instru-
ment (Winooski, VT).

Indirect immunofluorescence. Infected cells were grown in 96-well plates and
fixed with 50 �l/well glacial methanol-acetone (1:1) at room temperature for 20
min. Cells were then washed three times with phosphate-buffered saline (PBS).
Immunostaining of NS5A was performed by using a mouse monoclonal antibody
(9E10; Apath, Brooklyn, NY) at a dilution of 1:10,000 in PBS with 3% bovine
serum albumin (BSA) for 1 h at room temperature. After two washes with PBS,
bound primary antibodies were detected by using a mouse antibody conjugated
to Alexa-Fluor 555 at a dilution of 1:3,000 in PBS containing 3% BSA for 20 min
in the dark at 4°C. DNA was stained with 4�,6�-diamidino-2-phenylindole dihy-
drochloride (Molecular Probes, Madison, WI) for 10 min at 4°C in the dark.
Finally, cells were washed three times with PBS and imaged by using a Zeiss
microscope with fluorescence capabilities (Thornwood, NY). The percentage of
infected cells was quantified by visual inspection and counting. To further quan-
tify the percentage of cells infected, images were instead acquired using the
ImageXpress Micro system (Molecular Devices, Sunnyvale, CA). Following im-
munofluorescence with anti-NS5A antibody, Hoechst-stained cells were imaged
in the Cy3 and 4�,6-diamidino-2-phenylindole (DAPI) channels, respectively, at
magnification �4 with a minimum of 4 images per well. Infected cells were
distinguished from noninfected cells using the Cell Scoring module in the
MetaXpress 2.0 software program (Molecular Devices).

Determination of virus titers in cell culture supernatants. Virus titers were
determined as described elsewhere, with slight modifications (21). Lunet-CD81
target cells were seeded at a concentration of 5,000 cells per well in 96-well plates
in a total volume of 100 �l complete DMEM/well. The next day, one to four
serial dilutions of virus-containing supernatant were prepared and 100 �l of each
dilution was added, with four wells per dilution. Three days later, cells were fixed
according to the indirect immunofluorescence protocol described above. Virus
titers (TCID50/ml) were calculated based on the method of Reed and Muench
(35).

Determining specific infectivity. Specific infectivity was calculated as extracel-
lular TCID50/ml at 72 h posttransfection/packaged extracellular RNA copies at
72 h posttransfection. Packaged extracellular RNA levels were measured by
collecting 1 ml of extracellular medium from transfected Huh7-Lunet cell cul-
tures growing on a 12-well plate 72 h posttransfection. In this cell line, viral
spread is limited (20). Aliquots of extracellular medium were separated by using
equilibrium density gradient ultracentrifugation according to the method of
Lindenbach et al. (22). Briefly, 1 ml of extracellular medium was loaded at the
top of 10 ml 10 to 40% iodixanol gradients. Iodixanol gradients were prepared by
using 10% and 40% iodixanol solutions that each contained 10 mM HEPES, pH
7.5, and 0.02% BSA. In addition, the 10% iodixanol solution contained 125 mM
NaCl and the 40% iodixanol solution contained 50 mM NaCl to maintain iso-
osmolarity. Samples were centrifuged through the gradients at 40,000 rpm for
16 h at 4°C in an SW41 Ti swinging bucket rotor (Beckman, Brea, CA). Subse-
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quently, each gradient was divided into 26 0.4-ml fractions, and each fraction was
assayed for relative infectivity by using the NS3-4A protease assay described
above. The packaged extracellular RNA was isolated from the peak infectious
fraction (fraction 15) (data not shown) in each case using a QIAamp viral RNA
isolation kit (Qiagen). Viral RNA was quantified by using quantitative RT-PCR
(qRT-PCR).

Determining infectious HCV stability. Infectious HCV stability was deter-
mined by incubating 1-ml aliquots of extracellular HCV in cell culture medium
at 37°C and freezing 100-�l aliquots at �80°C at various times. After collecting
samples for all of the time points, naive cells were infected with each sample for
72 h and the relative levels of infectivity were measured using the NS3-4A
protease assay described above. The level of infectivity was normalized to 100%
at time zero for each viral strain tested. The data were plotted as percent
infectivity versus time (hours) and fit to a first-order decay equation by using the
SigmaPlot software program (Systat, Chicago, IL) to determine the slope (�k).
The half-lives for each infectious HCV strain (t1/2) were calculated in hours by
using ln 2/k (7).

