Date et al.

m

A

(20 .3
pJBIIFH2/AS 278 N Day5 £
. £ 6 £ 8
j NS3 [[46 [NSSA [ Ne%E £ =8
NS2 A E $é
1 450k JFHD [TJdRH2 Z v Z
5 82
: : -t
B: . ¢ 23
i Transfection o ¢ ¢
E 13 57 911131517
E —8-TiA
= 14 (20 T £1200
é o 10% —O-118 Week 8 SE oy
£ = S > £
= —&-T2A £ 13 15 E§ tooo 3
g ) 2 £
g —&5-~T28 E p =4 2
® 102 2 1.27 16 X% leoo £
o 3 . 2 g g
o c 5 8 % 2
(>> 150 0 1.1 L0.5 3 > L300 §
I Days afler transfection $ s d
1.0& L R N S T ) s L0
C € 13 57 9 11131517
2 10°¢
b E Transfection 1.41 (100 . [86,000
£ Week 11 JE -
1()53 ] = <3 &=
gj : 1A g 13 75 £8 faso0 3
= b P23 © 8=
3 E 10k 8718 £ 2% >
£3 : 2 1.2% 150 X 13000 2
< ma 3 E: :
T & SE £
2 o 1.14 25 2% L1500 £
£ % 25 £
3 3T
& 1ol : 10 3 - -
= Sdays 4w 8w 12w 16w 18w 20w 1 5 7 9 11 13 15 1 o @ ¢ 0
Time after transfection fraction
D Transfection
T1A T1B T2A T2B

Weeks after transfection

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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Novel Cell Culture-Adapted HCV Infectious Clone

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

TIB (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 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/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/
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/
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 JEH2/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/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
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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/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 2695TT 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
2695T1in 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/

October 2012 Volume 86 Number 19
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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 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, JEH2/AS/mtT3, and JFH2/
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 mtT1A (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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10816 jviasm.org

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
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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 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 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.
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,
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. 15B8), 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 1a), 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-
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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 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-
agesof 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 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 Con1 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 JEH2/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 2695TT 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 JFH2/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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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 kits 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 (4-6, 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
Agassay 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 gRT-PCR kits, CAP/CTM-RNA (detection
range, 1.5 X 10" to 6.9 X 107 IU/ml) and ART-RNA (detection range,
1.2 X 10" to 1.0 X 10® TU/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-1H, 5'-CCTGTGAGGAACTACTGTCTTC-3'; ¢/s17-ssp, 5'-CCGG
GAGAGCCATAGTGGTCTGCG-3') and the El 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
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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. 3 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. $4 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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FIG 2 Correlation between CAP/CTM-RNA and core Ag levels as quantified by five commercial kits. Data for core Ag levels were converted to log fmol/liter prior
to analysis. In each plot, the lower limit of detection of the respective core Ag assay is indicated by a dotted line. Data for samples below the lower detection limit
of each assay are indicated by shaded circles labeled with the respective sample designations.

specifically an Arg-to-Gly substitution at aa 47. We suspected that
these polymorphisms altered the antigenicity of the core protein,
thereby reducing detected core Ag levels and leading to underes-
timation of values by the core Ag quantification kits. To assess the
correlation of these polymorphisms with the underestimation of
core Ag values, strains containing polymorphisms in this region
(at aa 47 to 49 [Fig. 4]) were identified in Bland-Altman plots of
HCV RNA and core Ag (Fig. 3; also, see Fig. S2 in the supplemental
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material). A total of 12 strains exhibited polymorphisms at these
positions, including 2 strains of genotype 1b, 8 of genotype 2a, and
2 of genotype 2b (Table 1). In the Bland-Altman plot of CAP/
CTM-RNA and Architect-Ag, 4 of 12 values (for samples C-01,
C-16, C-73, and C-74) were located under the line of the lower
95% limit of agreement (Fig. 3A). Likewise, in the plot of CAP/
CTM-RNA and Lumipulse-Ag, 3 of 12 values (those for samples
C-01, C-67, and C-73) were located under the line of the lower
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FIG 3 Bland-Altman plot analysis of CAP/CTM-RNA and core Ag levels as quantified by five commercial kits. These plots show the difference between the values
of HCV RNA and core Ag as a function of the average of these two values. Data for core Ag levels were converted to log fmol/liter prior to analysis. The bias and
95% limits of agreements are indicated by solid and dashed lines, respectively. Data for samples with polymorphisms at amino acid residues 47 to 49 are indicated
by solid circles. Data points outside the 95% limits are indicated by arrows labeled with the sample designations.

