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Abstract
Hepatitis C virus (HCV) employs various strategies to establish persistent infection that can cause
chronic liver disease. Our previous study showed that both the original patient serum from which
the HCV JFH-1 strain was isolated and the cell culture-generated JFH-1 virus (JFH-1cc)
established infection in chimpanzees, and that infected JFH-1 strains accumulated mutations after
passage through chimpanzees. The aim of this study was to compare the in vitro characteristics of
JFH-1 strains emerged in each chimpanzee at early and late stages of infection, as it could provide
an insight into the phenomenon of viral persistence. We generated full-genome JFH-1 constructs
with the mutations detected in patient serum-infected (JFH-1/S1 and S2) and JFH1cc-infected
(JFH-1/C) chimpanzees, and assessed their effect on replication, infectious virus production, and
regulation of apoptosis in cell culture. The extracellular HCV core antigen secreted from JFH-1/
S1-, S2-, and C-transfected HuH-7 cells was 2.5, 8.9, and 2.1 times higher than that from JFH-1
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wild type (JFH-1/wt) transfected cells, respectively. Single cycle virus production assay with a
CD81 negative cell line revealed that the strain JFH-1/S2, isolated from the patient serum-infected
chimpanzee at later time-point of infection, showed lower replication and higher capacity to
assemble infectious virus particles. This strain also showed productive infection in human
hepatocyte-transplanted mice. Furthermore, the cells harboring this strain displayed lower
susceptibility to the apoptosis induced by tumor necrosis factor-α or Fas ligand as compared to the
cells replicating JFH-1/wt.

Conclusion—the ability of lower replication, higher virus production and less susceptibility to
cytokine-induced apoptosis may be important for prolonged infection in vivo. Such control of viral
functions by specific mutations may be a key strategy for establishing persistent infection.
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INTRODUCTION
Currently, about 200 million people are infected with Hepatitis C virus (HCV) and are at
continuous risk of developing chronic liver diseases such as chronic hepatitis, liver cirrhosis,
and hepatocellular carcinoma (1,2). Although acute HCV infection elicits innate and
adaptive immune responses, the virus successfully evades clearance in approximately 75%
of infected individuals (3,4). The mechanisms by which HCV leads to persistent infection at
a high frequency are not yet fully understood. Lack of appropriate animal models, except
chimpanzees, has rendered such studies difficult. Human hepatocyte-transplanted mice (5,6),
a useful small animal model to study HCV infection, are unsuitable to study the mechanisms
of virus persistence because of a lack of B- and T-cell-mediated immunity.

HCV is a non-cytopathic positive-stranded RNA virus of the Flaviviridae family. It
primarily infects hepatocytes of humans and chimpanzees, where, thanks to error prone
RNA-dependent RNA polymerase, the infected virus accumulates a high number of
mutations rapidly, thus providing opportunity for selection of viruses that have the ability to
escape the immune system and establish persistent infection. Deciphering the strategies
employed by HCV to establish persistence can be helpful in the development of new
strategies to eradicate the virus and to stop disease progression. Until recently, the lack of an
HCV strain having the ability to establish infection in vivo and in vitro was a substantial
hindrance in studying the molecular mechanisms of virus persistence. This problem was
solved by the identification of an HCV strain, JFH-1, that was isolated from a fulminant
hepatitis patient and found to be capable of replicating and assembling infectious virus
particles in chimpanzees as well as in cell culture (7–10). This clone can be used to study the
molecular mechanisms by which HCV evades the host immune system and causes chronic
infection.

In our previous report, we inoculated patient serum from which the JFH-1 strain was
originally isolated and cell culture-generated JFH-1 virus (JFH-1cc) into two different
chimpanzees (11). HCV established infection in both animals within three days after
inoculation. In the JFH-1cc-infected chimpanzee, genome sequence of predominant
infecting virus at week 2 was identical to JFH-1 wild type (JFH-1/wt; in this study, this
abbreviation was used instead of JFH-1 to distinguish it from other variant strains), and the
infecting virus has 4 synonymous and 7 non-synonymous mutations at week 7. In the JFH-1
patient serum-infected chimpanzee, 19 synonymous and 6 non-synonymous mutations were
observed in predominantly circulating virus at week 2 and this number increased to 35
synonymous and 17 non-synonymous mutations at the later stage of infection course (week
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23) (11). From these observations, we presumed that the isolates evolved in each
chimpanzee at later stages of infection might have some advantage over the viruses isolated
at earlier time points for survival in the infected animals. Thus, in this study, we generated
JFH-1 variants containing the mutations observed in these animals, and assessed their effect
on replication and infectious virus production in cell culture. Furthermore, we examined the
effects of infection of these strains to tumor necrosis factor-α (TNF-α)- or Fas ligand (FasL)-
mediated apoptosis.