Statistical analysis. Statistical analysis was performed using the Prism 4.0
software program (GraphPad, La Jolla, CA). All comparisons were made with
two-tailed t tests. A P value of �0.05 is reported as significant.

RESULTS

Adapted J6/JFH-1 virus infects a greater percentage of cells
in culture and produces significantly higher extracellular ti-
ters than wild-type J6/JFH-1 virus. We passaged wild-type
J6/JFH-1 virus several times (see Materials and Methods) and
characterized the resulting virus population to determine if it
was adapted for more efficient growth and infection in cell
culture. We compared the percentages of cells that the wild-
type and adapted viruses are able to infect over time by infect-
ing naive Lunet-CD81 cells with adapted virus or wild-type
virus at an MOI of 0.5. Infection and virus spread were fol-
lowed by NS5A immunofluorescence and titration of infectious
virus from cell culture supernatants. Three days after infection,
the adapted virus infected �80% of the Lunet-CD81 cells,
while the wild-type virus infected only �20% of the cells (Fig.
1A). The difference was confirmed by the ImageExpress Micro

system (see Materials and Methods) (data not shown). Corre-
spondingly, cells infected at an MOI of 0.5 with the adapted
virus released over 1 � 105 TCID50/ml at 3 and 4 days postin-
fection, whereas wild-type titers were 30 to 100 times lower
(Fig. 1B). In a separate experiment in which cells were infected
at an MOI of 1, the adapted virus reached 1 � 108 TCID50/ml
after 5 days, while the wild-type virus titer remained at �1 �
104 TCID50/ml (data not shown).

Because the adapted virus produced high titers of extracel-
lular virus, we wondered if it had altered cytopathic effects on
target cells. We observed that cells infected with the adapted
virus at an MOI of 10 showed a significant decrease in viability
relative to a mock infection. Specifically, less than 50% of
target Lunet-CD81 cells were viable after 3 days of infection at
a MOI of 10 compared to results for mock-infected cells (Fig.
1C). However, greater than 80% of the target cells were viable
3 days after infection with adapted virus at an MOI of 1 or less
(Fig. 1C). Thus, the adapted virus showed cytopathic effects at
high multiplicities of infection. This is consistent with prior
work showing that HCV induces cytopathic effects in long-term
cultures (38, 47).

Mutations in core, NS2, and NS4B collectively reproduce
the adapted viral phenotype. To identify the mutations respon-
sible for the enhanced virus production, the entire HCV ge-
nome isolated from supernatants of infected cells was reverse
transcribed, PCR amplified, and sequenced. We determined
that the adapted virus contained seven mutations relative to
the wild-type virus (Fig. 2A). The mutations were located in
the structural (core [K78E] and E2 [S401N]) and nonstructural
(NS2 [W879R, Y904H], NS4B [V1761L], and NS5A [D2173G,
V2417A]) genes. Five silent mutations were also identified
(data not shown).

To determine if the seven mutations identified from geno-
typing were sufficient to confer the adaptive phenotype, we

FIG. 1. The adapted virus infects a greater percentage of cells and reaches higher viral titers than the wild-type virus. (A) Naive Lunet-CD81
cells were infected at an MOI of 0.5, and the infections were monitored over time using NS5A staining. Data are representative curves. (B) Naive
Lunet-CD81 cells were infected at an MOI of 0.5, and viral titers were followed over time. A representative time course is shown. Data are
representative curves. (C) Naive Lunet-CD81 cells were infected at various multiplicities of infection, and the percentage of viable cells was
estimated 3 days postinfection. Error bars indicate the standard deviations of data from three assays.

