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Fig. 3. HCV propagation in FLC4 cells cultured in the RFB system following inoculation with pooled sera obtained from HCV carriers. The 3D-cultured FLC4
cells were incubated with a pooled serum sample for 12 h, followed by changing the culture medium to fresh one. Culture medium was periodically collected for
42 days after inoculation, and HCV RNA and the viral core protein were quantified, respectively, by real-time RT-PCR and ELISA. (A) HCV RNA level in culture
supernatant. (B) HCV-core protein (closed circles) and oxygen consumption (open triangles) levels in culture supernatant. (C) Changes in the viral quasispecies
distribution after the inoculation. Percentages in the inoculum or in the culture medium at each time point (day 3, 9, 19, or 33 p.i.) are indicated at the right side. *,

termination codon.

mL RFB column, as estimated from the glucose consumption
(Kawada et al., 1998). Culture medium in the RFB was replaced
with fresh medium 12h post-infection (p.i.) and periodically
sampled for 42 days.

Fig. 3A and B shows the levels of HCV RNA and viral
core protein in the culture medium, respectively. HCV RNA
was not observed on the first 2 days following infection, but
was detectable from day 3 p.i. Viral RNA levels fluctuated, with
peaks on days 3,9, 19-21 and 33-36 p.i. At days 19-21p.i,, the
average amount of HCV RNA detected in the culture supernatant
was approximately 3 x 106 copies/day. Intermittent peaks were
observed in HCV core protein levels in the culture supernatant,
and the peak pattern of the core protein was largely consistent
with that of viral RNA. During the infection experiment, the level
of oxygen consumption was constant at approximately 12 ppm,
thus suggesting that the desired conditions (constant or very
gradually increasing cell number) were maintained.

3.3. Quasispecies analysis in RFB culture

The above results suggest that, although the environment was
consistent in the pooled serum infection, there were periods
in which the viruses actively replicated and released from the
cells and periods in which they poorly replicated. The pooled
serum used for the infection exhibited HCV populations had at
least 26 distinct quasispecies (Table 1). To investigate whether
the quasispecies distribution was altered due to infection, and
whether HCV populations are selected during long-term culture
in the RFB, total RNA was extracted from the culture super-
natant samples collected on days 3, 9, 19 and 33 p.i., and the
nucleotide sequence of the region containing HVR1 was deter-

mined, as described above. As shown in Fig. 3C, it is of interest
that only two HCV species were detected in the sample at day
3 p.i.; the dominant clone C1-1, comprising approximately 70%
of the viral population, and clone B4, comprising 30%. Although
clone C1-1 was not detected in the sequence of the inoculum
shown in Table 1, it was most similar to clone C1, a dominant
clone in plasma C, among the HCV population observed in the
inoculum; thus, it is possible that clone C1-1 is one of the minor
species in serum C. Clone B4 was found to be derived from
serum B. An almost identical HCV population was observed
in the sample at day 9 p.i. In this sample, the dominant clone
C1-1 and clone B4-1, which differs from clone B4 by only one
amino acid, were detected. In contrast, more significant varia-
tion in quasispecies structure of the HCV species was observed
in the sample at day 19 p.i. than that at day 9 p.i. With B4 as the
dominant clone, the serum B-derived HCV species, clones B4
and B4-2, which differs from clone B4 by one amino acid, com-
prised 58% of the total population. Four types of HCV sequences
derived from serum C were detected. Two of these (clones C1-3
and C1-4) contained lethal mutations. It was also found that the
HCV species detected in the sample at day 33 p.i. included only
two clones (clones B4 and B4-3), derived from serum B. The
dominant clone, B4, was found to comprise 89% of the total
population.

3.4. Potential use of the RFB system for evaluation of
anti-HCV compounds

An experiment was carried out to determine whether this
HCV infection experiment system was useful for the evalu-
ation of anti-HCV drugs (Fig. 4). For this purpose, a small,



K. Murakami et al. / Journal of Virological Methods 148 (2008) 174-181 179

A)Z 6
(A g —e— without IFN

57 o= IFN-1c 1001/l

HCV-RNA {10%Copies/

0 5 10 15 20 25 30 35 40
Days after infection

(B)

Clone - 1%

Inocula B4 KPLVVLLLFAGYDAETHYTGGHAGRTTAGLVGLLTPGAKQNIQLINTNGS 2.1
Cct KVLIVMLLFAGYDGDTHY SGGTQGRAAYGLASLFALGPTQKIQLYNTRGS 139