95% limit of agreement (Fig. 3B). In these plots, underestimation
for samples that lacked these polymorphisms (at aa 47 to 49) was
not detected. In the plot of CAP/CTM-RNA and Lumispot-Ag,
only 1 sample (C-01) was located under the line of the lower 95%
limit of agreement, but this sample exhibited the most discordant

TABLE 1 Number of reference panel strains with polymorphisms at
amino acid residues 47 to 49 of the HCV core region

No. (%) of strains

Genotype Total With polymorphisms
la 1 0

1b 35 2(5.7)

2a 26 8 (30.8)

2b 18 2(11.8)

Total 80 12 (15.0)

1946 jcm.asm.org

value (Fig. 3C). In the plot of CAP/CTM-RNA and ELISA-Ag, no
correlation between polymorphisms at these positions and under-
estimation was observed (Fig. 3D). In the plot of CAP/CTM-RNA
and JRMA-Ag, sample C-73 was located under the line of the
lower 95% limit of agreement, as were other samples that lacked
polymorphisms at aa 47 to 49 (Fig. 3E). Similar trends were ob-
served in comparison with ART-RNA levels (see Fig. S2 in the
supplemental material). Based on these results, the levels of HCV
core Ag measured with Architect-Ag and Lumipulse-Ag seem to
be more strongly affected by single polymorphisms at these posi-
tions. In the case of Lumispot-Ag, underestimation may be lim-
ited to specimens with multiple polymorphisms at these positions.

DISCUSSION

The quantification of HCV viral load is essential for selecting an
appropriate antiviral strategy and for monitoring the efficacy of
treatrent. Since HCV is known to be highly variable and rapidly
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FIG 4 Alignment of the first 60 amino acids of the HCV core region of strains with polymorphisms at amino acid residues 47 to 49. The position numbers are
given at the top. Dots indicate identical amino acids. The consensus sequence of 1b strains (1b cons.) isolated in this study was determined and used as a reference
sequence. Genotypes of strains are given in parentheses. Positions of polymorphisms are indicated by inverted triangles above the sequence alignment.

evolving (23, 26), the assays for quantifying this virus should be
unaffected by sequence polymorphisms. In this study, we estab-
lished a reference panel with HCV-positive samples and evaluated
the correlation among multiple assays for HCV RNA and core Ag
quantification.

Using this reference panel, we found that the results from two
HCV RNA assay kits, CAP/CTM-RNA and ART-RNA, correlated
with excellent agreement (r = 0.978, P < 0.0001 [Fig. 1]), al-
though discrepancies for values generated by these two assays have
been reported for strains of genotypes 1, 2, and 4 (5, 6, 34). In
Japan, the prevalent genotypes are 1b, 2a, and 2b (11); no geno-
type 4 sample was included in our reference panel (Table 1). In
quantification with CAP/CTM-RNA, underestimation of HCV
RNA titer has been reported for French genotype 2 samples (5). In
our panel, no underestimation was observed for data from geno-
type 2 samples compared to values obtained using ART-RNA.
Therefore, underestimation in quantification with CAP/CTM-
RNA is expected to be rare in Japanese samples, and the two assays
for HCV RNA quantification should be considered accurate and
reliable, at least for Japanese samples. Additionally, the prepared
reference panel appears to be suitable for the evaluation of HCV
quantification assays, because genotypes of samples in this panel
are representative of those found in Japan and viral loads are dis-
tributed evenly across the range of expected titers.

The quantification of HCV core Ag is an alternative test for
HCV infection and viral load. However, in this study, several core
Ag quantitative assays failed to provide accurate results for all of
the samples in the reference panel (Fig. 2). Some quantified values
were below the kits” detection limits. This shortcoming was
mainly attributable to the lower sensitivity of the core Ag assay
kits; increased sensitivity is urged in the future development of
HCV core Ag kits. Among the kits tested here, Architect-Ag assay
exhibited the highest sensitivity and was sufficient for quantifying
the viral load in all samples. However, even in the case of Archi-
tect-Ag, theoretical lower limits of detection, calculated by corre-
lation formula using CAP/CTM-RNA and ART-RNA, were 3.2
and 3.4 log IU/ml, respectively; these detection limits still ex-
ceeded the lower limits of the HCV RNA quantification assays.
Therefore, the sensitivity of the available HCV core Ag assays is
still insufficient to detect low-titer HCV infections. Core Ag kits
therefore may be unsuitable for the detection of breakthrough
hepatitis during antiviral therapy or for the detection of HCV
infection in a window period.