3980 POKROVSKII ET AL. J. VIROL.



engineered them into the wild-type viral construct by using
site-directed mutagenesis, transcribing viral RNAs, and trans-
fecting them into Lunet-CD81 cells to generate viral stocks.
We performed time course experiments to compare the kinet-
ics of infectious virus production after infecting Lunet-CD81
cells at an MOI of 0.5 with wild-type virus, the adapted virus
population, or J6/JFH-1 engineered to contain all seven mu-
tations (All-7 virus). At each time point, virus replication was
monitored by measuring the relative level of NS3-4A serine
protease activity expressed in target cells. The quantitative
protease expression assay is an alternative to monitoring intra-
cellular viral replication via NS5A immunostaining (see Mate-
rials and Methods). The All-7 virus had infection kinetics iden-
tical to that of the adapted virus (Fig. 2B), indicating that the
7 mutations were sufficient to confer cell culture adaptation.
This phenotype included a greater than 100-fold increase in
virus production (TCID50/ml) relative to that of wild-type virus
at 72 h after infection (Table 1) and a greater than 6-fold
increase in NS3-4A protease accumulation in cells (Fig. 2B and
Table 1) compared to that of the wild-type virus.

To identify which mutations were necessary for the adapted
phenotype, we reverted each of the mutations individually back
to its wild-type residue in the All-7 construct. These constructs
were then transfected into Huh7-Lunet cells, viral superna-
tants were collected, and titers were determined at 72 h after
transfection. We then infected Lunet-CD81 cells with each of
the reversion mutants as well as the wild-type and All-7 viruses
at an MOI of 0.5. To assess viral replication and spread, we
measured NS3-4A protease activity in infected cell lysates 72 h
after infection (Table 1). These assays indicated that reversion
of the mutation core K78E, NS2 W879R, or NS4B V1761L
reduced the replication and spread of the virus compared to
those of All-7. However, reversion of S401N (E2), Y904H
(NS2), D2173G (NS5A), or V2417A (NS5A) did not have

significant effects on viral replication and spread. We also
determined the titers of virus produced by the revertants at
72 h after infection (Table 1). In agreement with the NS3-4A
protease activity assay, reversion of K78E (core), W879R
(NS2), and V1761L (NS4B) reduced the viral titer to levels
below that of the All-7 virus while the remaining four rever-
sions did not. Importantly, no single reversion mutation re-
duced viral replication, spread, or production to wild-type viral
levels, indicating that a combination of mutations is required
for full adaptation. Collectively, these results indicate that the
mutations core K78E, NS2 W879R, and NS4B V1761L are
primarily responsible for the adapted viral phenotype.

To further support the conclusion that three mutations are
responsible for the adapted viral phenotype, we engineered

FIG. 2. The adapted virus contains 7 mutations relative to the wild type. (A) A cartoon map showing the J6/JFH-1 construct, where J6 is
core-NS2 and JFH-1 is NS3-NS5B. Indicated are the locations of the 7 mutations found in the adapted virus. (B) The All-7 virus replicates in cells
similarly to the adapted virus. NS3-4A protease activity levels for wild-type virus, adapted virus, All-7 virus, and a mock infection control are
indicated. Error bars indicate standard deviations of data from 3 assays.

TABLE 1. Effects of reversion of single mutations on infectivity
posttransfection and postinfection

Virus
descriptiona Protein

Result at 72 h postinfection
(MOI � 0.5)

NS3 accumulation
(% of All-7)b

Virus titer
(TCID50/ml)c

Wt 15.3 	 10.6** 1.30 � 102

All-7 100.0 	 11.6 1.40 � 104

Rev K78E Core 30.8 	 9.1** 2.00 � 103

Rev S401N E2 104.6 	 13.5 2.50 � 104

Rev W879R NS2 46.2 	 8.9** 2.00 � 103

Rev Y904H NS2 110.4 	 22.2 2.50 � 104

Rev V1761L NS4B 67.5 	 18.6* 4.60 � 103

Rev D2173G NS5A 132.4 	 17.9 1.40 � 104

Rev V2417A NS5A 119.3 	 19.9 1.40 � 104

a Wt, wild type. “Rev” indicates reversion of the mutation to the wild-type
residue.

b Standard deviations of data from three independent experiments are given
(two-tailed t test relative to data for All-7 clone (�, P � 0.05; ��, P � 0.005).

c Virus titers calculated from one of three representative experiments.

