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TABLE 2 Percent homology between JFH-2 and other genotype 2a strains

JFH-2 nucleotide profile JFH-2 amino acid profie

Lenght % Identity vs strain: Length % Amino acid identity vs strain:
Region (nt)? JEH-1 J6CF JCH-1 (aa)? JEH-1 J6CF JCH-1
Entire genome 9683 87.60 88.98 88.88 3033 90.64 91.79 91.79
UTR® 576 96.35 98.61 96.88 NA?
Structural 2439 86.14 87.90 86.51 813 89.30 89.54 88.56
Nonstructural 6663 87.44 88.59 89.12 2220 91.13 92.61 92.97
5" UTR 340 98.82 99.71 99.71 NA
Core 573 91.80 93.02 91.97 191 92.15 95.29 92.15
El 576 87.50 88.89 89.06 192 90.10 92.19 89.58
E2-p7 1290 83.02 85.19 82.95 430 87.67 85.81 86.51
NS2 651 84.18 85.87 89.09 217 87.56 88.02 91.24
NS3 1893 87.64 88.54 89.33 631 92.87 94.61 94.45
NS4A 162 88.27 88.27 88.27 54 96.30 92.59 94.44
NS4B 783 89.91 90.04 89.14 261 96.93 97.32 96.55
NS5A 1398 83.48 85.98 85.48 466 82.83 86.70 86.48
NS5B 1776 90.37 91.10 91.84 591 94.08 94.75 95.43
3" UTR 236 92.80 97.03 92.80 NA
4 nt, nucleotides.
b aa, amino acids.
°UTR, 5' UTR plus 3’ UTR.
4 NA, not applicable.
positions of different amino acid sequences of each strain (Fig. 3A). Subgenomic replicon analysis of the JFH-2 clone. Interest-

The E2 and NS5A regions are more variable than other regions (Fig.  ingly, some parts of the viral cDNA sequences in the JFH-2 viral
3A and Table 2); however, it is difficult to find particular mutation = genome were a mixture of different sequences, especially in the

positions or regions specific for the JFH-2 strain. NS3 region. By the cloning analysis, we found two major se-
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FIG 3 Maps of amino acid sequences among genotype 2a HCV strains and mutations found in the cell culture-adapted viruses. (A) Amino acid sequences of the entire
open reading frame (3,033 amino acids) of JFH-1, JFH-2, J6CF (accession numbers AB047639, AB690461, and AF177036, respectively), and JCH-1 strains were
compared. The positions of different sequences are indicated by vertical lines. (B) Virus genome sequences were determined in the T1Ai3 and T1Bi3 culture media of the
J6/JFH2/AS virus-inoculated cells or T3i3 and T4i3 culture media of the JFH2/AS virus-inoculated cells, as described in the text. Amino acid mutations are indicated with
their positions and residues.
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FIG 4 G418-resistant colony formation of JFH-1 and JFH-2 replicons and
analysis of JFH-2 replicon cells. (A) Subgenomic RNAs were synthesized in
vitro by using pSGR-JFH1, pSGR-JFH2.1, pSGR-JFH2.2, and pSGR-JFH2.1/
GND as templates. Transcribed subgenomic RNAs were electroporated into
HuH-7 cells, and cells were cultured with G418 for 3 weeks before being
stained with crystal violet. JFH-1 subgenomic RNA (0.003 wg), 3 ug of JFH-2.1
and JFH-2.2 subgenomic RNA, and 10 wg of JFH-2.1/GND subgenomic RNA
were transfected into HuH-7 cells. Experiments were performed in triplicate,
and representative staining examples are shown. (B) Northern blot analysis.
Total cellular RNA isolated from each of four SGR-JFH2.1 clones (1-1 to 1-4)
and 10 SGR-JFH2.2 clones (2-1 to 2-10) was analyzed by using a random-
primed DNA probe to detect replicon RNA. Isolated total cellular RNA (4 p.g)
was separated by denatured agarose gel electrophoresis. After electrophoresis,
HCV- and beta-actin-specific RNAs were detected by Northern blot analysis
with random-primed DNA probes specific to HCV and beta-actin sequences.
Arrows indicate replicon RNA or beta-actin mRNA. (C) Western blot analysis.
Cell lysates were prepared from four SGR-JFH2.1 clones (1-1 to 1-4) and 10
SGR-JFH2.2 clones (2-1 to 2-10). The NS3 proteins were detected with rabbit
anti-HCV NS3 antibody. Positive-control (P) and negative-control (N) cell
lysates were obtained from JFH-1 replicon cells and naive HuH-7 cells.

quences in the JFH-2 viral genome. One sequence contained ala-
nine and isoleucine (AI) at amino acid positions 1204 and 1205,
and the other contained methionine and leucine (ML) at the same
positions. We referred to these viral genomes containing Al or ML
as JFH-2.1 or JFH-2.2, respectively. From the cloning analysis of
PCR products, JFH-2.1 populated 19 of 32 clones (59%), and
JFH-2.2 populated 13 of 32 clones (41%). To analyze the replica-
tion efficiency of the JFH-2 clone, we thus constructed two sub-
genomic replicon constructs, pSGR-JFH2.1 and pSGR-JFH2.2, as
pSGR-JFH1 (11). Synthesized replicon RNAs of JFH-2.1 and JFH-
2.2 were independently transfected by electroporation into
HuH-7 cells. The transfected cells were then grown for 3 weeks in
selection culture that contained 1 mg/ml of G418. Several colonies
survived the selection culture, as illustrated by crystal violet stain-
ing (Fig. 4A). The JFH2.1/GND replication-incompetent control
RNA-transfected cells did not form any colonies, even when 10 u.g
of RNA was transfected. The colony formation efficiencies of the
JFH-2.1 and JFH-2.2 replicons were 0.94 * 0.54 and 6.43 * 3.39
CFU/pug RNA, respectively, which were substantially lower than
the colony formation efficiency of the JFH-1 subgenomic replicon
(5.32 X 10* £ 5.02 X 10* CFU/g RNA) (11). Four colonies of the
JFH-2.1 replicon and 10 colonies of the JFH-2.2 replicon were
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cloned and expanded for further analysis. Replicon RNA was iso-
lated from each replicon cell clone, and the HCV RNA titer and
sequence of the replicon genome were determined (Table 3). The
average HCV RNA titer in replicon cell clones was determined by
real-time RT-PCR detection as (8.70 = 4.94) X 107 copies/ pg of
RNA. The size and amount of the replicon RNA in the replicon
cells were confirmed by Northern blot analysis (Fig. 4B). We also
detected NS3 protein in each clone of replicon cells by Western
blot analysis (Fig. 4C). NS3 proteins were mainly found at approx-
imately 70-kDa by polyclonal anti-NS3 antibody; however, an ad-
ditional signal was also detected at a smaller molecular size in
some replicon cells, including the positive-control JFH-1 replicon
cells.

Next, we determined the sequences of replicating RNA in each
replicon cell clone. Most of the clones, except replicon clone 2.2-8,
had at least one nonsynonymous mutation (Table 3). We found
nonsynonymous mutations in the NS3, NS5A, and NS5B regions,
and three mutations were common among the different replicon
genomes. Among the mutations found in the NS3 region, both
1547FL and 1614CW were found in two different replicon cells,
and the 1651TN mutation was found in five replicon cells. The
2280QR mutation in NS5A was found in three replicon cells.
2217AS and 2222HQ, which are located in the interferon sensitiv-
ity-determining region (ISDR), were each found in a single repli-
con cell (8). To determine the adaptive effect of these mutations
(Fig. 5A), we inserted these mutations (listed in Table 3), except
for 1204MXK, into pSGR-JFH2.1 and tested the colony formation
efficiency of the mutant replicons. The 1204MK mutation was not
tested since methionine at amino acid position 1204 was specific
for the JFH2.2 sequence. As shown in Fig. 5B, 1547FL, 1614CW,
1651TN, 2222HQ, and 2280QR had weak to moderate adaptive
effects for colony formation. Interestingly, the 2217AS mutation
in the ISDR strongly enhanced the colony formation to approxi-
mately 3 X 10* times that of the parental JFH2.1 replicon (Fig.
5B). We further tested these adaptive mutations in the luciferase
reporter replicon format, as described previously (12). SGR-
JFH2.1 with the 2217AS construct exhibited significant replica-
tion compared to JFH2.1/GND, which is the replication-incom-
petent negative control. However, other constructs showed no
evidence of replication in the transient replication assay (Fig. 5C).