MATERIALS and METHODS
The complete materials and methods are provided in the Supporting Information.

RESULTS
Effects of Mutations Identified in Chimpanzees

To investigate the effect of mutations on virus phenotype, we generated constructs
containing the mutations observed in the JFH-1 patient serum- and JFH-1cc-infected
chimpanzees at various time-points. The JFH-1 variants JFH-1/S1 and S2 contain the
mutations observed in the patient serum-infected chimpanzee at week 2 and week 23,
respectively, and JFH-1/C contains the mutations observed in the JFH-1cc-infected
chimpanzee at week 7 (Supporting Table 1). The replication and virus production capacity
of these variants in HuH-7 cells was compared with that of JFH-1/wt. After electroporation
of in vitro synthesized full-genome RNA of JFH-1/wt and variant strains, extra- and
intracellular HCV RNA and core antigen (Ag) were measured (Fig. 1). At day 5 post-
transfection, all constructs displayed similar intracellular HCV RNA levels. However,
extracellular HCV RNA level of JFH-1/C was 1.6 times higher than that of JFH-1/wt.
Likewise, extracellular HCV RNA level of JFH-1/ S2 was 3.4 times higher than that of
JFH-1/S1 (Fig. 1A). Intracellular HCV core Ag levels of JFH-1/S2 and C were 240.9 ± 58.2
and 189.8 ± 42.1 fmol/µg protein, respectively, and were significantly lower (p < 0.005)
than that of JFH-1/S1 (526.1 ± 58.2 fmol/µg protein) and JFH-1/wt (511.7 ± 32.9 fmol/µg
protein) at day 1, but reached comparable levels at day 5 post-transfection. On the other
hand, extracellular HCV core Ag level of JFH-1/C was 2.2 times higher than that of JFH-1/
wt, and that of JFH-1/S2 was 3.6 times higher than that of JFH-1/S1 at day 5 post-
transfection (Fig. 1B). Transfection efficiency of these strains, indicated by intracellular
HCV core Ag levels at 4 h post-transfection, was almost identical (data not shown).

Single Cycle Virus Production Assay
For detailed analysis of the effects of these mutations on different stages of the virus
lifecycle, we used a Huh7–25 cell line that lacks the surface expression of CD81, one of the
cellular receptors for HCV entry. Three days after transfection with full-genome RNA of
JFH-1/wt, S1, S2, and C, HCV RNA levels and infectivity titer were measured and the
specific infectivity was calculated (Table 1). Intracellular HCV RNA levels of JFH-1/C and
S2 were lower than those of JFH-1/wt and S1, suggesting lower replication efficiency of
these strains. However, the intracellular infectivity titers of JFH-1/C and S2 were 2.03 and
11.0 times higher than those of JFH-1/wt and JFH-1/S1, respectively (p < 0.005).
Intracellular specific infectivities (infectivity titer/ HCV RNA copy number) of JFH-1/C and
S2 showed more pronounced difference from those of JFH-1/wt and JFH-1/S1 (3.92 times
and 12.9 times higher, respectively; p < 0.005). The infectious virus secretion rate
(extracellular infectivity titer/ intracellular infectivity titer) was not significantly different
between JFH-1/wt and variant strains. These data indicate that mutations identified in
chimpanzees at the later time-point of infection led to reduced viral replication and increased
assembly of infectious virus particles without any effect on viral release in cell culture.
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Subgenomic Replicon Assay
To further confirm the replication efficiencies of strains observed in chimpanzees, we
generated subgenomic replicons of JFH-1/wt, S1, S2, and C carrying the firefly luciferase
reporter gene (SGR-JFH-1/Luc/wt, S1, S2, and C). In vitro transcribed RNAs of these
constructs were transfected into HuH-7 cells and luciferase activity was measured to assess
their replication capacity. The luciferase activities of SGR-JFH-1/Luc/C and S2 replicons
were 7.30 and 7.33 times lower than those of SGR-JFH-1/Luc/wt and S1 at day 1,
respectively (p < 0.00005), suggesting attenuated replication capacities of variant replicons
isolated from each animal at later time-points of infection (Supporting Fig. 1A). The
luciferase activity at 4 h after transfection was comparable, indicating similar levels of
transfection efficiency (data not shown). Based on these data, we found that the mutations
that emerged in NS3 - NS5B of JFH-1/S2 and C reduced the replication efficiency in cell
culture.

