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Although the recently developed infectious hepatitis C virus system that uses the JFH-1 clone enables the study of whole HCV
viral life cycles, limited particular HCV strains have been available with the system. In this study, we isolated another genotype
2a HCV cDNA, the JFH-2 strain, from a patient with fulminant hepatitis. JFH-2 subgenomic replicons were constructed. HuH-7
cells transfected with in vitro transcribed replicon RNAs were cultured with G418, and selected colonies were isolated and ex-
panded. From sequencing analysis of the replicon genome, several mutations were found. Some of the mutations enhanced
JFH-2 replication; the 2217AS mutation in the NS5A interferon sensitivity-determining region exhibited the strongest adaptive
effect. Interestingly, a full-length chimeric or wild-type JFH-2 genome with the adaptive mutation could replicate in Huh-7.5.1
cells and produce infectious virus after extensive passages of the virus genome-replicating cells. Virus infection efficiency was
sufficient for autonomous virus propagation in cultured cells. Additional mutations were identified in the infectious virus ge-
nome. Interestingly, full-length viral RNA synthesized from the cDNA clone with these adaptive mutations was infectious for
cultured cells. This approach may be applicable for the establishment of new infectious HCV clones.

%@% epatitis C virus (HCV) is a principal agent in posttransfusion
and sporadic acute hepatitis (6, 19). HCV belongs to the Fla-
viviridae family and Hepacivirus genus. Infection with HCV leads
to chronic liver diseases, including cirrhosis and hepatocellular
carcinoma (16). HCV is a major public health problem, infecting
an estimated 170 million people worldwide (6, 16, 19). Current
standard therapy for HCV-related chronic hepatitis is based on
the combination of interferon (IFN) and ribavirin although virus
eradication rates are limited to around 50% (7, 24, 30). Telaprevir
and boceprevir were approved by the U.S. Food and Drug Admin-
istration in 2011 in combination with pegylated alpha interferon
and ribavirin for the treatment of genotype 1 chronic hepatitis C
(34, 35). Both agents inhibit the NS3-NS4A serine protease essen-
tial for replication of HCV (25, 36). It is important to develop
more anti-HCV drugs with different modes of action to achieve
greater efficacy and to avoid the emergence of drug-resistant vi-
ruses. To that end, a detailed understanding of the viral replication
mechanism is needed to discover novel antiviral targets. An effi-
cient virus culture system is indispensable for detailed analysis of
HCV life cycles. In an important development, a subgenomic
HCV RNA replicon system has been developed (22) to assess HCV
replication in cultured cells. Furthermore, an efficient HCV cul-
ture system was established by using a JFH-1 strain virus isolated
from a fulminant hepatitis patient (20, 38, 41). By transfection of
in vitro transcribed full-length JFH-1 HCV RNA into HuH-7 cells,
efficient JFH-1 RNA replication and infectious viral particle pro-
duction were detected. However, this efficient virus production
was not reproduced by other HCV strains, even when adaptive
mutations were introduced to enhance the replication efficiency
in cultured cells (29). Thus, other HCV strains that can replicate in
cultured cells and produce infectious virus particles are needed.
The J6CF strain is infectious to chimpanzees but does not replicate
in cultured cells (26, 27, 40). We constructed chimeric replicon
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and virus constructs of the J6CF and JFH-1 strains to elucidate the
difference in their molecular mechanisms (26, 27). We deter-
mined that the NS3 helicase and the NS5B to 3'X regions are
important for the efficient replication of the JFH-1 strain and that
several amino acid mutations in the C terminus of NS5B are piv-
otal for replication. However, we could not rescue the replication
of other virus strains, such as Conl, with these mutations. This
result indicates that different approaches are needed to create rep-
lication-competent virus strains in cultured cells.

In the present study, we isolated HCV cDNA, named JFH-2, from
a fulminant hepatitis patient. The replication efficiency of the JFH-2
clone in the subgenomic replicon assay was lower than that of JFH-1
although the introduction of adaptive mutations enhanced JFH-2
replication. Interestingly, the full-length chimeric or wild-type JFH-2
genome with adaptive mutations could replicate and produce infec-
tious virus particles. The virus infection efficiency was sufficient for
autonomous virus propagation in cultured cells.