Full-length HCV replication. The 2217AS mutation substan-
tially enhanced RNA replication of the JFH-2.1 subgenomic rep-
licon compared with other mutations. We examined whether a
full-length JFH-2 HCV clone with the 2217AS mutation could
produce infectious virus. In our previous study, we constructed
the J6/JFH1 chimeric construct by replacement of the 5’ untrans-
lated region to the p7 region (EcoRI-Bcll) of J6 (1), and we found
that J6/JFH1 produces a larger amount of infectious virus in the
culture medium (3). We thus used the structural region of the
J6CF clone and the NS2 region of the JFH-1 clone from a J6/JFH-1
chimeric virus construct and fused it to the NS3 to 3'X regions of
JEH-2.1 with the 2217AS mutation (plasmid pJ6/JFH2/AS) since
it was not clear if the structural and NS2 regions of the JFH-2
strain were functionally intact (Fig. 6A). Full-length viral RNA
was synthesized from linearized pJ6/JFH2/AS and electroporated
into Huh-7.5.1 cells. After two independent transfections, the
transfected cells were divided into sub-cell lines to form a total of
four sub-cell lines (T1A, T1B, T2A, and T2B). All four sub-cell
lines were serially passaged, and HCV core protein, RNA, and
infectivity levels in the culture supernatant were monitored (Fig.
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TABLE 3 Mutations and RNA titer of the JFH-2 replicon cell clones

. Nucleotide Amino acid . .
Replicon Replicon titer
clone Mutation Position Mutation Position Region (no. of copies/pg of RNA)
2.1-1 A—G 2012 E—G 1109 NS3 1.30E+8

C—A 3638 T—>N 1651 NS3
2.1-2 T—C 3325 F—L 1547 NS3 1.52E+8
C—A 3638 T—N 1651 NS3
2.1-3 A—G 5525 Q—R 2280 NS5A 1.09E+8
A—G 7155 None NS5B
2.1-4 C—A 3638 T—N 1651 NS3 1.41E+8
A—G 7795 None 3’ UTR
2.2-1 C—-G 3528 C—»>W 1614 NS3 2.33E+7
2.2-2 G—-T 5335 A—S 2217 NS5A (ISDR) 3.57E+7
2.2-3 C—G 919 None neo 3.35E+7
C—A 5352 H—Q 2222 NS5A (ISDR)
2.2-4 C—A 1223 None EMCV-IRES* 1.05E+8
C—A 2115 None NS3
G—-T 6243 K—N 2519 NS5B
2.2-5 C—A 3327 F—L 1547 NS3 1.67E+8
2.2-6 T—C 625 None neo 1.09E+8
C—A 3638 T—N 1651 NS3
A—G 5525 Q—R 2280 NS5A
T—A 5754 None NS5A
G—A 5803 G—S 2373 NS5A
2.2-7 C—>G 3528 C—>wW 1614 NS3 6.25E+7
2.2-8 None None 5.31E+7
2.2-9 C—G 3638 T—>N 1651 NS3 6.71E+7
G—A 5269 A—T 2195 NS5A
A—G 5525 Q—R 2280 NS5A
2.2-10 T—A 2297 M—K 1204 NS3 2.95E+7
A—G 7815 None 3' UTR

“ EMCV-IRES, encephalomyocarditis virus internal ribosome entry site.

6B and C and Table 4). At the first cell passage, the HCV core
protein levels were approximately 300 fmol/liter, and the infectiv-
ities were very low. Secreted HCV core protein levels decreased in
all of the passaged cells until 25 days after the transfection. How-
ever, HCV core protein secretion of passaged T1A cells began to
increase from 30 days after transfection. Subsequently, increased
core protein secretion was also observed in other passaged cells
although at different time points (Fig. 6B and Table 4). The max-
imum core protein levels in the medium were up to 9,241 fmol/
liter in T1B cells at day 75 posttransfection. Infectivity detected in
the culture medium was also first increased in T1A, and similar
increases were observed with other passaged cells at later time
points. Furthermore, specific infectivity (infectivity/HCV RNA or
infectivity/HCV core protein) was also higher than in the initial
culture medium (Table 4). The passaged cells were immuno-
stained with anti-core monoclonal antibody (Fig. 6D). At 4 weeks
after transfection, only a few cells were positive in all four sub-cell
lines. However, the number of positive cells increased from 8, 12,

10810 jvi.asm.org

18, or 14 weeks after transfection in T1A, T1B, T2A, or T2B cells,
respectively. These results indicate that phenotypic change oc-
curred in the replicating virus after the serial passages of the trans-
fected cells. Before this phenotypic change, the replicating viruses
were not able to secrete significant amounts of infectious virus
particles due to an unknown defect in infectious virus particle
formation or secretion. After the phenotypic change, the robust
core protein secretion might have been caused by changes in the
efficiency of infectious virus production or secretion. To compare
the virus characteristics before and after the phenotypic change,
we analyzed T1A culture medium from 5 days, 8 weeks, and 11
weeks posttransfection by density gradient assay (Fig. 6E). The day
5 medium showed a broad density profile both of core protein and
HCV RNA, and infectivity was not detected. Interestingly, the
peaks of HCV core protein and RNA at around 1.15 mg/ml den-
sity became higher at 8 weeks and had a further increase at 11
weeks. Broader minor peaks at the lighter density remained small
at week 11. The infectivity peak also became higher at 8 and 11
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FIG 5 Analysis of the effect on colony formation and transient replication
efficiency of mutations detected in replicon cell clones. (A) The box indicates
the open reading frame of JFH-2 replicon and amino acid sequences at posi-
tions 1031 and 3033 (numbering by full-length JFH-2). The numbers on the
left side of the box show the starting position of each protein, with the excep-
tion of 3033, which is the end position of NS5B. The numbers with the lines on
the right side indicate the mutations introduced in the replicon constructs.
1547FL, 1651TN, and 2280QR mutations were found in 2, 5, and 3 replicon
clones, respectively (Table 3). 2217AS and 2222HQ mutations were found in
the ISDR (Table 3). (B) Each amino acid mutation found in the replicon
genome was introduced into the pSGR-JFH2.1 replicon construct, and colony
formation of the JFH2.1 replicon with the wild-type sequence (SGR-JFH2.1)
and other mutations was tested. Briefly, transcribed RNA (5 pg) was trans-
fected into HuH-7 cells, and cells were cultured for 3 weeks before being
stained with crystal violet. The numbers in the parentheses show the colony
formation efficiency (CFU/ug of RNA) of the replicon constructs. (C) Tran-
sient replication of JFH-2 subgenomic replicon. HuH-7 cells were transfected
with the transcribed RNA from pSGR-JFH2.1/Luc, pSGR-JFH2.2/Luc, pSGR-
JFH2.1/Luc/GND (replication-incompetent control), and pSGR-JFH2.1/Luc
constructs with adaptive mutations (1547FL, 1614CW, 1651TN, 2217AS,
2222HQ, and 2280QR). Transfected cells were harvested at the indicated time
points and at 4 h posttransfection. Relative luciferase activity (arbitrary units)
was measured in the cell lysate. Assays were performed in triplicate, and data
are presented as means * standard deviations. The background signal of the
luciferase measurement was 129.4 + 27.4 units.

weeks after transfection. Interestingly, this density profile at 11
weeks posttransfection was quite similar to that of JFH-1 or the
J6/JFH1 chimera, as previously described (21, 38). Furthermore,
virus-like particles were visualized in the concentrated culture
medium by electron microscopic analysis, whereas only unstruc-
tured aggregates were found with the mock-transfected control
(Fig. 7, left panel; also data not shown). An aliquot of the culture
medium was used for immunoelectron microscopy with an E2-
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specific antibody (AP33), and gold-labeled spherical structures
were detected (Fig. 7, middle panel). The overall diameter of the
structures (50 to 65 nm) is compatible with the predicted size
of HCV.

Characterization of cell culture-adapted J6/JFH2/AS virus.
During the serial passages of the transfected cells, the J6/JFH2/AS
virus adapted to produce more infectious viruses in the cell cul-
ture. We next compared the adapted J6/JFH2/AS virus (T1B cells
at day 75 posttransfection) with the J6/JFH1 virus. Huh-7.5.1 cells
were inoculated with the viruses at a multiplicity of infection
(MOI) of 0.03. The core protein production levels in both the
infected cells and the culture medium were increased with similar
kinetics after the virus infection, although at lower levels for J6/
JEH2/AS virus than J6/JFH1 virus (Fig. 8A). We also tested the
neutralization of the infection of these viruses by using mouse
anti-CD81 monoclonal antibody and anti-HCV human IgG pu-
rified from HCV carrier serum (Fig. 8B). Both antibodies clearly
inhibited the infectivity of inoculated virus to Huh-7.5.1 cells.
Thus, the J6/JFH2/AS and J6/JFH1 viruses appeared to share sim-
ilar infection pathways.

Adaptive mutations in the cell culture-adapted J6/JFH2.2/AS
virus. We determined the full-length sequence of the HCV ge-
nome in the culture medium of T1A and T1B sub-cell lines at 75
days posttransfection by directly sequencing the amplified virus
cDNA. We found the following nonsynonymous mutations, in
addition to 2217AS, in the viral genomes: 1342ST in NS3 and
2219CR in NS5A of T1A and 148AT in the core protein, 2219CSin
NS5A, and 2695T1 and 3016LP in NS5B of T1B. These mutations
were introduced into the J6/JFH2.2/AS cDNA, and synthetic RNA
was transfected into Huh-7.5.1 cells. However, robust virus pro-
duction was not observed at an early time point after transfection
(data not shown). Because the important adaptive mutations
might still not be detected in the virus population, we decided to
concentrate on the dominant virus population and fix the impor-
tant mutations in T1A and T1B virus by serial virus passages. We
thus repeatedly inoculated naive Huh-7.5.1 cells three times with
J6/JFH2/AS virus at a low MOI and harvested the virus when the
virus titer plateaued. We sequenced the full-length genome of vi-
rus in the culture medium after the third inoculation (T1Ai3 or
T1Bi3) and found the following nonsynonymous mutations:
405MK and 417NT in E2, 868MT in NS2, 1642TA in NS3, 1722IV
in NS4B, 2204SG in NS5A, and 2695TT in NS5B of T1Ai3; and
148AT in the core protein, 329TS and 356MV in E1, 626VG in E2,
16781V in NS4A, 1767KR in NS4B, 2219CS in NS5A, and 2695TI
and 3016LP in NS5B of T1Bi3 (Fig. 3B). We then introduced these
mutations into pJ6/JFH2/AS to construct pJ6/JFH2/AS/mtT1A
and pJ6/JFH2/AS/mtT1B. Synthetic RNAs produced from both of
the mutation-containing plasmids and control plasmids were
transfected into Huh-7.5.1 cells. After the transfection, core pro-
teins were secreted into the culture medium at levels similar to
those of JFH-1 RNA-transfected cells but at lower levels than J6/
JFH1 RNA-transfected cells (Fig. 9A). HCV RNA levels in the
culture medium of J6/JFH2/AS/mtT1A (mtT1A) and J6/JFH2/
AS/mtT1B (mtT1B) RNA-transfected cells were less than those in
cells transfected with either or JFH-1J6/JFH1 RNA (Fig. 9B). This
discrepancy may be due to the lower detection efficiency of the
JFH-1 core protein in the immunoassay, as reported previously
(31). Infectivity in the culture medium was also determined. In-
terestingly, higher infectious titers were detected in the culture
medium of the J6/JFH2/AS/mtT1A and J6/JFH2/AS/mtT1B
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FIG 6 J6/JFH2 chimeric full-length HCV replication. (A) Organization of full-length chimeric JFH-2 construct, pJ6/JFH2/AS. A T7 RNA promoter is located
upstream of the 5" end of the HCV ¢DNA construct. The 5’ UTR and NS2 region are derived from the JFH-1 strain. Regions of the core protein to E2/p7 are
derived from the J6CF strain. The 2217AS adaptive mutation is introduced. (B) Huh-7.5.1 cells were transfected with the transcribed RNA from pJ6/JFH2/AS.
Two independently transfected cell lines (transfections 1 and 2 [T1 and T2, respectively]) were divided into two passages, resulting in four independently
passaged transfected cell lines (T1A, T1B, T2A, and T2B). At each time point, culture medium was harvested and analyzed for the presence of HCV core protein
by Lumipulse Ortho HCV Ag (Ortho-Clinical Diagnostics). The gray area indicates values that are below the detection limit. (C) Infectious titers in the culture
supernatant of the passaged transfected cells (T1A, T1B, T2A, and T2B) were determined by focus formation assay. After 16 weeks, the culture media from T1A
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TABLE 4 Specific infectivity of culture medium after transfection of J6/JFH2/AS RNA