Day32 B4 &
B4-4 * 2

C1-1 —==mmmmm—mm e H=R-T--¥=—HV-ST-TSLF-P-ASmoceomcauc 20

Fig. 4. A therapeutic effect of IFN in HCV infection model in the RFB cultures.
HCV-infected FLC4 cells were treated with or without 100 1U/mL IFN-a. (A)
Culture media were periodically collected, and HCV RNA levels were deter-
mined. Closed circles: without IFN treatment, open circles: treatment with IFN.
(B) Changes in the viral quasispecies distribution in the cells without IFN treat-
ment. Percentages in the inoculum or in the culture medium on day 32 p.i. are
indicated at the right side. *, termination codon.

4-mL RFB column was adopted and a pair of RFB cultures
infected with the HCV-positive pooled plasma (Table 1) was pre-
pared. IFN-a was added to one culture at a final concentration
of 100 IU/mL at 12 h p.i. No cytotoxicity was observed in FLC4
cells under these conditions (data not shown). Culture media
from two cultures (12.5 mL each) were sampled periodically
for 35 days and replaced by the same volume of fresh medium
in the presence or absence of IFN-a. HCV RNA in the col-
lected media was quantified by real-time RT-PCR, as described
above. As shown in Fig. 4A, in the no-treatment culture, fluctu-
ations in the viral RNA levels with the peaks on days 7, 18, and
32p.i. (1.5-5 x 10* copies/mL) were observed. However, while
HCV RNA at 0.5-0.8 x 10* copies/mL was detected in the IFN-
treated culture at days 5-11 p.i., no HCV RNA was detected at
days 12-30p.i. Serum levels of hepatic transaminases such as
ALT and AST are known to be markers of liver damage. In the
HCV-infection model with FLC4 cells cultured in RFB, the AST
levels in the culture medium, which ranged from 5 to 10IU/L
without HCV infection, increased to 20-5S0TU/L according to
the viral infection (data not shown). Such increased AST levels
were found to fall by the IFN treatment to lower than 10 IU/L at
day 28 p.i. As reported previously, the ALT levels in the culture
medium were constantly low; its levels were less than 10 TU/mL,
with or without HCV infection (Aizaki et al., 2003). The viral
nucleotide sequence in the no-treatment culture medium at day
32 p.i. was determined. It was found that serum B-derived clone
B4 was dominant, and serum C-derived clone C1 was present as
a minor clone (Fig. 4B); thus, the results corresponded well with
those demonstrated in Fig. 3. An increase in viral RNA in the
IFN-treated cuiture after day 32 p.i. was observed; although the
degree of increase was only slight (Fig. 4A). It will be interesting
to test whether HCV species grown in the IFN-treated culture is
a variant resistant to [FN-o.

4. Discussion

At present an important limitation of the in vitro HCV infec-
tion system is that the only established culture system is based
on genotype 2a, JFH-1 isolate, and Huh-7-derived cell lines.
The development of alternate infection systems in which other
HCYV strains and host cells are available has been needed for
the study of HCV dynamics and virus-host interactions, and
for testing antivirals. This paper demonstrates that a long-term
culture of the 3D RFB system is a useful tool for investigating
HCYV dynamics. The present results revealed that the viral qua-
sispecies distribution altered in the HCV infection system in the
RFB system. The change probably occurs in the following two-
stage process. The first change was observed on day 3 p.i.; thus,
it is possible that the HCV species were selected according to
infectivity in FLC4 cells. It has been reported that HCV particle
populations in chronic hepatitis C patients consist of low-density
virions and higher-density immune complex forms (Hijikata et
al., 1993; Kanto et al., 1994). Inoculation of cultured cells with
HCV has demonstrated that the immune complex forms were
less infective than the antibody-unbound virions (Shimizu et al.,
1994). Therefore, another hypothesis may be that a large num-
ber of HCV populations in sera A, D, E, and F are immune
complex forms; thus, these sera are less susceptible to the cells
than sera B and C. The second change was observed on days
19-33 p.i. While the serum C-derived clone was dominant in
the early stages after infection, the serum B-derived HCV clone
became dominant over time. In the absence of immunological
selection pressure, viral nucleotide mutations at random posi-
tions are accumulated during viral replication, and the newly
generated variant species are selected principally, if not solely,
based on the intrinsic replicative advantages or disadvantages
that these mutations confer. Thus, these results suggest that the
use of pooled serum sample allowed for screening of infectious
materials compatible for the RFB culture.