MATERIALS AND METHODS

Cell culture system. HuH-7, Huh-7.5.1 (a generous gift from Francis V.
Chisari), and Huh7-25 cells were cultured in 5% CO, at 37°C in Dulbec-
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FIG 1 Clinical course of second fulminant hepatitis patient infected with
JFH-2. The patient was admitted by reason of acute liver failure. Alanine ami-
notransferase (ALT) levels, prothrombin time (PT), HCV RNA, and anti-
HCV antibodies were determined and followed in his serum.

co’s modified Eagle’s medium (DMEM) containing 10% fetal bovine se-
rum (DMEM-10) (3, 41).

HCYV clones. The genotype 2a clone JFH-2 was isolated from a patient
with fulminant hepatitis (15). Briefly, HCV ¢cDNA was cloned from a
fulminant hepatitis patient, a 62-year-old man who had a history of cor-
onary artery bypass surgery without blood transfusion. One year after the
surgery, he developed an acute auditory disorder and received a course of
betamethasone therapy. After withdrawal of betamethasone, the patient
developed fulminant hepatitis as diagnosed by acute liver failure associ-
ated with stage II encephalopathy and low prothrombin time. He experi-

TABLE 1 Primer list used for cloning and sequencing of JFH-2 clone

enced prolonged liver failure and died after 80 days. HCV RNA was de-
tected in his serum only during the acute phase (Fig. 1). Total RNA was
extracted from serum during the acute phase, and HCV cDNA covering
the entire genome was amplified by reverse transcription-PCR (RT-PCR).
All amplified products were purified and then cloned into pGEM-T EASY
vectors {(Promega, Madison, WI). PCR products and plasmids were se-
quenced by using specific primer sets (Table 1), BigDye Terminator Mix,
and an automated DNA sequencer (models 310 and 377; PE Biosystems,
Foster City, CA). The JFH-2 subgenomic replicon (SGR) clones, pSGR-
JFH2.1 and pSGR-JFH2.2 (DDBJ/EMBL/GenBank accession numbers
AB690456 and AB690457, respectively), were constructed according to
the method for pSGR-JFH1 construction (11). Several mutations were
introduced into the pSGR-JFH2.1 replicon construct, as reported previ-
ously (11). The reporter replicon constructs, pSGR-JFH2.1/Luc and
PSGR-JFH2.1/Luc, were developed by rearrangement with pSGR-JFH2.1
and pSGR-JFH2.2 (accession numbers AB690458 and AB690459, respec-
tively) as described previously (12). pJ6/JFH1 was previously obtained
from pJFH]1 by replacement with the 5’ untranslated region (UTR) to the
p7 region (EcoRI-Bcll) of the J6CF strain (a kind gift from Jens Bukh) (3,
40). A full-length HCV cDNA was constructed by using the 5 end to NS2
of pJ6/JFH1 and NS3 to the 3’ end of pSGR-JFH2.1, and the resulting
construct was named pJ6/JFH2 (accession number AB690460). Another
full-length HCV construct, pJFH2 containing the full-length JFH-2 cDNA
downstream of the T7 RNA promoter sequence, was also constructed by
replacing the 5' UTR to NS2 of pJ6/JFH2 with JFH2 sequences, as de-
scribed previously (accession number AB690461) (1, 37, 38).
Subgenomic replicon assay. Subgenomic replicon RNA was synthe-
sized as reported previously (11). Synthesized replicon RNA was adjusted
to 10 pg with cellular RNA isolated from untransfected HuH-7 cells and
then electroporated into naive HuH-7 cells as reported previously (11).
G418 (1.0 mg/ml) was added to the culture medium, and the drug-resis-
tant colonies were fixed with buffered formalin and stained with crystal
violet or cloned and expanded for further analysis. Total RNA was ex-
tracted from the cloned G418-resistant cells by using Isogen reagent (Nip-

Forward primer Reverse primer

Name Sequence (5'—3") Name Sequence (5'—3")