Specific infectivity

Cell culture medium Infectivity HCV core protein HCV RNA Infectivity/ HCV Infectivity/ HCV
(no. of days posttransfection) (FFU/ml) (fmol/liter) (no. of copies/ml) core protein RNA (10%
T1A (5) 3.20E+1 3.57E+2 2.63E+6 0.09 0.12

T1B (5) 1.60E+1 3.07E+2 2.35E+6 0.05 0.07

T2A (5) 1.60E+1 3.13E+2 2.99E+6 0.05 0.05

T2B (5) 1.60E+1 2.63E+2 3.42E+6 0.06 0.05

T1A (82) 1.28E+4 547E+3 2.63E+7 2.34 4.87

T1B (82) 9.83E+3 5.98E+3 2.73E+7 1.64 3.61

T2A (120) 3.17E+3 2.47E+3 8.49E+6 1.28 3.73

T2B (120) 5.83E+3 451E+3 2.83E+7 1.29 2.06

RNA-transfected cells than in JFH-1 RNA-transfected cells; how-
ever, they were lower than in J6/JFH-1 RNA-transfected cells
(Fig. 9C).

Transfected cells were serially passaged, and, importantly, both
types of transfected cells (J6/JFH2/AS/mtT1A and J6/JFH2/AS/
mtT1B RNA) secreted core protein and HCV RNA at high levels,
even at the first passage after transfection, and the levels of HCV
core protein and RNA were maintained during the passages (Fig.
10A and B). Infectious titers in the medium of the transfected cells
were also measured (Fig. 10C). J6/JFH2/AS/mtT1A secreted a
higher infectious titer than J6/JFH2/AS/mtT1B although their
HCV core protein levels and RNA levels in the culture medium
were similar. To confirm the rapid infectious viral production
phenotype of these viruses, we inoculated naive Huh-7.5.1 cells
with the culture medium of J6/JFH2/AS/mtT1A and J6/JFH2/AS/
mtT1B RNA-transfected cells at 8 and 38 days posttransfection at an
MOI of 0.01. All of the inoculated cells secreted core protein and
HCV RNA with similar kinetics (Fig. 11A and B). The infectious titer
was also determined in the culture medium of the infected and pas-
saged cells (Fig. 11C). mtT1B (day 38 posttransfection) showed lower
infectivity at 7 days after inoculation; however, substantial infectivity
was detected at 13 and 27 days. The culture medium of mtT1A (day 8
and day 38 posttransfection) was harvested at 20 days after inocula-
tion and analyzed by a sucrose density gradient assay, as described
above (Fig. 11D). Major peaks of both HCV core protein and RNA
were clearly shown at around 1.15 mg/ml, and the subpeaks of HCV
core protein were found in lighter fractions. On the other hand, ma-
jor peaks of infectivity were found at around 1.0 mg/ml. Compared to
the data shown in Fig. 6E, the HCV core and RNA levels and infec-
tivity titer are higher in mtT1A (day 8 and day 38 posttransfection)
virus. The similar virus characteristics suggested that J6/JFH2/AS/
mtT1A and J6/JFH2/AS/mtT1B viruses do not need further adapta-
tions for autonomous expansion in cultured cells. Thus, we estab-
lished stable cell culture-adapted virus and constructed recombinant
cell culture-adapted infectious HCV clones by reverse genetics.

Human hepatocyte-transplanted uPA/SCID mouse experi-
ment. To determine the in vivo infectivity of J6/JFH2/AS virus, we

inoculated day 75 culture medium of T1B cells containing 1 X 10°
RNA copies of purified J6/JFH2/AS HCV particles and original
patient serum also containing 1 X 10° RNA copies into human
hepatocyte-transplanted uPA/SCID mice. Inoculation of 1 X 10°
RNA copies of cell culture-derived J6/JFH1 virus usually results in
robust infection for human hepatocyte-transplanted uPA/SCID
mice. Two mice were used for each type of inoculum. Human
albumin levels in sera of the inoculated mice were more than 3
mg/ml during the experiment, which supported the high replace-
ment ratio of the human hepatocytes in the mouse liver. Both
mice inoculated with patient serum became HCV RNA positive 1
week postinoculation and remained positive during the 4-month
observation period (Fig. 12). However, the mice inoculated with
J6/JFH2/AS virus in culture medium did not become HCV posi-
tive after inoculation (Fig. 12). One mouse inoculated with J6/
JEH2/AS virus died 16 days after inoculation, and the cause of
death was unknown. HCV RNA was not detected at 7, 14, and 16
days postinoculation. The other mouse inoculated with culture
medium was also tested every week for serum HCV RNA and
remained negative for 56 days after infection. On day 56, this
mouse received a second inoculation with the same culture me-
dium. This mouse was monitored for a total of 63 days, but weekly
tests for HCV RNA were continuously negative. Thus, the cell
culture-adapted virus in the inoculum may be less viable in vivo
although the virus acquired robust replication capacity in HuH-7
cells.

Full-length JFH-2 construct. We successfully established J6/
JFH2/AS-derived cell culture-adapted viruses. Next, we produced
a full-length JFH2/AS virus by using the structural region se-
quence from JFH-2. pJFH2/AS was constructed according to the
viral sequence, and an alanine-to-serine mutation was introduced
at amino acid position 2217. JFH2/AS RNA synthesized in vitro
was electroporated into the Huh-7.5.1 cells, as described above.
J6/JFH2/AS RNA was also transfected simultaneously and com-
pared. Two groups of independently transfected cells (transfec-
tions 3 and 4 [T3 and T4, respectively]) were analyzed for JFH2/AS
and J6/JFH2/AS. Interestingly, JFH2/AS RNA-transfected cells be-

cell lines were not tested (*). (D) The passaged transfected cells were stained with anti-core protein monoclonal antibody (2H9) as a primary antibody at the
indicated time points. Green, HCV core protein; blue, 4',6’-diamidino-2-phenylindole (DAPI) staining. (E) Density gradient analysis of culture supernatant
from HCV RNA-transfected Huh-7.5.1 cells. Culture supernatants of transfected cell line T1A collected at 5 days, 8 weeks, and 11 weeks posttransfection were
cleared by centrifugation and filtration. Each supernatant was overlaid on the stepwise sucrose density gradient (0%, 10%, 20%, 30%, 40%, 50%, and 60%
sucrose) and centrifuged for 16 h at 200,000 X gat 4°C. Eighteen fractions were collected from the bottom of the tubes, and the concentration of HCV core protein
in each fraction was determined by Lumipulse Ortho HCV Ag. The levels of HCV core protein, HCV RNA, and infectivity were determined in each fraction.
Infectivity of the samples from day 5 was negative. Open diamond, buoyant density.
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J6/JFH2/AS

J6/JIFH2/AS

JFH2/AS

(I-EM)

FIG 7 Morphology of JFH-2 virus particles. Negatively stained HCV particles were observed by electron microscopy. J6/JFH-2/AS and JFH2/AS virus particles
were purified and observed by electron microscopy by using negative staining. In the middle panel, a J6/JFH-2/AS virus particle was detected by immuno-electron
microscopic (I-EM) analysis by using anti-E2 antibody. Arrowhead, gold-labeled antibody. Scale bar, 50 nm.