Genomic Regions Responsible for Lower Replication and Higher Assembly of JFH-1/S2
To further clarify the genomic region responsible for lower replication efficiency and higher
assembly rate of JFH-1/S2, we generated the chimeric constructs JFH-1/S2-wt and wt-S2 as
described in materials and methods. In vitro transcribed RNAs of JFH-1/wt, S2, S2-wt and
wt-S2 were introduced into HuH-7 cells by electroporation and intra- and extracellular HCV
RNA and core Ag were measured. At day 5 post-transfection, all constructs displayed
comparable intracellular HCV RNA levels (Fig. 2). However, extracellular HCV RNA
levels of JFH-1/S2 and S2-wt were significantly higher (p < 0.0005) than that of JFH-1/wt.
On the other hand, extracellular RNA level of JFH-1/wt-S2 chimeric construct was lower
than that of JFH-1/S2 and S2-wt and similar to that of JFH-1/wt. Likewise, extracellular
core Ag levels of JFH-1/S2 and S2-wt were also significantly higher than that of JFH-1/wt.
Intracellular HCV core Ag levels of JFH-1/S2 and wt-S2 on day 1 post-transfection were
240.9 ± 58.2 and 134.3 ± 17.1 fmol/µg protein, respectively, and were significantly lower (p
< 0.005) than that of JFH-1/wt (526.1 ± 58.2 fmol/µg protein) while intracellular HCV core
Ag level of JFH-1/S2-wt was comparable to that of JFH-1/wt. Transfection efficiency of
these strains, indicated by intracellular HCV core Ag levels at 4 h post-transfection, was
almost identical (data not shown).

To further elucidate, we transfected Huh7–25 cells with in vitro transcribed RNA of JFH-1/
wt, S2, S2-wt and wt-S2 and measured HCV RNA, core Ag and infectivity titer in the cells
and culture medium. Intracellular HCV RNA levels of JFH-1/S2 and wt-S2 were similar and
lower than those of JFH-1/wt and S2-wt, suggesting mutations in NS3 - NS5B were
responsible for lower replication efficiency of JFH-1/S2 (Table 1). Intracellular infectivity
titer of JFH-1/S2 and S2-wt was 12.3 and 10.4 times higher than that of JFH-1/wt,
respectively (p < 0.005) on day 3 post-transfection. The intracellular specific infectivities of
JFH-1/S2 and S2-wt were significantly higher than that of JFH-1/wt (18 times and 13.1
times higher, respectively; p < 0.005). On the other hand, intracellular specific infectivity of
JFH-1/wt-S2 was comparable to that of JFH-1/wt. The infectious virus secretion rate was
not significantly different among all the constructs (Table 1). These data indicate that
mutations emerged in core - NS2 region of JFH-1/S2 are responsible for the enhanced
assembly of infectious virus particles as compared to JFH-1/wt.

Mapping Study for JFH-1/S2 strain
As our experiments with JFH-1/S2 subgenomic replicon and JFH-1/wt-S2 chimeric
construct showed that mutations emerged in NS3 - NS5B region are responsible for reduced
replication efficiency of JFH-1/S2, we performed mapping studies by generating various
JFH-1 subgenomic replicons, each containing the mutations observed in individual non-
structural protein. Although mutations in NS4B and NS5A were associated with attenuated

Saeed et al. Page 4

Hepatology. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



replication capacity of JFH-1, the most significant decrease in replication was observed with
NS5B mutations (Supporting Fig. 1B).