June 2012 Volume 50 Number 6

Comparison between HCV RNA and core Ag assays revealed
good correlations, with 7 coefficients ranging from 0.8877 to
0.9666 and P values being less than 0.0001 (Fig. 2; also, see Fig. S1
in the supplemental material). Therefore, the HCV core Ag levels
may serve as an alternative to HCV RNA levels when titers remain
within the detection ranges of the core Ag kits. However, several
discordances were detected when core Ag levels were compared
with those of HCV RNA. For one sample in our panel (sample
C-01), core Ag levels were lower than expected when quantified
using any of the three core Ag kits (Architect-Ag, Lumipulse-Ag,
and Lumispot-Ag) (Fig. 3; also, see Fig. S2 in the supplemental
material). Another sample (C-73) also yielded lower-than-ex-
pected levels when assayed with Architect-Ag and Lumipulse-Ag
kits. Sequence analysis of the core region revealed that polymor-
phisms at aa 47 and 48 correlated with these underestimates by
core Ag kits (see Fig. $4 in the supplemental material). These re-
sults are consistent with our previous study, which suggested that
core Ag levels of HCV strain JFH-1 were underestimated by the
Lumipulse-Ag kit in comparison to the ELISA-Ag assay (28).
Strain JFH-1 harbors an Ala-to-Thr substitution at aa 48; conver-
sion of Thr to Ala at this position in JFH-1 was sufficient to over-
come this underestimation. This region of the core Ag presumably
corresponds to one of the epitopes recognized by the monoclonal
antibodies used in the Lumipulse-Ag kit, such that polymor-
phisms at this position affected the antigenicity of the core pro-
tein. In this study, we found that the presence of other polymor-
phisms in this region (aa 47 to 49) correlated with reduced core Ag
levels as detected by Lumipulse-Ag, as well as by other assays (Ar-
chitect-Ag and Lumispot-Ag). Sample C-01 demonstrated a dras-
tic deviation from expected core Ag levels in these assays (Fig. 3;
also, see Fig. S2 in the supplemental material). The HCV strain in
this sample contains two polymorphisms (Arg to Gly at aa 47 and
Ala to Thr at aa 48); the multiple polymorphisms may impair
antibody binding more severely and therefore result in underesti-
mation of core Ag levels. Interestingly, this sample exhibited rea-
sonable core Ag levels when assayed using ELISA-Ag. Thus, the
underestimation of core protein levels in this sample was kit de-
pendent, suggesting the targeting of distinct epitopes by the anti-
bodies used in each of these kits. This hypothesis could not be
confirmed, because the identity of the epitopes targeted by each kit
is proprietary.

Of 12 samples with amino acid polymorphisms in this region,
2 (5.7%) were of genotype 1b, 8 (30.8%) were of genotype 2a, and
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TABLE 2 Number of strains in the sequence database” with
polymorphisms at amino acid residues 47 to 49 of the HCV core region

No. (%) of strains

With polymorphism

Ataa 47 At aa 48 Ataa 49
Genotype Tested (R/C, G) (A/T, P) (T/A, P, L) Total
1b 543 2(0.36) 4(0.74) 16 (2.96) 22 (4.1)
2a 24 0 6(25.0) 1(42) 7(29.2)
2b 39 0 0 2(6.9) 2(6.9)

“ http://s2as02.genes.nig.ac.jp/.

2 (11.8%) were of genotype 2b (Table 1). Searches of the Hepatitis
Virus Database (http://s2as02.genes.nig.ac.jp/) revealed that cor-
responding amino acid polymorphisms were observed in 22 of
543 strains (4.1%) of genotype 1b, 7 of 24 strains (29.2%) of ge-
notype 2a, and 2 of 39 strains (6.9%) of genotype 2b (Table 2).
These percentages were consistent with our observations in the
proposed reference panel. These data (our results and those from
the database) clearly indicate that genotype 2a strains are the most
frequent source of underestimation of core Aglevels. Notably, our
search of the sequence database did not yield any HCV strain with
multiple polymorphisms in the region from aa 47 to 49, as we saw
in our sample C-01. Therefore, strains with such multiple poly-
morphisms are rare so far, but detection of this isolate among
donated blood specimens suggests that such HCV strains could be
emerging in clinical samples. For patients harboring such strains,
HCYV viral load may be underestimated if measurement of HCV
viral load is performed by core Ag assay. Such underestimates may
result in erroneous selection of therapy, adversely affecting patient
outcome. Thus, this shortcoming in HCV core Ag assay kits needs
to be addressed.