gan to secrete core proteins earlier than J6/JFH2/AS RNA-trans-
fected cells in this experiment (Fig. 13). Core protein levels were
24,525 and 11,720 fmol/liter in T3 cells at 67 days posttransfection
and T4 cells at 63 days posttransfection, respectively. Infectious
titers were also determined in the same culture medium at 2.1 X
10* and 4.3 X 10* focus-forming units (FFU)/ml for T3 and T4,
respectively. T3 culture medium at day 67 posttransfection was
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FIG 8 Comparative analysis between J6/JFH1 and J6/JFH2/AS virus. (A)
Huh-7.5.1 cells were infected with J6/JFH1 or J6/JFH2/AS virus particles at an
MOI of 0.03. HCV core protein production in the inoculated cell lysate and
medium was measured at the indicated times. Assays were performed in du-
plicate, and the average data are represented. (B) Infection with J6/JFH1 and
J6/JFH2/AS virus particles was inhibited by adding antibodies to the reaction
mixtures. Assays were performed three times independently, and data are pre-
sented as means * standard deviations. Normal human IgG and anti-CD81
monoclonal antibody and anti-HCV human IgG at the indicated concentra-
tions were used. Ctrl, control.
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FIG 9 Transient virus production assay of J6/J[FH2- and JFH2-related con-
structs with Huh-7.5.1 cells. Full-length HCV RNA was synthesized from the
JEH1, J6/JFH1, JFH2, and J6/JFH2 constructs and their derivatives with mu-
tations and transfected into Huh-7.5.1 cells. (A) HCV core protein levels in the
culture medium were determined at 4, 24, 48, 72, and 96 h after transfection.
The gray area indicates values that are below the detection limit. (B) HCV RNA
levels in the culture medium were also determined at 24, 48, 72, and 96 h after
transfection. (C) Infectivity in the culture medium was determined by focus
formation assay at 48, 72, and 96 h after transfection. Only positively detected
data are shown in the figure. All assays in this figure were performed in dupli-
cate, and the average data are represented.
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FIG 10 Continuous passage of J6/JFH2/AS cell culture-adapted virus RNA-
transfected cells. Full-length HCV RNA was synthesized from the J6/JFH2/AS,
J6/JFH2/AS/mtT1A (mtT1A), and J6/JFH2/AS/mtT1B (mtT1B) constructs.
RNA-transfected cells were serially passaged until 38 days after transfection,
and culture supernatants were harvested at the indicated time points. HCV
core protein (A) and HCV RNA (B) levels in the culture media were deter-
mined. The data in the gray area were below the detection limit of the assay to
detect HCV core protein. (C) Infectivity in the culture medium was deter-
mined by focus formation assay at 5, 8, 14, 27, and 38 days after transfection.

also used for electron microscopy analysis. After the density gra-
dient purification, spherical viral particles were detected (Fig. 7,
right panel). After the core protein levels plateaued, naive Huh-
7.5.1 cells were inoculated with the culture medium, as described
above. When the core protein levels plateaued again after the third
inoculation of T3 and T4 cells, we sequenced the viral genome in
the culture medium (T3i3 and T4i3, respectively) to determine the
adaptive mutation. We found the following nonsynonymous mu-
tations: 414IT in E2, 1510EG and 1617RQ in NS3, 2006KQ,
2233AV and 2234NS in NS5A, and 2695TI in NS5B of T3i3; and
387VG in El, 828VA in NS2, 1225RQ and 1283RG in NS3,
1883VA in NS4B, 2206SA, 2279KN, and 2441CR in NS5A, and
2695TTin NS5B of T4i3 (Fig. 3B). We introduced these mutations
into the pJFH2/AS plasmid (pJFH2/AS/mtT3 and pJFH2/AS/
mtT4). Synthesized RNA from pJFH2/AS/mtT3 and pJFH2/AS/
mtT4 and the related control plasmids was transfected into Huh-
7.5.1 cells. HCV core protein levels, HCV RNA levels, and
infectivity were monitored in the culture medium of the trans-
fected cells until 96 h after transfection (Fig. 9A to C). JEH2/AS/
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mtT3 (mtT3) and JFH2/AS/mtT4 (mtT4) secreted similar levels
of HCV core protein, RNA, and infectious virus with J6/JFH2/AS/
mtT1A and J6/JFH2/AS/mtT1B. Although JFH2/AS/mtT3 se-
creted slightly higher levels of HCV core protein and RNA than
JFH2/AS/mtT4, the secreted infectious virus titers were similar for
both viruses. JFH2/AS/mtT3 and JFH2/AS/mtT4 RNA-trans-
fected cells were also serially passaged, and the HCV core proteins
were secreted immediately after transfection (Fig. 14A). However,
JFH2 and JFH2/AS RNA-transfected cells did not secrete signifi-
cantamounts of HCV core protein into the culture medium. HCV
RNA levels in the culture medium of the RNA-transfected cells
were at similar levels for JFH2/AS/mtT3 and JFH2/AS/mtT4
(around 107 copy/ml) (Fig. 14B). Infectivity was also detected as
higher than 10* FFU/ml even at 3 days after the RNA transfection,
and this level of infectious titer was maintained during the cell
passages (Fig. 14C). We also analyzed JFH2/AS/mtT3 and JFH2/
AS/mtT4 culture media by density gradient assay (Fig. 14D). The
density profiles with HCV core protein and RNA levels and infec-
tious titers in the fractions were basically similar to those of J6/
JFH2/AS-adapted viruses (Fig. 6E and 11D). Taken together, the
results described in this section indicate infectious virus was also
recovered from the full-length JFH-2 construct with the 2217AS
mutation.

Mechanistic analysis of adaptive mutations introduced in
the J6/JFH2/AS and JFH2/AS cell culture-adapted viruses. To
elucidate the mechanisms of adaptive mutations discovered in
J6/JFH2/AS and JFH2/AS virus genomes, we transfected JFH-2
and J6/JFH2 constructs along with possible control constructs
into Huh7-25 cells (2) (Fig. 15), which are CD81 defective. The
transfection of JFH-1 RNA into Huh7-25 cells results in infectious
HCV production, but there was no reinfection into Huh7-25 cells
because the cell surface expression of CD81 is essential for HCV
infection (10). HCV core protein levels were measured in the cul-
ture medium and cell lysate to monitor virus particle secretion
and intracellular virus genome replication, respectively (Fig. 15A
and B). JFH2/AS, JFH2, J6/JFH2, JFH1/GND, and J6/JFH2/GND
RNA-transfected cells did not show increased levels of intracellu-
lar core protein expression. However, other RN A-transfected cells
showed increased intracellular core protein expression. The cellu-
lar core protein level was especially increased at 72 and 96 h after
transfection with J6/JFH2/AS RNA, which suggests a higher rep-
lication efficiency than J6/JFH; however, core protein secretion
was not detected with J6/JFH2/AS, which suggests defective virus
particle formation or secretion. Other adaptive mutations in J6/
JEH2/AS/mtT1A and J6/JFH2/AS/mtT1B further increased virus
genome replication and core protein secretion. In the case of
JFH2/AS RNA transfection, cellular core protein expression was
not detected, suggesting a lower replication efficiency than that of
J6/JFH2/AS. This lower replication efficiency of JFH2/AS may be
due to the presence of different sequences in the region of core
protein to NS2. However, core protein expression in the cell lysate
and culture medium was detected with both JFH2/AS/mtT3 and
JFH2/AS/mtT4 RNA transfection. Thus, adaptive mutations in
mtT3 and mtT4 are necessary to increase viral genome replication
and efficient core protein secretion. JFH-1 and J6/JFH-1 had in-
tracellular core protein expression levels that were similar and
high. From the intracellular core protein data, it is clear that J6/
JFH2/AS/mtT1A,J6/JFH2/AS/mtT1B, JEH2/AS/mtT3, and JEH2/
AS/mtT4 constructs obtained higher replication capacities by
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FIG 11 Serial passages of J6/JFH2/AS cell culture-adapted virus infected cells. Naive Huh-7.5.1 cells were inoculated with culture medium of the RNA-
transfected cells at an MOI of 0.01. Inoculated cells were serially passaged, and culture supernatants were harvested at the indicated times. HCV core protein (A),
HCV RNA (B), and infectivity (C) levels in the culture media were determined. (D) Density gradient analysis of culture supernatant from J6/JFH2/AS/mtT1A
cell-culture adapted virus-infected Huh-7.5.1 cells. Culture supernatant of infected Huh-7.5.1 cells with mtT'1A (day 8 [D8] D38 posttransfection) was harvested
at 20 days after inoculation. Assays were performed as described in the legend of Fig. 6E. Open diamond, buoyant density.
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adaptive mutations; however, their replication levels are lower
than those of JFH-1 and J6/JFH1.

We also analyzed the ratio of extracellular protein to total core
protein to analyze the virus secretion efficiency (Fig. 15C). J6/
JFH-1 secreted a higher percentage of core protein into culture

105;

—&— JFH2/AS-T3
—~O— JFH2/AS-T4
—h— JBIJFH2/AS

& JBIJFH2IAS

{fmol/L)

25 50 75 100
Days after transfection

HCV Core protein in culture medium

FIG 13 Propagation of a full-length JEH2 virus. Huh-7.5.1 cells were trans-
fected with the transcribed RNA from pJFH2/AS and pJ6/JFH2/AS. Two inde-
pendently JFH2/AS RNA-transfected cell lines (T3 and T4) were indepen-
dently passaged. At each time point, culture medium was harvested and
analyzed for the presence of HCV core protein.
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FIG 14 Full-length RNA was synthesized from the JEH2 construct and its derivatives with mutations. RNA-transfected cells were serially passaged, and culture
supernatants were harvested at the indicated time points. HCV core protein (A), HCV RNA (B), and infectivity (C) levels in the culture media were determined.
The data in the gray area were below the detection limit of the assay to detect HCV core protein. (D) Density gradient analysis of culture supernatant from
JFH2/AS cell-culture adapted virus-infected Huh-7.5.1 cells. Culture supernatants of Huh-7.5.1 cells infected with JFH2/mtT3 and JFH2/mtT4 viruses were
harvested 18 days after inoculation. Assays were performed as described in the legend of Fig. 6E. Open diamond, buoyant density.

medium than JFH-1. J6/JFH2/AS/mtT1A, J6/JFH2/AS/mtT1B,
JEH2/AS/mtT3, and JFH2/AS/mtT4 RNA-transfected cells
showed different percentages of secreted core protein. mtT1A and
mtT1B constructs showed similar replication levels (Fig. 15B), but
mtT1B showed a higher percentage of core protein secretion than
mtT1A (Fig. 15C). mtT3 and mtT4 showed similar percentages of
core protein secretion, which are higher than the level of JFH1
(Fig. 15C). Because J6/JFH2/AS RNA-transfected cells did not se-
crete core protein despite intracellular core protein expression
(Fig. 15A and B), the adaptive mutant constructs obtained core
protein (or virus particle) secretion phenotypes. Thus, during the
adaptation process, the viruses obtained both higher replication
capacity and core protein secretion capacity by their adaptive mu-
tations.