For detailed analysis of mutations responsible for higher assembly, in vitro transcribed
RNAs of JFH-1/wt, S2, S2-wt, N397S, L752V, S2-NS2 (containing mutations G838R,
A878V and V881A), G838R and A878V, were transfected into Huh7–25 cells, and
intracellular specific infectivities were compared (Supporting Table 2). As reported
previously, JFH1/G838R showed higher intracellular specific infectivity than that of JFH-1/
wt, but could not reach to the level of JFH-1/S2 or JFH-1/S2-wt. Among the mutants,
intracellular specific infectivities of JFH1/L752V, JFH1/NS2 and JFH1/G838R were 4.02,
5.42 and 3.07 times higher than that of JFH-1/wt, but of JFH1/N397S and JFH1/A878V
were similar to that of JFH-1/wt. Thus the combination of mutations in P7 and NS2 was
found to contribute to the higher assembly of JFH-1/S2 strain.

Human Hepatocyte-transplanted Mice Assay
To assess the in vivo infectivity of these strains, we inoculated culture medium containing
107 copies (HCV RNA titer measured by RTD-PCR) of JFH-1/wt, S1, S2, and C viruses
into human hepatocyte-transplanted mice. Two mice were used for each virus. Two weeks
after intravascular inoculation, all mice but one became HCV RNA positive (Fig. 3). Two
mice died 3 weeks after inoculation; one was inoculated with JFH-1/wt and had developed
infection, while the other was inoculated with JFH-1/C and died without developing
infection. HCV RNA levels in infected mice fluctuated, ranging from 106 to 109 copies/mL.
We could not observe much difference of infected HCV RNA titer among these inoculated
mice. Sequence analyses of the complete ORFs revealed that infecting JFH-1/wt virus and
variant strains had no non-synonymous mutations at the time of development of infection.
From these data, we concluded that not only JFH-1/wt virus but also JFH-1/S1, S2 and C
viruses were able to establish productive infection in human hepatocyte-transplanted mice.

Apoptosis Induction Assay
To investigate the survival strategy against the host defense system, we examined the
susceptibility of JFH-1/wt and variant strains to TNF-α-mediated apoptosis induction. After
transfection with in vitro transcribed RNA of JFH-1/wt, S1, S2, and C, Huh-7.5.1 cells were
exposed to TNF-α plus Actinomycin D (Act D). Without exposure, apoptosis was observed
in a limited number of HCV positive cells (Supporting Fig. 2A). Forty-eight hours later,
cells were harvested, fixed, and subjected to terminal deoxynucleotidyltrasferase mediated
dUTP nick end-labeling (TUNEL) assay and anti-HCV NS5a staining. The effects of JFH-1/
wt, S1, S2, and C transfection on apoptosis induction were determined by calculating the
ratio of apoptosis between HCV-positive and -negative populations and expressed as an
apoptosis induction index. After treatment of JFH-1/wt-transfected cells with TNF-α,
apoptosis was observed in 36.8% of the HCV-positive population and in 19.3% of the HCV-
negative population, and the apoptosis induction index was 1.85 ± 0.06 (Fig. 4). The
apoptosis induction indexes of JFH-1/S1- and C- transfected cells were 1.23 ± 0.06 and 1.16
± 0.10, respectively, suggesting lower susceptibility to apoptosis induction compared to
JFH-1/wt. On the other hand, the apoptosis induction index of JFH-1/S2 was 0.74 ± 0.17,
which was substantially lower than that of JFH-1/wt demonstrating the more reduced
apoptosis in the cells harboring this strain. Similar results were obtained by treatment with
FasL plus Act D (Supporting Fig. 2B). To confirm the lower susceptibility of JFH-1/S2
transfected cells, apoptosis was also detected by staining with anti-cleaved poly [ADP-
Ribose] polymerase (PARP) antibody. The apoptosis induction indexes of JFH-1/wt and S2
transfected cells were 2.28 ± 0.24 and 1.15 ± 0.14, respectively, and were consistent with
TUNEL assay (Fig. 5). Although the HCV NS5a-positive rate in JFH-1/S2 transfected cells
was higher than that in JFH-1/wt, the mean fluorescence intensity (MFI) of the NS5a-
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positive population in JFH-1/S2 transfected cells was significantly lower (185.0 ± 8.7) than
that in JFH-1/wt transfected cells (395.0 ± 98.0), corresponding to the observed phenotype
of the JFH-1/S2 strain in the single cycle virus production assay; i.e., lower replication
efficiency and rapid spread to surrounding cells.