Evaluation methods for anti-HCV drugs using monolayer
culture systems with various culture cells, such as the repli-
con system and the JFH-1 based virion production system, have
been reported (Bartenschlager et al., 2003; Blight et al., 2000;
Boriskin et al., 2006; Lanford et al., 2003; Lindenbach et al.,
2005; Lohmann et al., 1999; Wakita et al., 2005; Zhong et al.,
2005). These methods utilize viral markers, such as HCV RNA
and antigens, as indicators of treatment efficacy. However, the
utility of long-term cell culture systems for anti-HCV drug eval-
uation based on infection with human sera is still limited. The
use of a chimpanzee model, the only non-human host for HCV
infection, is restricted due to several reasons such as problematic
availability and ethical consideration. Given intensive efforts to
reduce and replace animal testing in the course of development of
new therapies worldwide, the RFB-based HCV infection model
is a potential alternative to animal models such chimpanzee for
assessing anti-HCV compounds. According to the studies with
regards to mathematical modeling of HCV kinetics (Dahari et
al., 2005; Dixit et al., 2004; Layden et al., 2003; Layden-Almer
et al., 2006; Perelson et al., 2005), IFN therapy against HCV
infection generally generates a biphasic decline in viral load;
there is a rapid decrease in the serum HCV RNA level over the
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first 1 day of treatment, followed by the second phase, which is
slower than the first-phase viral decline. To date, there were no
such observable viral kinetics in the IFN treatment under such
experimental settings. Further detailed kinetic analyses of the
use of varying doses of IFN and of very early time points to
evaluate the antiviral effect are in progress.

In summary, by investigating the dynamics of HCV popula-
tions in the RFB culture system, it was demonstrated that HCV
was intermittently detected in the culture supernatants of long-
term culture, and that changes in viral quasispecies appear to be
related to this fluctuation in the virus level. It was also shown
that an HCV-infection model using the RFB system is useful
for evaluating potential antivirals. Further investigation on the
infection and growth of various HCV-positive sera is currently
being conducted in order to obtain an adaptive clone with higher
replication efficiency in this culture system.
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Toll-like receptors and RNA helicase family members [retinoic acid-
inducible gene I (RIG-I) and melanoma differentiation associated gene-5
(MDAY)] play important roles in the induction of interferon-p as a major
event in innate immune responses after virus infection. TRIF (adaptor pro-
tein of Toll-like receptor 3)-mediated and Cardif (adaptor protein of RIG-I
or MDAS5)-mediated signaling pathways contribute rapid induction of
interferon-P through the activation of interferon regulatory factor-3 (IRF-
3). Previously, it has been reported that the hepatitis C virus NS3-4A serine
protease blocks virus-induced activation of IRF-3 in the human hepatoma
cell line HuH-7, and that NS3-4A cleaves TRIF and Cardif molecules,
resulting in the interruption of antiviral signaling pathways. On the other
hand, it has recently been reported that non-neoplastic human hepatocyte
PHSCHS cells retain robust TRIF- and Cardif-mediated pathways, unlike
HuH-7 cells, which lack a TRIF-mediated pathway. In the present study,
we further investigated the effect of NS3-4A on antiviral signaling path-
ways. Although we confirmed that PH5CHS cells were much more effective
than HuH-7 cells for the induction of interferon-p, we obtained the unex-
pected result that NS3-4A could not suppress the interferon-B production
induced by the TRIF-mediated pathway, although it suppressed the
Cardif-mediated pathway by cleaving Cardif at the Cys508 residue. Using
PHSCHS, HeLa, and HuH-7-derived cells, we further showed that NS3-4A
could not cleave TRIF, in disagreement with a previous report describing
the cleavage of TRIF by NS3-4A. Taken together, our findings suggest that
the blocking of the interferon production by NS3-4A is not sufficient in
HCV-infected hepatocyte cells.