Other HCV constructs with the 2217AS mutation. The ala-
nine residue at amino acid position 2217 is located in the ISDR of
NS5A, and it is conserved among HCV strains including genotype
1 and 2 strains. Because the 2217AS mutation in NS5A is the key
mutation for the production of cell culture-adapted HCV, we in-
troduced this mutation into other wild-type HCV constructs, i.e.,
H77 (genotype la), Conl (genotype 1b), and J6CF (genotype 2a).
Synthetic RNAs including the 2217AS mutation were electropo-
rated into Huh-7.5.1 cells, and then the transfected cells were se-

October 2012 Volume 86 Number 19

rially passaged. HCV core protein secretion was measured in the
culture medium of transfected cells. However, we could not ob-
serve the increment of HCV core levels in the culture medium
(data not shown). Therefore, we concluded that the 2217AS mu-
tation does not always induce cell culture adaptation in HCV iso-
lates.

DISCUSSION

In previous studies, we have isolated cell culture-infectious HCV,
the JFH-1 strain, from a patient with fulminant hepatitis (14, 38).
In this report, we isolated another HCV ¢DNA, named JFH-2, also
from a fulminant hepatitis patient. We constructed a subgenomic
replicon with the JFH-2 sequence, but its replication efficiency
was low. Among the mutations found in the replicon genome, the
2217AS mutation in the ISDR exhibited the strongest adaptive
effect. Interestingly, the full-length chimeric or wild-type JFH-2
genome with adaptive mutations could replicate and produce in-
fectious virus particles. Virus infection efficiency was sufficient for
autonomous virus propagation in cultured cells.

Several full-length HCV ¢cDNAs have been cloned, and their
infectivity has been confirmed in vivo with chimpanzee models
(18, 39). However, it has been difficult to produce recombinant
viral particles and test their infectivity by using cell culture
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FIG 15 Transient virus production assay of J6/JFH2- and JFH2-related con-
structs with CD81-defective Huh7-25 cells. Full-length HCV RNA was synthe-
sized from the JFH1, J6/JFH1, JFH2, and J6/JFH2 constructs and their derivatives
with mutations and transfected into Huh7-25 cells. (A) HCV core protein levelsin
culture medium were determined at 4, 24, 48, 72, and 96 h after transfection. The
data in the gray area were below detection limit. (B) HCV core protein levels in the
cell lysate were determined at 24, 48, 72, and 96 h after transfection. (C) Percent-
ages of secreted HCV core protein from the transfected cells were determined at 48,
72, and 96 h after transfection. Percentages of secreted HCV core protein were
calculated only for the indicated viruses. All assays were performed in duplicate,
and the data represent average values.

systems (4, 28). Only the JFH-1 strain efficiently replicates in
HuH-7 cells and other hepatic and nonhepatic cell lines in
subgenomic replicon form (20, 38, 41). Full-length wild-type
JFH-1 RNA and chimeric JFH-1 RNA can replicate in HuH-7
cells and produce infectious virus. Since the JFH-1 strain was
isolated from a patient with fulminant hepatitis, we assumed
that virus strains that cause fulminant hepatitis may replicate
efficiently in cultured cells. To identify more HCV clones that
can replicate in cultured cells, we isolated the JFH-2 strain from
another fulminant hepatitis patient (15). Interestingly, the
JFH-2 strain showed a low level of replication in cultured cells
in the initial subgenomic replicon experiment. This result may
suggest that HHCV strains isolated from fulminant hepatitis pa-
tients are able to replicate more efficiently than strains from
chronic hepatitis patients; however, this hypothesis should be
confirmed by testing more HCV strains from patients with
fulminant hepatitis. The JFH-2 patient received a course of
betamethasone therapy and developed fulminant hepatitis af-
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ter the withdrawal of betamethasone. It is thus possible that the
JFH-2 strain obtained its higher replication capacity in the im-
mune-suppressed host environment. To confirm this hypoth-
esis, we must test the replication efficiency of HCV strains iso-
lated from other immune-suppressed patients, such as patients
who are coinfected with HIV, patients who are reinfected after
a transplant, and patients who are treated with immunosup-
pressive agents.

In previous reports, adaptive mutations have been found to
enhance viral RNA replication at the expense of virus particle
formation efficiency (28). A highly cell culture-adapted Conl
strain can replicate in cultured cells, but it cannot produce infec-
tious virus particles. Interestingly, a highly adapted Conl strain
was not infectious for chimpanzees, while moderately adapted
Conl was infectious. However, the virus recovered from the in-
fected animal was wild-type Conl virus (5). This result clearly
suggests that HCV strains with lower replication efficiencies are
favorable for in vivo infection. However, we must note that the
“replication efficiency” is determined in cultured cells. In the case
of JFH-2, we found several adaptive mutations in the subgenomic
replicon clones, and the most adaptive mutation, 2217AS, was
tested in full-length HCV replication and virus production. After
the RNA transfection of J6/JFH2/AS, we could not detect substan-
tial virus secretion for about 30 days. However, after 30 days, sig-
nificant levels of infectious virus particles were secreted into the
culture medium. Naive Huh-7.5.1 cells were inoculated three
times with the cell culture-adapted virus. This virus adaptation
was also tested with full-length JFH2/AS, and we successfully ob-
tained infectious JFH2/AS virus. Both the J6/JFH2/AS and
JFH2/AS viruses acquired the ability for autonomous virus expan-
sion in Huh-7.5.1 cells, and several additional mutations were
found in their genomes. Interestingly, the 2695TI mutation in
NS5B was commonly found in all of the adapted virus genomes,
and isoleucine at amino acid position 2695 is also found in the
JFH-1 strain. However, the introduction of only the 2695T1 mu-
tation into the J6/JFH2/AS or JFH2/AS virus genome did not re-
store robust virus production (data not shown). After repeated
virus passages, mutations were found throughout the viral ge-
nome (in J6/JFH2/AS-T1Ai3 and -T1Bi3 and in JFH2/AS-T3i3
and -T4i3), and we are currently investigating which mutations or
combinations of mutations are most important for this adapta-
tion. From the comparisons of cell culture-adapted viruses and
their parental virus constructs, adaptive mutations are necessary
to increase both viral genome replication and virus particle assem-
bly/secretion efficiency (Fig. 15). The procedure to produce cell
culture-adapted HCV was thus established. The adaptive muta-
tions found from the subgenomic replicon assay were introduced
into the full-length genome, and the cells transfected with virus
RNA were repeatedly passaged until the virus particles were pro-
duced.

In vivo infectivity may be inversely related to the replication
efficiency in cultured cells, as discussed above. The original JFH-2
patient serum was infectious in human liver-transplanted mice;
however, cell culture-adapted J6/JFH2/AS virus was not infec-
tious. The JFH-1 virus was infectious not only for cultured cells
but also for chimpanzees and human liver-transplanted mice (10,
38). However, the JFH-1 infection in chimpanzees was only mild
and transient without any liver pathology. Thus, the J6/JFH2/AS
and JEH2/AS viruses are more cell culture-adapted and attenuated
than the JFH-1 virus. It may be worthwhile to test this cell culture-
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adapted strain as a live attenuated vaccine candidate to induce
protective immunity. However, for ethical reasons, the necessary
chimpanzee experiments are not appropriate to perform. There-
fore, we should wait for the establishment of immunocompetent
small-animal models susceptible to HCV infection to perform this
kind of study. Furthermore, future studies should examine the in
vivo infectivity of the adapted J6/JFH2 and JFH2 viruses isolated in
the present study.

The 2217AS mutation is located in the ISDR. In the previous
study of the genotype 1b subgenomic replicon, mutations in-
troduced into the ISDR enhanced the colony formation effi-
ciency of the HCV replicons (17, 23). However, mutations in
the ISDR impaired the genotype 1b HCV replication in human
liver-transplanted mice (9). The exact mechanism of the ISDR
is still not clear although the number of mutations in the ISDR
is related to the efficacy of interferon therapy (8). Our results in
this study also support the concept that the 2217AS mutation in
the ISDR enhances replicon replication efficiency although the
J6/JFH2/AS virus did not infect human liver-transplanted
mice. Further studies are necessary to understand the molecu-
lar mechanism of the effects of adaptive mutations in the ISDR.

In the present study, we established a cell culture-adapted HCV
strain, JFH-2. The virus could be passaged continuously in naive
Huh-7.5.1 cells. This approach may be applicable to the establish-
ment of new infectious HCV clones. Novel antiviral drugs are
under development, and some of them will be used in the clinical
setting. However, most of them target genotype 1 HCV strains. To
eradicate other genotypes of HCV, it is important to establish their
replicons and infectious virus culture systems.
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1b hepatitis C virus clone
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ABSTRACT

Hepatitis C virus infection is a major public health problem because of an estimated 170 million carriers
worldwide. Genotype 1b is the major subtype of HCV in many countries and is resistant to interferon
therapy. Study of the viral life cycle is important for understanding the mechanisms of interferon
resistance of genotype 1b HCV strains. For such studies, genotype 1b HCV strains that can replicate
and produce infectious virus particles in cultured cells are required. In the present study, we isolated
HCV cDNA, which we named the NCI strain, from a patient with acute severe hepatitis. Subgenomic
replicon experiments revealed that several mutations enhanced the colony-formation efficiency of the
NCI1 replicon. The full-length NC1 genome with these adaptive mutations could replicate in cultured
cells and produce infectious virus particles. The density gradient profile and morphology of the secreted
virus particles were similar to those reported for the JFH-1 virus. Further introduction of a combination
of mutations of the NS3 and NS5a regions into the NCI mutants further enhanced secreted core protein
levels and infectious virus titers in the culture medium of HCV-RNA-transfected cells. However, the
virus infection efficiency was not sufficient for autonomous virus propagation in cultured cells. In
conclusion, we established a novel cell culture-adapted genotype 1b HCV strain, termed NC1, which can
produce infectious virus when the viral RNA is transfected into cells. This system provides an important

opportunity for studying the life cycle of the genotype 1b HCV.