There is a growing need for evaluation of clinical assay kits with
domestic specimen reference panels, since the performance of
these kits may be affected by the genotypes or polymorphisms of
predominant strains in different geographic regions. To our
knowledge, such an investigation of HCV clinical assay kits with
domestic specimens has not previously been conducted in Japan.
The Japanese HCV reference panel described here was generated
with plasma samples collected from Japanese volunteers. Each
sample was divided into small aliquots, and the panel was pre-
pared in multiple sets. The samples in our HCV reference panel
represent the predominant strains and genotypes seen in Japan.
We expect that this reference panel will be of use for the develop-
ment, evaluation, and optimization of HCV assay kits for the Jap-
anese clinical market.

In conclusion, we have established a Japanese reference panel
for evaluation of HCV quantification assays. Using this reference
panel, we found that two assay kits for HCV RNA could quantify
HCYV titers concordantly. We also found that the data generated
by HCV core Ag assay kits correlated with the results of HCV RNA
assays. However, the nominal core Ag levels measured by several
kits underestimated actual levels for HCV samples with polymor-
phisms at aa 47 to 49 of the core Ag. The panel established in this
study is expected to be useful for estimating the accuracy of cur-
rently available and upcoming HCV assay kits; such quality con-
trol is essential for clinical usage of these kits.

1948 jcm.asm.org
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SUPPLEMENTARY FIGURE LEGEND

Supplementary Figure 1.

Correlation between ART-RNA and core Ag levels as quantified by five

commercial kits. Data for core Ag levels were converted to log fmol/L prior to

analysis. In each plot, the lower limit of detection of the respective core Ag assay

is indicated by a dotted line, and the respective correlation coefficient and

formula are provided at the top of each plot. Data for samples below the lower

detection limit of each assay are indicated by shaded (gray) circles, and sample

designations are indicated by arrows.

Supplementary Figure 2.

Bland-Altman plot analysis of ART-RNA and core Ag levels as

quantified by five commercial kits. These plots show the difference between the
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values of HCV RNA and core Ag as a function of the average of these two

values. Data for core Ag levels were converted to log fmol/L prior to analysis.

The bias and 95% limits of agreements are indicated by bold and dashed lines,

respectively. Data for samples with polymorphisms at amino acid residues 47 —

49 are indicated by closed (black) circles. Sample designations for samples

outside the 95% limits are indicated by arrows.

Supplementary Figure 3.

The phylogenetic tree constructed with sequences determined in this

study. This phylogenetic tree contains 80 strains in the reference panel,

reference strains submitted from Japan (24 strains of genotype 1b, 19 strains of

genotype 2a, and 25 strains of genotype 2b), and 7 representative strains of

each genotype (H77; genotype 1a, Con1, BK, and Taiwan; genotype 1b,

BEBE1; genotype 2¢, K3a; genotype 3a, and ED43; genotype 4a). The genetic

distances were calculated by 6-parameter method, and a phyloqenetic tree was

constructed by neighbor-joining method by use of software in Hepatitis Virus
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Database (http://s2as02.genes.nig.ac.jp/). The length of horizontal bars

indicates the numbers of nucleotide substitutions per site.

Supplementary Figure 4.

Alignment of deduced amino acids in the HCV core region. The position

number of the amino acids is indicated at both ends of each sequence. Dots

indicate identical amino acids. The consensus sequence of 1b strains (1b cons.)

isolated in this study was determined and used as a reference sequence.

Genotypes of strains in alignment are indicated in parentheses. Strains with

discordance in multiple core Ag assays as compared with both RNA quantitative

assays are indicated in bold lettering (C-01 and C-73).
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Architect-Ag
(log fmoliL)

Lumispot-Ag
(log fmoliL)

IRMA-Ag
(log fmol.)

y=1.038x-3.051
r=0.9346, p <0.0001

Lumipulse-Ag
(log fmol/L)

y =0.9524x-2.333
r=0.8877,p <0.0001

ART-RNA
(log IU/mL)

y=1.015x- 2651
r=0.9387, p <0.0001

ELISA-Ag
(log fmollL)

4 5 6 7

ART-RNA
(log IU/mL)

y=0.8549x - 1.559
r=0.9523, p <0.0001
o]

ART-RNA
(log IU/mL)

y =0.9585x - 2.322
r=0.9552, p <0.0001

ART-RNA
(log iU/mL)

ART-RNA
(log IlU/mL)

Supplementary Figure 1
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