VOL. 85, 2011 MUTATIONS ENHANCING HCV STABILITY AND INFECTION KINETICS 3981



these mutations, alone or in various combinations, into the
wild-type virus. Huh7-Lunet cells were transfected with in
vitro-transcribed RNA for each clone, and virus-containing
media were collected 3 and 4 days posttransfection. Superna-
tants were then used to infect Lunet-CD81 cells at an MOI of
0.5. The single point mutation core K78E, NS2 W879R, or
NS4B V1761L was not sufficient to reproduce the adapted
phenotype as determined by monitoring the expression of
NS3-4A protease activity over time (data not shown). How-
ever, the Min3 virus containing all three mutations reproduced
the adapted phenotype (Fig. 3).

Adaptive mutations increase specific infectivity of virus par-
ticles. We sought to determine why the Min3 virus infected
more cells and produced higher titers than wild-type virus. We
therefore asked whether the core, NS2, or NS4B mutations,
alone or in combination, enhanced the levels of intracellular
RNA accumulation or the specific infectivity of virus particles.
To do this, we transfected Huh7-Lunet cells with RNA tran-
scripts encoding the Min3, core K78E, NS2 W879R, or NS4B
V1761L viral genome. The Huh7-Lunet cell line supports ef-
ficient HCV RNA replication but due to its low expression of
CD81 limits viral spread (20). This characteristic allows us to
directly compare intracellular viral RNA production with the
levels of packaged extracellular RNA and infectious viral par-
ticles without the bias of viral spread. The lack of significant
viral spread in this cell type was confirmed by monitoring
NS5A-positive cells over 4 days post-transfection with all vi-
ruses (data not shown). We then compared intracellular levels
of HCV RNA at different time points following transfection.
The intracellular levels of HCV RNA were similar for the wild
type and core K78E and NS4B V1761L mutants and only
slightly higher for the Min3 and NS2 W879R mutants (Fig. 4).
When we measured both intracellular and extracellular viral
titers, we observed that the wild-type, core K78E, NS2 W879R,
and NS4B V1761L titers were similar over a 3-day time course
(Fig. 5A and B). However, the Min3 intracellular and extra-
cellular viral titers were dramatically higher than those of the
wild type or each single mutant (Fig. 5A and B). Finally, when
we compared the levels of packaged extracellular viral RNA by
using density gradient equilibrium ultracentrifugation (see Ma-
terials and Methods), we observed that the wild type, Min3,
and the single mutants each released roughly similar amounts

of viral particles (Fig. 6A). When we calculated the specific
infectivity for the wild type, Min3, and each single-mutant virus
(extracellular viral titer/packaged extracellular RNA copies)
(see Materials and Methods), we noted that the Min3 specific
infectivity was approximately 100-fold greater than that of the
wild-type virus (Fig. 6B). In addition, each single-mutant virus

FIG. 3. The Min3 virus replicates in cells at levels similar to those
of the adapted and All-7 viruses. NS3-4A protease activity levels for
wild-type virus(Wt), adapted virus, All-7 virus, and Min3 virus are
indicated. Error bars indicate standard deviations of data from 3 as-
says.

FIG. 4. Intracellular RNA replication for wild-type HCV, Min3,
and the HCV single mutants is similar following RNA transfection
under conditions of limited viral spread. Intracellular HCV RNA lev-
els for the wild type, Min3, core K78E, NS2 W879R, and NS4B
V1761L are indicated. The intracellular RNA levels were normalized
relative to the wild-type intracellular RNA levels at 4 h following RNA
transfection. Error bars indicate standard deviations of data from 2
assays.

FIG. 5. Min3 extracellular and intracellular infectious titers reach
significantly higher levels than wild-type HCV or HCV single-mutant
infectious titers over time. (A) Infectious titers from the extracellular
milieu were measured following RNA transfection under conditions of
limited viral spread. (B) The infectious titer from each intracellular
fraction was determined in the same experiment shown in panel A.
HCV infectious titers for the wild type, Min3, core K78E, NS2 W879R,
and NS4B V1761L are indicated. Error bars indicate standard devia-
tions of data from 2 assays.
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had a relatively low specific infectivity in comparison to that of
Min3 (Fig. 6B), suggesting that none of these single mutations
significantly increased the specific infectivity of virus particles
on their own.