Key words genotype 1b, hepatitis C virus (HCV), replicon, virus culture.

Hepatitis C virus infection leads to chronic liver diseases
including cirrhosis and hepatocellular carcinoma, and
is a major public health problem because of an esti-
mated 170 million carriers worldwide (1-3). HCV is
a plus-strand RNA virus that displays marked genetic
heterogeneity and is currently classified into six major
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genotypes (4). Some HCV genotypes display regional
distribution, although genotypes 1 and 2 occur world-
wide. Genotype 1b is the major subtype in Japan, whereas
genotype 2a is the most common minor subtype (5). In-
fection with genotype 1b HCV is known to be resistant to
interferon therapy, whereas infection with genotype 2a is
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usually sensitive to such intervention (6). Current stan-
dard therapy for HCV-related chronic hepatitis is based
on a combination of IFN and ribavirin, although virus
eradication rates are limited to approximately 50% for
genotype 1b HCV infection (7-9). PI have been approved
for clinical use against HCV infection in the USA, Europe
and Japan, and triple combination therapy that includes
PI is expected to improve treatment efficacy. However,
the development of other anti-HCV drugs with different
modes of action is important to achieve greater efficacy
and to avoid the emergence of drug-resistant viruses. To
that end, a detailed understanding of the viral replication
mechanism is needed to identify novel antiviral targets.

Although HCV belongs to the Flaviviridae family and
has a genome structure similar to the other flaviviruses, ef-
ficient virus propagation in cultured cells has been difficult
ever since the discovery of the virus (10). A subgenomic
HCV-RNA replicon system was developed using the geno-
type 1b Conl strain (11), which enabled the assessment of
HCYV replication in cultured cells. Subsequently, the geno-
type 2a JFH-1 strain was cloned and a HCV culture system
was established using this strain (12-14). However, such
efficient virus production could not be reproduced using
genotype 1b HCV strains, even when adaptive mutations
were introduced to enhance their replication efficiency in
cultured cells (15). Thus, it remains necessary to obtain
genotype 1b HCV strains that can replicate and produce
infectious virus particles in cultured cells.

In the present study, we isolated HCV. cDNA, which
we named the NC1 strain, from a patient with acute se-
vere hepatitis. In a subgenomic replicon experiment using
the NC1 clone, we found several mutations that enhanced
colony-formation efficiency of the NC1 replicon. Inter-
estingly, the full-length NC1 genome with these adaptive
mutations could replicate in cultured cells and produce
infectious virus particles. However, the viral infection ef-
ficiency was not sufficient for autonomous virus propaga-
tion in cultured cells even though virus production effi-
ciency could be increased by the introduction of multiple
mutations into the virus genome.

MATERIALS AND METHODS

Cell culture system

Huh7 and Huh?7.5.1 cells (a generous gift from Dr Francis
V. Chisari) were cultured in 5% CO, at 37°C in DMEM
containing 10% fetal bovine serum (DMEM-10) (13, 16).

HCV clones

The genotype 1b HCV clone NC1 was isolated from
a patient with acute severe hepatitis (prothrombin

time <40%). The patient was a 48-year-old woman
who had no history of blood transfusions. Total RNA
was extracted from the serum during the acute phase,
and HCV c¢DNA covering the entire genome was ampli-
fied by RT-PCR using HCV-specific primers (S-Table 1).
All amplified products were purified and then cloned into
pGEM-T EASY™ vectors (Promega, Madison, WI, USA).
PCR products and plasmids were sequenced using HCV-
specific primer sets (S-Tablel), a Big Dye Terminator
Mix and an automated DNA sequencer (PE Biosys-
tems, Foster City, CA, USA). Based on the consensus
sequence of the NC1 strain, we then assembled pNC1
(DDBJ/EMBL/GenBank accession number: AB691953),
which contained the full-length NC1 ¢cDNA downstream
of the T7 RNA polymerase promoter. An NC-1 subge-
nomic replicon construct, pPSGR-NC1, was also assem-
bled according to previously published methods used for
Conl replicon and pSGR-JFH1 construction (10, 17). The
first 213 nucleotides at the NS3 region of pSGR-NC1 are
identical with the Conl1 sequence because of the restric-
tion site used for plasmid construction. Several muta-
tions. were introduced into the pNC1 and pSGR-NCI
constructs as reported previously using specific primer
sets (S-Table 2) (17). pNC1/wt contained the wild-type
sequence of the NC1 strain. pNC1/SY and pNC1/SG
contained S2197Y and S$2204G mutations, respectively.
pNC1/EGSY contained both E1202G and $2197Y muta-
tions. pNC1/KTSY contained both K1846T and S2197Y
mutations. pNC1/EGKTSY contained the three muta-
tions, E1202G, K1846T and S2197Y.

Subgenomic replicon assay

Subgenomic replicon RNA was synthesized as reported
previously (17). The synthesized replicon RNA (3 ug) was
adjusted to a total RNA amount of 10 ug using cellular
RNA isolated from non-transfected Huh7 cells and was
then electroporated into naive Huh7 and Huh 7.5.1 cells
as reported previously (17). G418 (1 mg/mL) was added
to the culture medium for 3 weeks, and drug-resistant
colonies were fixed with buffered formalin and stained
with crystal violet or were cloned for further analysis. For
the cloning analysis of the replicon cells, G418-resistant
colonies were isolated by using cloning cylinders (Asahi
Techno Glass Co., Tokyo, Japan) and were expanded until
they reached 80% to 90% confluency in 10-cm diameter
dishes. Total RNA was extracted from the cloned G418-
resistant cells by using the ISOGEN reagent (Nippon Gene,
Tokyo, Japan), and the replicon RNA was quantified using
real-time detection RT-PCR (RTD-PCR) as reported pre-
viously (18). The cDNAs of the HCV-RNA replicon were
synthesized and then amplified by PCR. The sequence of
each replicon was determined (17).
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Full-length HCV-RNA transfection

Full-length HCV-RNA was synthesized from pNCl1 and its
derivatives that contained adaptive mutations as described
previously (12, 19, 20). Synthesized HCV-RNA (10 ug)
was transfected into Huh7.5.1 cells. The HCV core pro-
tein level in the culture supernatant was measured using
Lumipulse Ortho HCV Ag (Ortho-Clinical Diagnostics,
Tokyo, Japan) (21), and infectivity of the supernatant was
determined by measurement of its focus-formation ef-
ficiency (13, 19). In some experiments, the transfected
cell pellet was harvested and dissolved with RIPA buffer
containing 0.1% SDS. HCV core protein levels in cell
lysates were also measured using the Lumipulse Ortho
HCV Ag.

Density gradient analysis of secreted virus
particles

Culture medium (1 mL) derived from transfected cells
was harvested for density gradient analysis 2 or 15 days
after transfection of full-length NC1/SY HCV RNA. The
cleared culture medium was layered onto a stepwise su-
crose gradient (60% [wt/vol] to 10%) and centrifuged for
16 hrs in an SW41 rotor (Beckman, Palo Alto, CA, USA)
at 200,000 x g at 4°C. After centrifugation, 18 fractions
were harvested from the bottom of the tubes. The core
protein concentration in each fraction was determined by
analysis of 100 uL of each fraction.

Electron microscopy

Culture medium (150 mL) containing NC1/SY virus par-
ticles were collected from the cells 15 days after transfected
cells. The collected: culture medium was ultrafiltrated
and concentrated 20-fold using a pellicon-2 filter system
(Millipore, Bedford, MA, USA). The sample was layered
onto a stepwise sucrose gradient (60% [wt/vol] to 10%)
and centrifuged for 4 hrs in an SW28 rotor (Beckman,
Palo Alto, CA, USA) at 140,000 x g at 4°C. Thereafter,
fractions were harvested from the bottom of the tubes.
The core protein concentration in each fraction was deter-
mined and the fraction with the highest core protein level
was ultrafiltrated for electron microscopic analysis. To vi-
sualize HCV particles, we adsorbed the purified virus sam-
ples onto carbon-coated grids for 1 min. The grids were
then stained with 1% uranyl acetate for 1 min and exam-
ined under an H-7650 transmission electron microscope
(Hitachi High-Technologies Co., Tokyo, Japan) (22).

Human hepatocyte chimeric mice
experiments

Human hepatocytes were transplanted into uPA*/*/
SCID*/* mice as described previously (23,24). These mice

(© 2012 The Societies and Blackwell Publishing Asia Pty Ltd

were obtained from Phoenix Bio Co., Ltd (Hiroshima,
Japan). All mice received hepatocyte transplants from the
same donor. Human albumin levels in the sera of the mice
were monitored to evaluate the percentage replacement of
mouse hepatocytes with human hepatocytes in the mouse
liver. These human hepatocyte chimeric mice, in which the
mouse liver cells were largely (>90%) replaced with human
hepatocytes, were used to reduce the potential influence of
mouse-derived mRNA on the results obtained. Two mice
were each inoculated with purified NC1/SY HCV particles
containing 11.6 fmol core protein. The HCV-RNA titer
in inoculated mouse serum was monitored by RTD-PCR
each week after inoculation.