44S CTGTGAGGAACTACTGTCTT 1323R GGTGACCAGTTCATCATCAT
3178 GGGAGGTCTCGTAGACCGTG 1440R GCTCCCTGCATAGAGAAGTA
844S GGGTTAATTATGCAACAGGGAAC 2367R CATTCCGTGGTAGAGTGCA
11418 TGTCCGCCACGCTCTGCT 2445R TCCACGATGTTTTGGTGGAG
1361S CCCGAGGTCATCATAGACAT 3568R TGTTCCGAGGAAGGACTGAG
21068 CTGTTGTGCCCCACGGACTG 3765R TCAGCGTTCCGCGTGACCA
22858 AACTTCACTCGTGGGGATCG 4706R TTGCAGTCGATCACGGAGTC
32118 GGCACTTACATCTATGACCACCTC 5331R GAGGTCATGACCAGCACGTG
34718 TGGGCACCATAGTGGTGAG 5563R CTGCAGCAAGCCTTGGATCT
39308 TCGATTTCATCCCCGTTGAG 5970R TTCTCGCCAGACATGATCTIT
4278S CCTATGACATCATCATATGCGATGAATGCC 6152R AGTGAGTAGGGGCGACGTGGTTTCCTCTGG
43018 CCTATGACATCATCATATGCGATG 6505R CCTGCCAGGTGTTCATGCAG
4547S AAGTGTGACGAGCTCGCGG 6605R GCATACTCTGAGGCCGCCAC
50218 TTTTGGGAGGCAGTTTTCAC 6897R GTGATGTGGGGCGGATCTGTTAGCATGGAC
63838 TGTCAAAAGGGGTACAAGGG 7648R TCCTCCTCGGAGCAAGTAGA
6774S TCCGGGATGAGGTCTCGTTC 8913R GCGTACTGGATGATGTTTCC
6881S ATTGATGTCCATGCTAACAG 3X-54R GCGGCTCACGGACCTTTCAC
7198S GGCTTGGGCACGGCCTGA 3X-75R TACGGCACTCTCTGCAGTCA
72448 ACCGCTTGTGGAATCGTGGA

76578 CGTGTGCTGCTCCATGTCAT

79938 CAGCTTGTCCGGGAGGGC

83378 TTTCGTATGATACCCGATGCTT

8704S CGCCCCTCCGGGTGACCCCCCCAGACCGGA

91238 CACGAACTGACGCGGGTGGC
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pon Gene, Tokyo, Japan), and the replicon RNA was quantitated by
Northern blotting and real-time detection RT-PCR as reported previously
(11, 37). The cDNAs of the HCV RNA replicon were synthesized and then
amplified by PCR. The sequence of each replicon was determined.

Luciferase reporter replicons were analyzed as follows. Five micro-
grams of synthesized replicon RNA was transfected into HuH-7 cells by
electroporation. Transfected cells were harvested serially at 4, 24, 48, 72,
and 96 h after transfection. Luciferase activities were quantified by a Lu-
mat LB9507 instrument (EG&G Berthold, Bad Wildbad, Germany) and a
luciferase assay system (Promega). Assays were performed at least in trip-
licate, and the results were expressed as relative luciferase activity.

Analysis of G418-resistant cells. In RNA-transfected dishes, G418-
resistant colonies were isolated by using a cloning cylinder (Asahi Techno
Glass Co., Tokyo, Japan) and expanded until 80% to 90% confluence in
10-cm diameter dishes. Expanded cells were analyzed as described previ-
ously (11).

Northern blot analysis. Four micrograms of isolated RNA samples
was electrophoretically separated in a 1% agarose gel containing formal-
dehyde and transferred to a positively charged nylon membrane (Hy-
bond-N+; GE Healthcare UK, Ltd., Buckinghamshire, England) and im-
mobilized by a Stratalinker UV cross-linker (Stratagene, La Jolla, CA).
Hybridization was performed with a [a-**P]dCTP-labeled DNA probe by
using Rapid-Hyb Buffer (GE Healthcare UK, Ltd.). The NS3 to 3'X region
of the JFH-1 sequence was used as a template of DNA probe synthesis with
a Megaprime DNA Labeling System (GE Healthcare UK, Ltd.) (37).

Western blot analysis of HCV proteins. The protein samples were
separated on a 10% polyacrylamide gel. After electrophoresis, the proteins
were transferred to a polyvinylidene difluoride membrane (Immobilon;
Millipore Corp., Bedford, MA) with a semidry blotting apparatus (Bio-
craft, Tokyo, Japan). Transferred proteins were incubated with blocking
buffer containing 5% nonfat dry milk (Snow brand, Sapporo, Japan) in
phosphate-buffered saline. Anti-NS3 rabbit polyclonal antibody raised
against recombinant NS3 protein and horseradish peroxidase-labeled
goat anti-rabbit Ig (BioSource, Camarillo, CA) were used to detect HCV
NS3 protein. The signals were detected with a chemiluminescence system
(ECL Plus; GE Healthcare UK, Ltd.). The quantity and quality of the
loaded samples were confirmed to be similar by Coomassie brilliant blue
staining of the gel.