Adaptive mutations increase the stability of infectious virus
particles. The Min3 virus exhibited significantly higher extra-
cellular titers of infectious virus but released a relatively similar
number of RNA-containing viral particles (Fig. 5A and 6A).
Thus, we sought to determine if Min3 viral infectivity is longer
lived than that of the wild-type or single mutant viruses. We
compared the stability of infectious wild-type, Min3, and sin-
gle-mutant viruses by incubating samples of each virus at 37°C
and freezing aliquots at various times over the course of sev-
eral hours. Subsequently, we compared the infectivity in each
sample by infecting naive cells and measuring the NS3-4A
protease activity levels in each case (see Materials and Meth-

ods). The infectivity of the wild-type and single-mutant viruses
decayed with a half-life of approximately 1.5 h (Fig. 7). This
infectious stability is similar to what others have previously
observed with HCV JFH-1 (8, 29, 39). However, Min3 infec-
tivity decayed with a half-life of approximately 4 h under the
same conditions (Fig. 7). Thus, the adaptive phenotype
strongly correlated with the increased infectious stability of
virus particles.

DISCUSSION

The adaptive mutations in core, NS2, and NS4B may alter
infectious particle assembly. In this work we observed that
single mutations in core, NS2, and NS4B collectively increase
HCV specific infectivity and stability of infectious virus parti-
cles. These results reveal a unique mechanism of cell culture

FIG. 6. Min3 specific infectivity is significantly greater than that of wild-type HCV. (A) The relative levels of packaged extracellular HCV RNA
are shown for wild-type HCV, Min3, and the HCV single mutants. Packaged extracellular RNA levels were determined as described in Materials
and Methods. (B) The specific infectivity values (extracellular TCID50/ml/packaged extracellular RNA levels) for wild-type HCV, Min3, and the
HCV single mutants are compared. Error bars indicate standard deviations of data from 2 assays.

FIG. 7. Infectious stability of Min3 is significantly greater than that of wild-type HCV or the HCV single mutants. Infectivities at various times
for the wild type, Min3, core K78E, NS2 W879R, and NS4B V1761L are indicated. Infectious stability (t1/2) was calculated as described in Materials
and Methods. For wild-type HCV, t1/2 � 1.5 	 0.3 h; for Min3, t1/2 � 4.0 	 0.5 h; for core K78E, t1/2 � 1.3 	 0.2 h; for NS2 W879R, t1/2 � 1.7 	
0.3 h; and for NS4B V1761L, t1/2 � 1.9 	 0.5 h. (B to F) Infectious stability data are shown individually for the wild type, Min3, core K78E, NS2
W879R, and NS4B V1761L virus as bar graphs. Error bars indicate standard deviations of data from 2 assays.
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adaptation and highlight the interplay between viral structural
and nonstructural proteins during virus particle assembly.

We believe that the increase in specific infectivity (almost
100-fold) and higher viral titers observed with the adapted
virus relative to those with the wild type are dependent to a
great extent on the observed �3-fold difference in infectious
stability. The increase in specific infectivity for the adapted
virus was due primarily to an increase in the extracellular
infectious titer relative to that of the wild-type (Fig. 5A) and
not to a significant increase in the number of excreted virions
(Fig. 6A). An �3-fold difference in infectious stability can
mean the difference, for example, between an initial virus pop-
ulation having 16 h to infect cells in a culture versus 48 h (i.e.,
assuming 2,500 infectious particles are used to infect 5,000 cells
[MOI � 0.5] as in Fig. 1A) before all virions lose infectivity. In
addition, this increase in infectious stability means that in-
fected cells will already be adding newly synthesized infectious
virions to the extracellular population before much of the
earlier-synthesized extracellular virions have lost infectivity. In
this manner, it is possible that higher viral titers may be
achieved.