RESULTS

Genotype 1b HCV clone isolated from
a patient with acute severe hepatitis

HCV cDNA was isolated from a patient with acute severe
hepatitis. This patient was a 48-year-old woman without
any history of blood transfusions. She developed acute se-
vere hepatitis as diagnosed by acute liver failure associated
with stage I encephalopathy and low serum prothrombin
time (<40%). In the patient’s serum, no marker of cy-
tomegalovirus, Epstein-Barr virus, herpes simplex virus,
hepatitis A virus or hepatitis B virus was detected. How-
ever, only HCV-RNA was detected using RT-PCR anal-
ysis, and the virus RNA titer in her serum at admission
was 16,660 KIU/mL. The genotype 1b HCV sequence was
detected by sequencing analysis of the PCR fragment. The
patient was therefore diagnosed as suffering from acute se-
vere hepatitis caused by genotype 1b HCV infection. She
received IFN-¢ treatment, which cleared the viral infec-
tion, and she subsequently recovered. The entire sequence
of the amplified HCV genomic cDNA was then deter-
mined and this HCV strain was designated as NC1. The
sequencing analysis indicated that this NC1 strain shared
91.2% nucleotide and 94.4% amino acid sequence homol-
ogy with the Conl strain.

Subgenomic replicon analysis of the NC1
strain

To analyze the replication efficiency of the genotype
1b NCI strain, we constructed the subgenomic repli-
con, pSGR-NC1, in the form of a Conl replicon and
pSGR-JFH1 (10, 17). This synthesized NC1 replicon
RNA was transfected by electroporation into Huh7 or
Huh?7.5.1 cells. The transfected cells were then grown for
3 weeks in a selection culture that contained 1 mg/mL
G418. Several colonies survived this selection culture,
as illustrated by crystal violet staining (Fig. 1). The
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Fig. 1. NC1subgenomic HCV replicon construct and colony forma-
tion of NC1 replicon RNA-transfected Huh7 cells. (a) Organization
of the subgenomic replicon construct pSGR-NC 1. Open reading frames
(wide boxes) are flanked by untranslated regions (narrow boxes). The T7
RNA promoter is located upstream of the 5 end of the replicon con-
struct. (b) Subgenomic RNAs were synthesized in vitro using pSGR=NC1
(wt) and replicon constructs containing one of the mutations P2161R,
R2192Q, R2192L, S2197Y, S2204G and Y2871C as templates. Tran-
scribed subgenomic replicon RNAs (3 g each) were electroporated into
Huh7 cells and the cells were cultured with G418 for 3 weeks before
staining with crystal violet. Experiments were carried out in triplicate and
representative staining examples are shown.

colony-formation efficiency. of the NC1 replicons was
1.77 + 1.54 CFU/ug RNA, which was lower than the
colony-formation efficiency of the JFH-1 subgenomic
replicon that was determined in our previous study
(5.32 & 5.02 x 10* CFU/ug RNA) (17). Six colonies of
the transfected Huh7 cells and 14 colonies of the trans-
fected Huh7.5.1 cells were cloned and expanded for further
analysis. Replicon RNA was isolated from each replicon
cell clone, and the HCV-RNA titer and sequence of the
replicon genome were determined (Table 1). The average
HCV-RNA titers in the replicon cell clones derived from
Huh7 and Huh7.5.1 cells were determined by RTD-PCR
as4.28 +3.43 x10%and 6.72 £ 7.14 x 10° copies/ug RNA,
respectively.

We next determined the sequence of the replicating
replicon genome in each replicon transfected cell clone.
All of the clones had at least one non-synonymous mu-
tation and three clones also had a synonymous mutation
(Table 1). We found non-synonymous mutations in all
of the subgenomic non-structural regions of the repli-
con genome, and five of the mutations were found in
more than one replicon genomic clone. Thus, of the mu-
tations found in the NS5A region, P2161R, R2192L and

Table 1. Mutations and RNA titer of the NC1 replicon cell clones

Replicon nt nt aa aa Replicon
clonest mutation positionf mutation position§ Region RNA titer

2 G>A  5302(6916) R>Q 2192 NS5a = 3.58E+05
Y 5490(7104)  S>S,P 2255 NS5a

5 G>R  4046(5660) none NS4b  1.56E+07
A>G  4088(5702) I>M 1787 NS4b

(
(
C>A  5317(6931)  S>Y 2205 NS5a
C>S  6579(8193) Q>Q.E 2618  NS5b
2-1 T>C  3965(5579) none NS4b  3.17E+4-05
T>G 5346(6960) S>A 2207 NSb5a
2-2 C>G 5209(6823) P>R 2161 NS5a  8.16E+06
2-3 T>C 1721 none E-Ltt 3.97E+06
C>A 4855(6'469) oSy 2043 NS5a
2-5 T>C  3694(5308) V>C 1656 NS3  1.80E+07
C>G  5209(6823) P>R 2161 NS5a

2-7 G>T - 5302(6916) - R>L 2192 NS5a  2.91E+06
2-8 >C 5067(6681)  C>R 214 NS5a  1.98E+06
A>G  7339(8953) Y>C 2871 NS5b
2-9 C>A . 5317(6931)  S>Y 2197 NS5a  1.58E+07
2-10 A>G 5287(6901)  K>R 2187 NS5a  1.90E+07
A>G 5337(6951)  S>G 2204 NS5a
A>G  7339(8953)  Y>C 2871 NS5b

2-11 A 584 D>E NEO  2.50E+06
A>T 3762(5376) S>C 1679 NS4a
T>A  5248(6862) M>K 2174 NS5a

2-12 C>T  5291(6905) none NS5a  1.02E+06
G>T  5302(6916) R>L 2192 NS5a

2-13 C>A  4850(6464) N>K 2041 NS5a  3.65E+06

2-15 T 5299(6913) A>V 2191 NS5a  8.07E+05
A>G 5337(6951) S>G 2204 NS5a
A>G 6014(7628)  none NS5b
A>G 6015(7629) 1>V 2430 NS5b
H1 C>A  5301(6915)  none NS5a  1.01E+07
C>A  5317(6931)  S>Y 2197 NS5a
H3 G>A 661 G>E NEO  4.77E+06
C>A 5323(6937) A>D 2199 NS5a
H6 C>A 5265(6879) H>N 2180 NS5a 1.21E406
H7 C>A 5308(6922) S>Y 2194 NS5a  4.53E+05
H10 C>A 5317(6931) S>Y 2197 NS5a 5.12E+06
H12 A>C 5325(6939) S>R 2200 NS5a  4.03E+06

tReplicon clones 2~2-15 were derived from Huh7.5.1 cells, and the
H1~H12 replicon clones were derived from Huh7 cells. {Position within the
subgenomic replicon and within full-length NC1 (in parentheses).

§Position within the complete open reading frame of full-length NC1.
qCopy/ug RNA. +1E-I, EMCV-IRES.

§2204G mutations were independently detected in two
different replicon cell clones, and the $2197Y mutation
was detected in three different replicon cell clones. In ad-
dition, R2192 was not only mutated to R2192L but was
also found as an R2192Q mutation in one replicon. The
Y2871C mutation in NS5B was detected in two differ-
ent replicon cell clones. We therefore selected P2161R,
R2192L,R2192Q, $2197Y, $2204G and Y2871C mutations
for further analysis to determine their adaptive effects. We
inserted P2161R, R2192L, R2192Q), S2197Y, $2204G and
Y2871C mutations into the pSGR-NCI genome and tested

© 2012 The Societies and Blackwell Publishing Asia Pty Ltd

— 159 —



mim'437

mim2008.cls March 16, 2012 12:23

Cell culture adapted genotype 1b HCV clone

the colony-formation efficiency of the mutant replicons.
As shown in Figure 1b, P2161R, R2192Q, S2197Y and
$2204G mutations had adaptive effects for colony forma-
tion. However, R2192L and Y2871C mutations did not
enhance colony-formation efficiency.

Full-length HCV replication

As shown above, some of the mutations detected in the
NC1 subgenomic replicon that was transfected into cells
exhibited adaptive effects that increased colony-formation
efficiency. We next determined whether full-length NC1
HCV clones with these mutations were able to replicate in
cultured cells and to produce infectious virus. We there-
fore introduced the same six mutations that we tested in
the subgenomic replicon assay into the full-length NC1
HCV ¢DNA (Fig. 2a). Full-length viral RNA was synthe-
sized from linearized pNC1 and its mutant derivatives and
was electroporated into Huh7.5.1 cells. All of the trans-
fected cells were serially passaged, and HCV core protein
levels in the culture supernatant were monitored over time
(Fig. 2b). Interestingly, only cells transfected with the NC1
HCV-RNA with an S2197Y or $2204G mutation secreted
a significant amount of HCV core protein into the cul-
ture medium. Secreted HCV core protein levels reached
a maximum at 5-10 days post- transfection and subse-
quently continuously decreased in the culture medium of
the cells transfected with the viral RNA containing S2197Y
or §2204G mutation until 32 days after transfection. This
reduction in HCV core protein levels after a certain num-
ber of cell passages was reproducible and was confirmed
in repeated experiments..

Characterization of the NC1 virus particles
secreted from NC1 RNA-transfected cells

Of the six NC1 constructs with mutations that were trans-
fected into cells, transfection of NC1/SY RNA, which had
the S2197Y mutation, resulted in secretion of the high-
est level of HCV core protein into the culture medium
(Fig. 2b). We therefore further analyzed the HCV par-
ticles produced from NC1/SY RNA-transfected cells.
Synthesized NC1/SY RNA was transfected again into
Huh7.5.1 cells, the transfected cells were passaged and the
culture medium was harvested at cell passaging. HCV core
protein levels were relatively high in the culture medium
from the NC1/SY RNA-transfected cells on days 2 and
15 post-transfection (Table 2). Infectivity of the culture
medium was also detected at both time points, although
at very low levels (Table 2). We also analyzed HCV core
protein in the culture media obtained at these two time
points using a density gradient assay. Both media exhib-
ited a high, narrow peak of HCV core protein in fraction
9, which had a density of 1.15 g/mL, as well as a broader
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“Fig. 2. Analysis of the HCV core protein released into the cell

culture medium after transfection of NC1 full-length HCV-RNA.
(a) Organization of the full-length NC1construct, pNC1 (upper). Open
reading frames (wide boxes) are flanked by untranslated regions (narrow
boxes). A T7 RNA promoter is located upstream of the 5 end of the
HCV ¢DNA construct. Six of the mutations identified in the replicon cell
clones were independently introduced into the pNC1 construct (lower).
(b) Huh7.5.1 cells were transfected with RNA transcribed from pNC1
with the wild-type HCV sequence (wt) or with RNA from one of the six
constructs containing one of the mutations P2161R, R2192Q, R2192L,
S2197Y, S2204G or Y2871C. Two independently transfected cell lines
were passaged for each construct. At each time point after transfection,
the culture medium was harvested and analyzed for the presence of
HCV core protein. Average data of duplicate transfections are indicated.