To clarify the genomic region responsible for lower susceptibility of JFH-1/S2 to cytokine-
induced apoptosis, we examined the effect of TNF-α on the cells carrying subgenomic
reporter replicons. The apoptosis induction index of SGR-JFH1/Luc/S2 transfected cells was
lower than that of SGR-JFH1/Luc/wt transfected cells (Supporting Fig. 2C), however the
difference was not as pronounced as with full-genome constructs, indicating that mutations
in NS3 - NS5B region contribute to lower susceptibility of JFH-1/S2 to cytokine-induced
apoptosis but they are not sufficient to explain the difference between JFH-1/wt and JFH-1/
S2. We confirmed these results by use of chimeric constructs JFH-1/S2-wt and wt-S2. The
apoptosis induction indexes of JFH-1/S2-wt- and wt-S2- transfected cells were 1.42 ± 0.13
and 1.71 ± 0.08, respectively (Fig. 5). These data indicated that both structural and non-
structural regions of JFH-1/S2 were associated with lower susceptibility to cytokine-induced
apoptosis, although mutations in core-NS2 seemed to have higher contribution towards this
phenotype. Altogether, these results indicate that the JFH-1/S2 strain, which was selected
after passage in the patient serum-infected chimpanzee, acquired less susceptibility to the
cytokine-induced apoptosis.

DISCUSSION
HCV develops chronic infection in the vast majority of infected patients (1), however, the
mechanisms of its persistence are still under investigation. Many viruses have evolved
different strategies to cope with host immune systems, thus causing the development of
persistent infection. For example, some viruses interfere with the major histocompatibility
complex (MHC) class I presentation of viral antigens, while others modulate lymphocyte
and macrophage functions, including cytokine production (12–16). In our previous study,
we detected increasing number of mutations in HCV genome isolated from JFH-1 patient
serum-infected chimpanzees. Thus we reasoned that these detected mutations might have
imparted some advantage to this virus for long-time survival. To examine this hypothesis,
we compared the phenotypes of JFH-1 variant strains emerged at early and late stages of
infection in JFH-1 patient serum- and JFH-1cc- infected chimpanzees, and found that the
JFH-1/S2 strain isolated from the patient serum-infected chimpanzee at a later time-point of
infection replicated slowly, produced more infectious viruses, and displayed reduced
susceptibility to cytokine-induced apoptosis.

The JFH-1 variant strains JFH-1/C, which contains 7 non-synonymous mutations identified
in JFH-1cc infected chimpanzee at week 7, showed comparatively slower replication
kinetics and slightly enhanced infectious virus production in cell culture. The intracellular
specific infectivity of this strain in Huh7–25 cells was 3.9 times higher than that of JFH-1/wt
(Table 2). These characteristics might have imparted some advantage to this strain for
establishing productive infection in the chimpanzee. The other JFH-1 variant strains, JFH-1/
S1 and S2, contain 6 and 17 non-synonymous mutations identified in JFH-1 patient serum
infected chimpanzee at weeks 2 and 23 post-infection, respectively. Replication kinetics and
infectious virus production of the JFH-1/S1 strain were comparable to that of JFH-1/wt in
cultured cells (Fig. 1, Table 2). In contrast, the JFH-1/S2 strain showed lower replication
efficiency. Although the intracellular HCV RNA level of this strain in Huh7–25 cells was
lower than that of JFH-1/wt and S1, and almost the same as that of JFH-1/C (Table 2),
intracellular specific infectivity was 18.0 and 12.9 times higher than that of JFH-1/wt and
S1, respectively, suggesting a significant increase in the assembly of infectious virus
particles (p < 0.005, Table 2). The enhanced capacity of this strain to assemble infectious
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virus particles resulted in a higher extracellular infectivity titer that contributed to the rapid
spread of virus to surrounding cells. Flow cytometry analyses of cells transfected with
JFH-1/wt and variant strains revealed that the percentage of the HCV NS5a-positive
population in JFH-1/S2 transfected cells was higher, but the MFI of the anti-NS5a signal
was lower than that in JFH-1/wt transfected cells, thus confirming higher spread and lower
replication of this strain. Taken together, both JFH-1/C and JFH-1/S2 exhibited a tendency
towards decreased replication and increased infectious virus production. However, the
extent of enhanced virus production was substantially lower in JFH-1/C than JFH-1/S2
strain, which might have led to the earlier elimination of infection in the JFH-1cc-infected
chimpanzee. In other words, the potency of infectious virus production and spread seems to
correspond to the duration of infection in infected animals.