RT-PCR and sequencing analysis. The cDNAs of HCV RNA were
synthesized from total cellular RNA isolated from replicon RNA-trans-
fected cells or from the culture medium of full-length HCV RNA-trans-
fected cells with antisense primer in the 3'X tail region. These cDNAs were
subsequently amplified with DNA polymerase (TaKaRa LA Taq; TaKaRa
Bio Inc.). The sequence of each amplified DNA was determined directly as
described above.

Full-length HCV RNA transfection. Full-length HCV RNA was syn-
thesized from pJ6/JFH2, pJFH2, and the derivatives of these constructs
with adaptive mutations, as described previously (13, 37, 38). Synthesized
HCV RNA (10 j.g) was transfected into Huh-7.5.1 or Huh7-25 cells. HCV
core protein levels in the culture medium were measured by immunoas-
say (31). HCV RNA levels in the culture medium were quantified as de-
scribed above. Infectivity of culture supernatants was determined by mea-
suring the focus formation efficiency (13, 41). In some experiments, HCV
core protein levels in the transfected cells were determined as described
previously (37, 38). To examine virus secretion and infectivity after long-
term culture, the transfected cells were serially passaged. Virus infection
was neutralized by using mouse anti-CD81 monoclonal antibody (clone
JS-81; BD Pharmingen, Franklin Lakes, NJ) and anti-HCV human IgG
purified from HCV carrier serum (a gift from H. Yoshizawa and J. Tanaka,
Hiroshima University).

Density gradient analysis. Culture medium derived from the trans-
fected or infected cells was harvested for density gradient analysis. Cleared
culture medium was layered onto a stepwise sucrose gradient (60% [wt/
vol] to 10%) and centrifuged for 16 h in an SW41 rotor (Beckman, Palo
Alto, CA) at 200,000 X g at 4°C. After centrifugation, 18 fractions were
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FIG 2 Phylogenetic analysis of JEH-2. Phylogenetic tree of the NS3 to NS5B
amino acid sequences of HCV including the JFH-2 strain and genotype 2
strains for which the entire genome has been reported (JFH-1, accession num-
ber AB047639; HC-J6, D00944; HC-J8, D10988; and BEBEI, D50409) and
representative genotype 1 strains for which the entire genome has been re-
ported (H77, AF009606; HCV-Conl, AJ238799; HCV-], D90208, and
HCV-N, AF139594). This phylogenetic tree was drawn by using Kimura’s
two-parameter method.

2b

harvested from the bottom of the tubes. The HCV core protein, HCV
RNA levels, and infectivity in each fraction were determined as described
above.

Electron microscopy. To visualize HCV particles, we adsorbed the
density gradient-purified virus samples onto carbon-coated grids for 1
min. Then, the grids were stained with 1% uranyl acetate for 1 min and
examined under an H-7650 transmission electron microscope (Hitachi
High-Technologies Co., Tokyo, Japan) (32). Immunogold labeling was
performed with an antibody directed against E2 (AP33; a kind gift from
Genentech, South San Francisco, CA) diluted 1:50 in blocking solution
and secondary antibody coupled to 10-nm gold particles.

Human hepatocyte chimeric mouse experiments. Human hepato-
cytes were transplanted into urokinase-type plasminogen activator-trans-
genic SCID mice(uPA™™ SCID™™) as described previously (33). All
mice received hepatocyte transplants from the same donor. Human he-
patocyte chimeric mice, in which liver cells were largely (>90%) replaced
with human hepatocytes, were used to reduce the potential influence by
mouse-derived mRNA. Human albumin levels in the sera of mice were
monitored to evaluate the replacement ratio of the human hepatocytes in
the mouse liver. The mice were obtained from Phoenix Bio Co., Ltd.
(Hiroshima, Japan). Four mice were divided into two groups. Each group
of mice was inoculated with 1 X 10° RNA copies of either purified J6/
JEH2/AS HCV particles or JFH-2 patient serum. The HCV RNA titer in
inoculated mouse serum was monitored by real-time detection RT-PCR
each week after inoculation.