HCV core is thought to encapsidate the viral RNA genome
within virus particles (27). The lysine residue at position 78 in
core is conserved among 58% (33/57) of the genotype 2 se-
quences listed in the Los Alamos HCV sequence database,
with other major variations being glutamine (Q) or arginine
(R). K78 has been shown to be important for core oligomer-
ization in the early process of virus assembly (27). Deletion or
alanine replacement of a region of core including residue 78
abolishes infectious virus production (27, 28). Importantly, res-
idue 78 is located within the RNA binding region and near the
region implicated in homotypic core-core interactions (19).
Thus, we speculate that the K78E substitution in core may
improve viral RNA packaging.

NS2 has been implicated in virus particle assembly, although
its precise role in this process is not understood (6, 9, 12, 13, 32,
37, 42, 45). The W879 residue in NS2 is conserved in 100% of
the genotype 2 and genotype 3 NS2 sequences listed in the Los
Alamos HCV database. This residue is methionine (M) in
genotype 5 sequences and either isoleucine (I) or leucine (L) in
all other genotypes. Residue 879 is predicted to be in the third
transmembrane domain of NS2 (31). Therefore, this residue
could interact with core or another viral or host protein in-
volved in assembly. Such an interaction between core and
NS5A for production of infectious particles has been reported
previously (25). Recently, Stapleford and Lindenbach showed
that NS2 coordinates virus particle assembly through interac-
tions with the viral E1-E2 glycoprotein and NS3-4A enzyme
complexes and that this region of NS2 helps mediate interac-
tions between NS2 and the glycoprotein complex that are es-
sential for virus particle assembly (40). We speculate that the
NS2 W879R mutation alters NS2’s function as a scaffold for
virus particle assembly and may help to promote the produc-
tion of infectious particles with increased stability. It was no-
table that the NS2 adaptive mutation gave rise to a small but
reproducible increase in intracellular viral RNA levels (Fig. 4).
Given that NS2 is not necessary for viral genome replication
(24), these results could reveal a previously unknown role for
NS2 in this process. Alternatively, this moderate increase in
intracellular HCV RNA levels could have been due to an

increase in nascent virus particles, although Fig. 5B implies
that these particles were not yet infectious. Further experi-
ments will be needed to discern between these possibilities.

NS4B is a transmembrane protein that is thought to have
roles in both viral replication and assembly (11, 14). NS4B
residue V1761 is 100% conserved in genotype 2a, 6a, and 7
sequences. This residue is leucine (L) in genotype 1, 2b-2i, 3,
and 4 and alanine (A) in genotype 5. This residue lies in the
second putative amphipathic helix of NS4B, a region that has
been implicated in RNA replication (11). However, the NS4B
V1761L mutation had no effect on RNA replication of the
JFH-1 subgenomic replicon (data not shown). These data
agree with the RNA measurements we performed with viral
constructs transfected into Huh-Lunet cells, which also indi-
cated that transfection efficiency and RNA replication levels
were similar between wild-type and adapted viruses (Fig. 4).
Interestingly, a mutation similar to V1761L was identified in a
noncytopathic strain of bovine viral diarrhea virus (BVDV),
suggesting that the NS4B mutation could help maintain a non-
cytopathic phenotype necessary for long-term HCVcc passag-
ing (34). Additionally, given the predicted role of NS4B in viral
assembly (14), we speculate that NS4B V1761L mutation func-
tions in combination with the core K78E and NS2 W879R
mutations to promote the assembly of virus particles.

Adapted virus as a tool for future research. This adapted
virus should prove to be a useful tool for future research.
Previously reported adaptive mutations did not overcome a
limit of 
1 � 106 TCID50/ml (9, 10, 15, 18, 37, 47). By using
our adapted virus from this study and collecting virus multiple
times each day, we routinely obtained virus stocks with titers
between 5 � 107 and 1 � 108 TCID50/ml. These titers were 50-
to 100-fold higher than those reported in the literature for
other cell culture-adapted HCVcc isolates (10, 32). Generating
virus titers in tissue culture that are comparable to those gen-
erated in vivo is a significant step forward for HCV studies. We
believe that this will enable new and previously unobtainable
studies of HCV, including cryo-electron microscopy and the
development of high-quality assays for antiviral screening.
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