The association between a lower replication efficiency and persistent infection is still
unclear. It has been reported that an escape mutant with an amino acid substitution at the
CTL epitope in the NS3 region exhibits lower NS3/4 protease activity and replication
capacity in vitro (17,18). The JFH-1/S2 strain contains the T1077A mutation in the NS3
region (Table 1), and this mutation is located close to mutations reported to be associated
with immune evasion and lower replication (17). Thus, the lower replication efficiency of
the JFH-1/S2 strain may be a result of an immune escape mutation at the expense of viral
fitness. Meanwhile, we cannot deny the advantage of lower replication in establishing
persistent infection. Lower replication may contribute to the avoidance of MHC class I
mediated antigen presentation and to escape from the host immune system. Either way, by
acquiring the ability to produce more viral particles, the JFH-1/S2 strain could rapidly
spread to surrounding cells, irrespective of its lower replication efficiency. Importantly,
these emerged mutations did not attenuate in vivo infectivity, unlike cell culture adaptive
mutations reported to cause attenuated infection in vivo (19). Upon inoculation into human
hepatocyte-transplanted mice, JFH-1/S1, S2 and C strains could establish infection without
any mutations, produced levels of viremia similar to JFH-1/wt, and persisted for a similar
observed period of infection (Fig. 2). This observation is different from that in chimpanzees,
where JFH-1/wt and JFH-1/C strains were eliminated earlier than JFH-1/S2. In contrast to
chimpanzees, human hepatocyte-transplanted mice lack cytotoxic T lymphocytes (CTL) and
the natural killer (NK) cell-mediated immune system, which could be responsible for this
difference (6). Taken together, our results suggest that along with efficient infectious virus
production, the JFH-1/S2 strain might have acquired an advantage that helps it evade the
CTL and NK cell-mediated immune system.

Apoptosis of virus-infected cells by the immune system is crucial as a general mechanism of
clearing infections (20, 21). The J6/JFH-1 chimeric virus has been reported to exhibit pro-
apoptotic characteristics in cell culture (22). However, because HCV needs to escape the
host immune system in order to establish chronic infection, immune cell-mediated apoptosis
may be inhibited in infected hepatocytes. In the liver, HCV-infected hepatocytes are
eliminated by targeted apoptosis induced by NK cells, macrophages, and CTL with ligand-
and receptor-mediated signals such as TNF-α, FasL, and TNF-related apoptosis inducing
ligand (TRAIL) (23–26). Thus, we used TNF-α to mimic natural immune-mediated
apoptosis, and found that the JFH-1/S2 strain replicating cells have lower susceptibility to
the apoptosis induced by these cytokines. In JFH-1/S2-transfected cells, TNF-α-induced
apoptosis detected by TUNEL assay was substantially lower than that of JFH-1/wt
transfected cells (Fig. 4). We confirmed it by staining with anti cleaved PARP. In complete
agreement with the results produced by TUNEL assay, number of anti cleaved PARP
stained cells among JFH-1/S2-infected cells was significantly lower than that among JFH-1/
wt infected cells (Fig. 5). In our previous study, we reported that HCV-specific immune
responses with T-cell proliferation and interferon gamma production were maintained until
the disappearance of viremia in the patient serum-infected chimpanzee (11). This indicates
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that continuous selection pressure in the infected chimpanzee might have contributed to the
emergence of a clone with an ability to escape the cytokine-induced apoptosis. We are not
sure whether this phenotype of JFH-1/S2 is due to its lower replication efficiency and thus
lower production of HCV proteins. The accumulation of viral proteins might predispose
cells to the apoptosis induced by TNF-α. To answer this question, it will be necessary to
investigate the genomic region(s) of JFH-1/S2 and cellular host factors responsible for the
ability of this strain to escape the apoptosis.

By mapping analysis for JFH-1/S2 strain, we could determine responsible regions; NS5B
was for lower replication efficiency (Supporting Fig. 1B), and P7 and NS2 were for
enhanced viral particle assembly (Supporting Table 2). For the evasion of apoptosis, we
could not specify the responsible region, because both chimeric constructs, JFH-1/S2-wt and
wt-S2, showed less susceptibility to cytokine-induced apoptosis to a certain extent. These
data indicated that both structural and non-structural regions might have contributed to the
acquisition of this phenotype. Previously, a potent anti-apoptotic effect of the HCV NS5a
protein was described (27). NS5a interacts with Bin1, which is a nucleocytoplasmic c-Myc-
interacting protein with tumor suppressor and apoptotic properties, thus inhibiting Bin1-
associated apoptosis. As JFH-1/S2 contains several mutations in the NS5a region
(Supporting Table 1), one or more mutations in this protein may be associated with anti-
apoptotic effects.