RESULTS

HCV clone from a fulminant hepatitis patient. HCV ¢DNA was
isolated from a fulminant hepatitis patient as described in Materials
and Methods (clone JFH-2) (15). HCV RNA was detected by RT-
PCR in the patient’s serum during the acute phase (Fig. 1). All viral
markers of the other hepatitis viruses were negative. By the phyloge-
netic analysis, the JFH-2 clone was clustered into genotype 2a (Fig. 2).
JFH-2 exhibits 87.6%, 89.0%, and 88.9% nucleotide homology with
JFH-1, J6CF, and JCH-1, respectively, and 90.6%, 91.8%, and 91.8%
amino acid homology with JFH-1, J6CF, and JCH-1, respectively
(Table 2). The JFH-1 strain is cell culture replication-competent, but
the J6CF and JCH-1 strains are incompetent. However, the homol-
ogy data for nucleotide and amino acid sequences are very similar in
both the structural and nonstructural regions. We also mapped the
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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

% Identity vs strain: % Amino acid identity vs strain:

Lenght Length
Region (nt)” JFH-1 J6CF JCH-1 (aa)® JFH-1 J6CF JCH-1
Entire genome 9683 87.60 88.98 88.88 3033 90.64 9L.79 91.79
UTR¢ 576 96.35 98.61 96.88 NA4
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

“ nt, nucleotides.

b aa, amino acids.

“UTR, 5" UTR plus 3' UTR.
9 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.
3A and Table 2); however, it is difficult to find particular mutation
positions or regions specific for the JFH-2 strain.

ingly, some parts of the viral cDNA sequences in the JFH-2 viral
genome were a mixture of different sequences, especially in the
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.

10808 jviasm.org 42 Journal of Virology

QWA NN TATINIT AN 1TONITTIWAL ka1 n7 ‘et Kieninal tin iRinnee iaflirdnii ininn nanenitisnnm



A JFHL JFH2.1 JFH2.2

JFH2.1/GND

0.003 ug

RNA 3 pg RNA

B JFH-2 replicon clones

10%10"N1-1-2 -3 -42-1-2 -3-4 -5 -6 -7-8-9-10

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 pg), 3 pg of JFH-2.1
and JFH-2.2 subgenomic RNA, and 10 g 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 pg)
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 (Al) 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 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/ug 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/pg RNA) (11). Four colonies of the
JFH-2.1 replicon and 10 colonies of the JFH-2.2 replicon were

October 2012 Volume 86 Number 19

Novel Cell Culture-Adapted HCV Infectious Clone

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/p.g 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 1204MK, 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-BclI) 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
J6CE 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
JFH-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+38

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—W 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 thelines 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 JEH2.1 replicon with the wild-type sequence (SGR-JFH2.1)
and other mutations was tested. Briefly, transcribed RNA (5 jug) 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/pg 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-
JEH2.1/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
2219CRin NS5A of T1A and 148AT in the core protein, 2219CSin
NS5A, and 2695TT 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, 17221V
in NS4B, 2204SG in NS5A, and 2695TI 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-1 J6/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 cDNA 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 5.47E+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 4.51E+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/JEH2/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/
JFH2/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/
JEH2/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, JEH2/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/JFH2/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

A
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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/JFH2- and JFH2-related con-
structs with Huh-7.5.1 cells. Full-length HCV RNA was synthesized from the
JFH1, J6/JFH]1, 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 (T313 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
2695TI in 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). JFH2/AS/
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Novel Cell Culture-Adapted HCV Infectious Clone

mtT3 (mtT3) and JFH2/AS/mtT4 (mtT4) secreted similar levels
of HCV core protein, RNA, and infectious virus with J6/JFH2/AS/
mtTI1A 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 RNA-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/
JFH2/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, JFH2/AS/mtT3, and JFH2/
AS/mtT4 constructs obtained higher replication capacities by
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adaptive mutations; however, their replication levels are lower
than those of JFH-1 and J6/JFH]1.