Table 2. HCV core protein and infectivity levels in the culture medium
of NC1/SY RNA-transfected cells

Days post-transfection HCV Core (fmol/L) Infectivity (ffu/mL)
2 1721 3
15 1009 16

minor peak which had a density of 1.02 to 1.04 g/mL
(Fig. 3a). Interestingly, these density gradient profiles were
quite similar to the previously described profile of JFH-1
(12). We further identified viral particles in the peak frac-
tion of NC1/SY virus particles obtained following density
gradient centrifugation by electron microscopic analysis
(Fig. 3b). The observed particles exhibited a spherical
shape with diameters of approximately 50-55 nm.
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Fig. 3. Characterization of secreted HCV particles from NC1/SY
RNA-transfected cells. (a) Sucrose density gradient analysis of the cul-
ture supernatant from NC1/SY RNA-transfected Huh7.5.1 cells, One ml
of the culture supernatant of transfected cells that was collected on day 2
and day 15 post-transfection (Table 2) was cleared by centrifugation'and
filtration. Each supernatant was overlaid on a stepwise sucrose den-
sity gradient (0, 10, 20, 30, 40, 50 and 60% sucrose) and centrifuged
for 16 hrs at 200,000 x g at 4°C. Eighteen"fractions were collected
from the bottom of the tubes and the'concentration of HCV core pro-
tein in each fraction was determined. Closed and open circles indicate
HCV core protein levels (fmol/L) and the sucrose density (g/mL) of the
fractions, respectively. (b) Negative-stained HCV particles were observed
by electron microscopy. NC1/SY virus particles were purified from the
culture medium at 15 days post-transfection and observed by electron
microscopy using negative staining. Scale bar, 50 nm.

Infectivity of the NC1/SY virus in human
hepatocyte-transplanted uPA/SCID mice

We next determined the in vivo infectivity of the NC1/SY
virus using human hepatocyte-transplanted uPA/SCID
mice, which were reported to be permissive for HCV in-
fection (23). We harvested cell culture media containing
NC1/SY virus at 6 days after RNA transfection and was
concentrated approximately 20-fold. The concentrated
NC1/SY virus was inoculated into two mice designated
as PXB 21-39 and PXB 21-40 (Table 3). Human albumin
levels in the sera of the inoculated mice were higher than
3 mg/mL during the experiment, which supported the fact
that there was a high level of replacement of mouse hepa-
tocytes with human hepatocytes in the mouse liver. Both
mice were negative for HCV-RNA at 1 week after inocula-

Table 3. Serum HCV-RNA titer in human hepatocyte chimeric mice in-
oculated with the NC1/SY virus produced in cultured cells

Mouse D}
Days post-infection PXB 21-39 PXB 21-40
7 - —
14 + _
21 - —
28 — —
35 - —

tTwo mice were independently inoculated with 300 wulL NC1/SY
(38,600 fmol/L).
-+, PCR positive (<2.1x10* copies/mL); —, PCR negative.

tion (Table 3). The PXB 21-39 mouse became transiently
HCV-RNA positive only at 2 weeks post-inoculation but
thereafter remained negative from 3 to 5 weeks post-
inoculation. The PXB 21-40 mouse remained HCV-RNA
negative until 5 weeks post-inoculation. Thus, the cell
culture-adapted NC1/SY virus in the inoculum may have
possessed in vivo infectivity although this infectivity was
at a low level.

Combinatory effects of adaptive mutations
in different regions

The above experiment showed that NCI1/SY RNA-
transfected cells could produce infectious virus particles
but at very low efficiency. To increase the replication
and virus production efficiency of the NC1/SY virus, we
tested the effect of introducing additional adaptive mu-
tations into NCI1. Thus, the E1202G mutation in NS3
(25) and/or the K1846T mutation in NS4B (26) were in-
troduced into pNC1/SY (Fig. 4a) yielding pNCI/EGSY,
pNCI1/KTSY and pNCI1/EGKTSY. RNAs transcribed from
these synthesized constructs were transiently transfected
into Huh7.5.1 cells. In this transient transfection exper-
iment, NC1/EGSY and NC1/EGKTSY-RNA-transfected
cells expressed higher levels of HCV core protein both
in the culture medium and in the cell lysate from 48 to
96 hrs after transfection than cells transfected with RNA
of the other NC1 mutants (Fig. 4b and c¢). However, the
NCI1/KTSY RNA-transfected cells expressed a similar level
of HCV core protein as that expressed by NC1/SY. Inter-
estingly, the E1202G mutation not only increased the level
of the HCV core protein but also the infectivity of the
culture medium. At 3 days post-transfection, HCV core
protein levels reached a concentration of 8193 fmol/L in
the medium of NC1/EGSY RNA-transfected cells, and,
at the same time point, the infectivity titer in the cul-
ture medium of these cells reached 792 ffu/mL (Fig. 4b
and Table 4). However, by 25 days post-transfection, the
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a Table 4. HCV core protein levels in, and infectivity of, the culture
pNC1 with adaptive mutations medium of NC1 RNA-transfected cells
E1202G  K1846T S2197Y Days HCV HCV core Infectivity
Cl E1l E2 lezt NS3 ” 4b’ NS5a I NS5b P post-transfection construct (fmol/L) (ffu/mL)
NS4a 3 NC1/5Y 2468 233
b NC1/EGSY 8193 792.0
NC1/KTSY 1079 33
£ 8000 NC1/EGKTSY 5064 467.0
._g 25 NC1/SY 963 33
QE) 6.000} —O— NC1/wt NC1/EGSY 515 23.3
o —0— NCUSY NC1/KTSY 319 0.0
25 NC1/EGKTSY 995 6.7
3 2 4000f —@— NC1EGSY
£= —&— NCIKTSY
& 2,000} —&— NCVEGKTSY . .
{; assay. Although the colony-forming efficiency of the NC1
2 replicon was lower than that of JFH-1, we still isolated
24 8 72 % multiple NCI1 replicon cell clones. This result suggested
c Hours post transfection that adaptive mutations in the replicon genome were nec-
801 essary for efficient replication and that clones that ex-
© pressed neomycin-resistant gene products were selected.
8 60f —<%— NCtwt Indeed, some mutations were identified in the NC1 repli-
== —O— NC1SY con that enhanced colony-formation efficiency (Fig. 1).
°%  4of —8— NCUEGSY Notably, the S2197Y and $S2204G mutations also increased
o2 core protein secretion from cells transfected with full-
SE —&— NCUKTSY p
= 20t A i i
° s+ ncieckrsy  length NCI HCV-RNA (Fig. 2). The culture gedu;m of
3] the NC1/SY RNA-transfected cells showed marginal infec-

24 48 72 96
Hours post transfection

Fig. 4. Kinetics of HCV core protein release into the culture
medium and cellular HCV protein expression. (a) Position of the
E1202G and K1846T mutations, which were introduced alone or in com-
bination into the full-length pNC1 containing the S2197Y mutation, is
shown. Transcribed full-length HCV-RNAs from pNC1 and its mutated
derivatives were transfected into Huh7 cells. At each time point, the
culture medium and an aliquot of transfected cells were harvested. HCV
core protein levels in the culture medium (b) and the cell lysate (c) were
determined as described in Materials and Methods. Data indicate the av-
erage core protein concentration from two independent transfections.
wt, wild type; EG, E1202G; KT, K1846T; SY, S2197Y.

infectivity titer in the culture medium of the NC1/EGSY
RNA-transfected cells had decreased to 23.3 ffu/mL. Fur-
thermore, reinfection of the secreted virus did not result
in productive infection.

DISCUSSION

In previous studies, we isolated a cell culture infectious
genotype 2a HCV strain, the JFH-1 strain, from a patient
with fulminant hepatitis (12, 27). In the present study,
we isolated a novel genotype 1b HCV cDNA, the NC1
strain. We tested NC1 strain replication efficiency in cul-
tured cells using a drug-selectable subgenomic replicon
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tivity for naive Huh7.5.1 cells. The in vivo infectivity of the
NC1/SY virus was confirmed by its inoculation into hu-
man hepatocyte-transplanted uPA/SCID mice. Although
the in vivo NC1/SY virus infectivity was very weak and
transient, it was detected in one of the two inoculated
mice. By introducing additional adaptive mutations into
the NC1/SY virus, we found that a combination of E1202G
and S2197Y mutations further enhanced HCV replication
and virus production in RNA-transfected cells.

HCV was discovered as a causative agent of non-A, non-
B hepatitis in 1989 (1, 2). Since then, efforts to understand
the viral life cycle of HCV and to identify effective antiviral
agents have been hampered by the lack of an efficient
cell culture system for this virus. There have already been
many attempts to develop a system for HCV infection and
replication in cell culture (reviewed in ref 10). However,
the viral replication efficiencies reported in these studies
were modest, requiring detection by RT-PCR.

We previously isolated an HCV clone, JFH-1, from a ful-
minant hepatitis patient with HCV (27). A JFH-1-derived
subgenomic replicon proved capable of highly efficient
replication in a variety of cell lines (17), and produced in-
fectious HCV particles in Huh7 cells (12—-14). The devel-
opment of an HCV infection system using the JFH-1 strain
has contributed to our understanding of this important
virus. A genotype la strain, H77S, which contained five
adaptive mutations, was reported to produce infectious
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