In conclusion, we demonstrated that the JHF-1/S2 strain acquired phenotypes of lower
replication, higher virus production, and less susceptibility to cytokine-induced apoptosis.
These phenotypes were associated with mutations that emerged 23 weeks after infection in a
chimpanzee, and might have contributed to long-term infection in vivo. Such control of viral
functions by specific mutations may be a key viral strategy to establish persistent infection.

Supplementary Material
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List of Abbreviations

Act D Actinomycin D

Ag antigen

CTL cytotoxic T lymphocytes

DMEM Dulbecco’s modified Eagle’s medium

FasL Fas ligand

FFU focus-forming units

HCV Hepatitis C virus

JFH-1cc cell culture-generated JFH-1 virus

LU light units

MFI mean fluorescence intensity

MHC major histocompatibility complex

NK natural killer

NS non-structural

SCID severe combined immunodeficiency
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TdT terminal deoxynucleotidyltrasferase

TNF-α tumor necrosis factor-α

TRAIL TNF-related apoptosis inducing ligand

TUNEL TdT mediated dUTP nick end-labeling

uPA urokinase-type plasminogen activator

wt wild type
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Fig. 1. Effects of in vivo adaptive mutations on virus production in HuH-7 cells
One million cells were transfected with 10 µg in vitro transcribed RNA of JFH-1/wt, JFH-1/
S1, JFH-1/S2, and JFH-1/C. HCV RNA (A) and core Ag (B) levels in cell lysates and
medium were measured at indicated time-points. Assays were performed in triplicate, and
means ± standard deviation are plotted.
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Fig. 2. Virus production of JFH-1/S2 chimeric constructs in HuH-7 cells
One million cells were transfected with 10 µg in vitro transcribed RNA of JFH-1/wt, JFH-1/
S2, JFH-1/S2-wt, and JFH-1/wt-S2. HCV RNA (A) and core Ag (B) levels in cell lysates
and medium were measured at indicated time-points. Assays were performed in triplicate,
and means ± standard deviation are plotted.
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Fig. 3. In vivo infection study of JFH-1/wt and its variants in human hepatocyte-transplanted
mice
Cell culture medium containing 1 × 107 HCV RNA copies of JFH-1/wt, S1, S2, and C were
inoculated into human hepatocyte-transplanted mice, and HCV RNA levels in mice serum
were monitored.
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Fig. 4. Apoptosis induction in Huh-7.5.1 cells transfected with JFH-1/wt and its variants
(A) Three million cells were transfected with 3 µg in vitro transcribed full-genome RNA of
JFH-1/wt, S1, S2, and C. Forty-eight hours later, apoptosis was induced by exposing cells to
20 ng/mL TNF-α plus 50 ng/mL Act D. Cells were harvested after 48 h of treatment, and
subjected to TUNEL and anti-HCV NS5a staining. Dot-plots show HCV replication and
apoptosis at the single cell level. Quadrant gates were determined using unstained- and a
TdT-untreated-control in each culture condition. The clone names and apoptosis induction
indexes are indicated in the upper right box. (B) Apoptosis induction indexes of JFH-1/wt-,
S1-, S2-, and C- transfected cells. Means ± standard deviations of 3 independent
experiments are shown. *p < 0.005 compared to JFH-1/wt.

Saeed et al. Page 14

Hepatology. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5. Apoptosis induction in Huh-7.5.1 cells transfected with JFH-1/wt, S2, and their chimeric
constructs
(A) Three million cells were transfected with 3 µg in vitro transcribed full-genome RNA of
JFH-1/wt, S2, S2-wt, and wt-S2. Apoptosis was induced by exposing cells to 20 ng/mL
TNF-α plus 50 ng/mL Act D and detected by anti-cleaved PARP staining. The clone names
and apoptosis induction indexes are indicated in the upper right box. (B) Apoptosis
induction indexes of JFH-1/wt-, S2-, S2-wt-, and wt-S2- transfected cells. Means ± standard
deviations of 3 independent experiments are shown. *p < 0.05 compared to JFH-1/wt.
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