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

~@— JFH2/AS-T3
—0O— JFH2/AS-T4
—d~ JB/JFH2IAS
—&— JBJFH2IAS

(fmoliL)

HCV Core protein in culture medium

25 50 75 100
Days after transfection

FIG 13 Propagation of a full-length JFH2 virus. Huh-7.5.1 cells were trans-
fected with the transcribed RNA from pJFH2/AS and p]6/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 JFH2 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.
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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,
JFH2/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 JFHI
(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 cDNA, 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 JEH1, J6/JFH1, JFH2, and J6/JFH2 constructs and their derivatives
with mutations and transfected into Huh7-25 cells. (A) HCV core protein levels in
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
JEH-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 HCV 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 2695TI 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
toincrease 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 JFH2/AS viruses are more cell culture-adapted and attenuated
than the JFH-1 virus. It may be worthwhile to test this cell culture-

Journal of Virology

SVYASIA SNOITNIANI 40O 1SNITIVYN Ad €107 ‘6L Alenigsd uo /Bio wise Al dnu woll papeolumort



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 islocated 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, JEH-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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Japanese Reference Panel of Blood Specimens for Evaluation of
Hepatitis C Virus RNA and Core Antigen Quantitative Assays
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An accurate and reliable quantitative assay for hepatitis C virus (HCV) is essential for measuring viral propagation and the effi-
cacy of antiviral therapy. There is a growing need for domestic reference panels for evaluation of clinical assay kits because the
performance of these kits may vary with region-specific genotypes or polymorphisms. In this study, we established a reference
panel by selecting 80 donated blood specimens in Japan that tested positive for HCV. Using this panel, we quantified HCV viral
loads using two HCV RNA Kkits and five core antigen (Ag) kits currently available in Japan. The data from the two HCV RNA as-
say kits showed excellent correlation. All RNA titers were distributed evenly across a range from 3 to 7 log IU/ml. Although the
data from the five core Ag kits also correlated with RNA titers, the sensitivities of individual kits were not sufficient to quantify
viral load in all samples. As calculated by the correlation with RNA titers, the theoretical lower limits of detection by these core
Ag assays were higher than those for the detection of RNA. Moreover, in several samples in our panel, core Ag levels were under-
estimated compared to RNA titers. Sequence analysis in the HCV core region suggested that polymorphisms at amino acids 47 to
49 of the core Ag were responsible for this underestimation. The panel established in this study will be useful for estimating the
quality of currently available and upcoming HCV assay kits; such quality control is essential for clinical usage of these kits.

epatitis C virus (HCV) is a major cause of chronic liver dis-
ease worldwide (15). There is no protective vaccine against
this virus, and once an individual is infected, HCV often estab-
lishes persistent infection and leads to chronic hepatitis, cirrhosis,
and hepatocellular carcinoma (9). The most widely used therapy
for HCV infection is the combined administration of pegylated
alpha interferon and ribavirin (29). However, this treatment is
problematic, as it has limited efficacy, high cost, and severe ad-
verse effects (8, 25). To estimate the outcome of antiviral therapy,
and to understand the state of viral propagation, it is important to
determine the HCV viral load in chronic hepatitis C patients by
the use of accurate and reliable HCV quantitative assays (9, 14).
For this purpose, several commercial assay kits for HCV RNA and
core antigen (Ag) quantification are currently used in Japan. For
quantification of HCV RNA levels, two real-time quantitative re-
verse transcription-PCR (qRT-PCR)-based assay kits are avail-
able, including the COBAS AmpliPrep/COBAS TagMan HCV test
(CAP/CTM-RNA; Roche Diagnostics, Tokyo, Japan) and the Ab-
bott RealTime HCV test (ART-RNA; Abbott Japan, Tokyo, Ja-
pan). These assays are known to have high sensitivity and a wide
dynamic range, but they require technical skill and attention to
maintaining the specified conditions (46, 16, 24, 33-35). Alter-
natively, HCV viremia can be quantified by assessment of HCV
core Aglevel (1-3,7, 10, 12, 13, 17-22, 27, 30--32). Five HCV core
Ag assay kits are commercially available in Japan, including Archi-
tect HCV Ag (Architect-Ag; Abbott Japan), Lumipulse Ortho
HCV Ag (Lumipulse-Ag; Fujirebio, Tokyo, Japan), Lumispot
Eiken HCV Ag (Lumispot-Ag; Eiken Chemical, Tokyo, Japan),
the Ortho HCV Ag ELISA test (ELISA-Ag; Ortho Clinical Diag-
nostics, Tokyo, Japan), and the Ortho HCV Ag IRMA test (IRMA-
Ag; Ortho Clinical Diagnostics, Tokyo, Japan). These assays have
some disadvantages compared to those measuring HCV RNA
(notably, low sensitivity and narrow range of quantification) but
also have some advantages (including ease of use, reduced risk of
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contamination, reduced cost, and reliability even with samples
stored at room temperature for extended periods of time [1, 32]).
Although core Ag levels are thought to be related closely to HCV
RNA titers, the correlation and linearity of core Ag levels have not
yet been fully evaluated. In addition, these quantitative parame-
ters are known to be affected by nucleotide and amino acid se-
quences at the target regions of the assays (5, 6, 28, 34), and this
sequence variation depends on genotypes or predominant strains
in specific geographical regions.

In this study, we established a Japanese reference panel of sam-
ples for evaluation of HCV RNA and core Ag levels by collecting
donated blood specimens that tested positive for HCV RNA and
anti-HCV antibodies. Using this reference panel, we evaluated the
HCV loads in these specimens with two HCV RNA assay kits and
five core Ag assay kits and assessed correlations among the data
generated by these kits.

MATERIALS AND METHODS

Preparation of reference panel. To establish a reference panel for HCV
quantitative assays, a total of 80 donated plasma samples were selected. All
of these specimens, supplied by the Japanese Red Cross Blood Centers,
tested positive for the presence of HCV RNA and anti-HCV antibodies.
These samples, collected in Japan from May to September of 2007, were
obtained from Japanese blood donor volunteers in various regions of
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FIG 1 Correlation of HCV RNA titers as quantified by two commercial kits.

Japan. The samples were divided into 1-ml aliquots and stored at —80°C
until use.

Quantification of HCV RNA and core Ag. The HCV RNA titer was
measured with two real-time qRT-PCR kits, CAP/CTM-RNA (detection
range, 1.5 X 10' to 6.9 X 107 TU/ml) and ART-RNA (detection range,
1.2 X 10" to 1.0 X 108 IU/ml). Additionally, samples were assessed using
five HCV core Ag assay kits, including Architect-Ag (detection range, 3 to
20,000 fmol/liter), Lumipulse-Ag (detection range, 50 to 50,000 fmol/
liter), Lumispot-Ag (detection range, 20 to 400,000 fmol/liter), ELISA-Ag
(detection range, 44.4 to 3,600 fmol/liter), and IRMA-Ag (detection
range, 20 to 20,000 fmol/liter). All assays were performed by the respective
manufacturers at their research laboratories.

Sequencing and genotyping of HCV in reference panel samples. Vi-
ral RNA was extracted with the QIAamp viral RNA kit (Qiagen, Valencia,
CA) from 140 pl of each plasma sample. HCV RNA was amplified by
RT-PCR with primers corresponding to the 5" untranslated region (UTR)
(43S-IH, 5'-CCTGTGAGGAACTACTGTCTTC-3'; ¢/s17-ssp, 5'-CCGG
GAGAGCCATAGTGGTCTGCG-3') and the E1 region (1323R-IH, 5'-G
GCGACCAGTTCATCATCAT-3'); the amplified products were se-
quenced directly. HCV genotypes of the isolated strains were assigned by
phylogenetic analysis using an alignment with a representative strain of
each genotype.

Statistical analysis. The correlations of obtained quantitative data
were assessed by Pearson’s correlation coefficient analysis, and values for
r and P were calculated. A P value of <0.05 was considered to indicate
statistical significance. Analysis was performed using Prism 5 software
(GraphPad Software, Inc., La Jolla, CA).

Nucleotide sequence accession numbers. The accession numbers of
C-01 to C-80 are AB705312 to AB705391, respectively.

RESULTS

Quantification of HCV RNA levels. The reference panel estab-
lished in this work was used to measure HCV RNA levels with the
CAP/CTM-RNA and ART-RNA kits. The correlation of the data
obtained with the two kits is shown in Fig. 1. The RNA titers of
these samples were distributed evenly, and all values were within
the dynamic ranges of both assays. The HCV titers ranged from
3.68 to 6.88 and 3.82 to 7.08 log IU/ml in CAP/CTM-RNA and
ART-RNA, respectively, and the correlation was significant (r =
0.978; P < 0.0001).

Quantification of HCV core Ag levels. HCV core Ag levels
were measured using Architect-Ag, Lumipulse-Ag, Lumispot-Ag,
ELISA-Ag, and IRMA-Ag kits. Among the 80 specimens in the
reference panel, core Ag levels could be measured in all samples
using Architect-Ag and ELISA-Ag kits, whereas core Ag levels

1944 jcm.asm.org

56

were below the detection limit in 4, 2, and 1 samples using Lumi-
pulse-Ag, Lumispot-Ag, and IRMA-Ag kits, respectively (Fig. 2;
also, see Fig. S1 in the supplemental material). Significant corre-
lations were observed between assays of HCV core Ag and HCV
RNA (r = 0.9065 to 0.9666 and P < 0.0001 compared with CAP/
CTM-RNA data [Fig. 2]); r = 0.8877 to 0.9552 and P < 0.0001
compared with ART-RNA data [see Fig. S1 in the supplemental
material]). The theoretical lower limits of detection of these assays
were calculated by use of these correlation formulas and were 3.2
and 3.4 log IU/ml for Architect-Ag, 4.2 and 4.2 log IU/ml for
Lumipulse-Ag, 3.7 and 3.9 log IU/ml for Lumispot-Ag, 3.6 and 3.8
log IU/ml for ELISA-Ag, and 3.6 and 3.8 log IU/ml for IRMA-Ag
(compared to CAP/CTM-RNA and ART-RNA, respectively).
These calculated detection limits were substantially higher than
those for the RNA quantitative assays (1.18 and 1.08 log IU/ml for
CAP/CTM-RNA and ART-RNA, respectively).

In addition, we found that several samples showed consider-
able deviation from the linear regression (Fig. 2; also, see Fig. S1in
the supplemental material). To identify the deviating samples, we
used Bland-Altman plot analysis (Fig. 3; also, see Fig. S2 in the
supplemental material). This plot shows the difference between
the titer values of HCV RNA and core Ag as a function of the
average of these two values. Several samples demonstrated discor-
dance between the measured HCV RNA and core Ag levels.
Among these samples, we focused on samples with discordant
results in multiple core Ag assays compared to both RNA quanti-
tative assays. For sample C-01, core Ag levels were underestimated
when measured with Architect-Ag, Lumipulse-Ag, and Lu-
mispot-Ag in comparison with CAP/CTM-RNA (Fig. 3) and
when measured with Architect-Ag, Lumipulse-Ag, Lumispot-Ag,
and IRMA-Ag in comparison with ART-RNA (see Fig. S2 in the
supplemental material). Likewise, for sample C-73, core Ag levels
were underestimated when measured with Architect-Ag, Lumi-
pulse-Ag, and IRMA-Ag in comparison with CAP/CTM-RNA
(Fig. 3) and when measured with Architect-Ag and Lumipulse-Ag
in comparison with ART-RNA (see Fig. S2 in the supplemental
material). Thus, sample-specific underestimation was observed in
several HCV core Ag kits.

Nucleotide sequences in core region of reference panel sam-
ples. To clarify the sources of these underestimates of HCV core
Aglevels, HCV RNA was extracted from each of the samples in the
reference panel, and the nucleotide sequences of core regions were
determined. Phylogenetic analysis with these sequences permitted
classification of the individual strains by genotype. Of 80 samples
in the reference panel, 1 (1.3%) was genotype 1a, 35 (43.8%) were
genotype 1b, 26 (32.5%) were genotype 2a, and 18 (22.5%) were
genotype 2b (Table 1; also, see Fig. S3 in the supplemental mate-
rial). These strains were distributed evenly among reference
strains of each genotype and cover the sequence diversity of strains
isolated in Japan (see Fig. S3 in the supplemental material). The
genotypes of samples associated with underestimated core Ag val-
ues (samples C-01 and C-73) were both classified as genotype 2a.

Predicted amino acid sequences of HCV core protein were
aligned with the consensus core protein sequence for the genotype
1b strains obtained in this study (see Fig. S4 in the supplemental
material). Excluding the genotype-specific sequence variations, a
specific amino acid polymorphism was identified at amino acid
(aa) residue 48 (Ala to Thr) in samples C-01 and C-73. Sample
C-01, which yielded underestimated values in most core Ag assays,
also possessed an additional polymorphism in the same region,
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