Persistent infection by hepatitis C virus (HCV) fre-
quently causes chronic hepatitis [1,2], which progresses
to liver cirrhosis and hepatocellular carcinoma [3,4].
This is a serious health problem because approximately
170 million people are currently infected with HCV
worldwide [5). To resolve the mechanism of persistent
HCV infection, it will be necessary to better under-

Abbreviations

stand the virus life cycle and then to develop more
effective anti-HCV reagents. HCV is an enveloped pos-
itive ssSRNA (9.6 kb) virus belonging to the Flaviviridae
family [6,7]. The HCV genome encodes a large poly-
protein precursor of approximately 3000 amino acid
residues, which is cleaved co- and post-translationally
into at least ten proteins in the order: core, envelope |
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(El), E2, p7, nonstructural protein 2 (NS2), NS3,
NS4A, NS4B, NS5A, and NS5B. These cleavages are
mediated by the host and virally encoded serine prote-
ase located in the amino-terminal domain of NS3. Ser-
ine protease activity of NS3 requires NS4A, a protein
consisting of 54 amino acid residues, to form a stable
complex with the NS3 [8-10].

Virus-infected cells trigger the innate immune
response by recognizing viral components, including
DNA, ssRNA, dsRNA and glycoproteins. This
response initiates signaling pathways leading to the
induction of protective cellular genes, including type-I
interferons [initially interferon (IFN)-B, and then IFN-
a] and proinflammatory cytokines that directly limit
viral replication. Within these signaling pathways,
Toll-like receptors (TLRs) and RNA helicase family
members play very important roles in the recognition
of the viral components [11,12].

IFN-B is induced by dsRNA, a common intermedi-
ate in many RNA virus infections, including HCV.
The viral dsRNA as well as the synthetic dsRNA ana-
logue poly(I-C) are recognized by TLR3, which is
expressed on the cell surface or in endosome vesicles
[13,14]). On the other hand, it has been shown that
retinoic acid-induced gene I (RIG-1) and melanoma
differentiation-associated gene 5 (MDAS) also recognize
dsRNA molecules [15-17]. A recent study showed that
MDAS and RIG-I recognize different types of dsRNA:
MDAS recognizes poly(I-C), and RIG-I recognizes
in vitro transcribed dsRNA [18). Very recently, it was
discovered that viral 5'-triphosphate RNA is the ligand
for RIG-1 [19,20]. Both MDAS and RIG-I contain
DexD/H-box helicase domains that serve as intracellu-
lar cytoplasmic dsRNA and 5-triphosphate RNA
receptors, respectively [15-20]. After dsRNA is
recognized, the cytoplasmic domain of TLR3 recruits
TIR-domain-containing adaptor inducing IFN-8
(TRIF) through a myeloid differentiation factor 88
(MyD88)-independent pathway (TRIF-mediated path-
way) [21-23]. In contrast, the caspase recruitment
domains (CARDs) of MDAS or RIG-I recruit the
CARD adaptor inducing IFN-$, Cardif (also known
as IPS-1, MAVS, or VISA), which was recently identi-
fied as an adaptor protein located in the outer mem-
brane of mitochondria (this recruitment is known as
the Cardif-mediated pathway) [24-27].

The TRIF- and Cardif-mediated signaling pathways
rapidly induce IFN-B through the phosphorylation of
multiple cellular factors, including IFN regulatory fac-
tor-3 (IRF-3) and kinases, including the Tank-binding
kinase 1 (TBK-1) and inhibitor of kB kinase & (IKK-¢)
[28-31]. Although IRF-3 is located in the cytoplasm in
an inactive state [28,29], phosphorylation (Ser38S5, 386,
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396, 398, 402, 405, and Thr404) of IRF-3 by TBK-I
and IKK-¢ induces dimerization and nuclear transloca-
tion of IRF-3, leading to transcriptional activation of
IFN-B [28-31].

Recent studies have found that several RNA virus
proteins could inhibit the early signaling activation
(TRIF- and Cardif-mediated pathways) leading to
IFN-B production [32,33]. Regarding HCV, Foy et al.
[33] found that NS3-4A serine protease blocked HCV-
induced activation of IRF-3 in the human hepatoma
cell line HuH-7. Additional studies regarding this
finding have shown that NS3-4A blocks the Cardif-
mediated signaling pathway by cleaving the Cardif
molecule and blocking downstream IFN-B activation
[24,34,35], and that TBK-!, IKK-¢, and TRIF may
also be targeted for cleaving by NS3-4A [36-38]. With
respect to TRIF, NS3-4A was reported to cleave this
molecule in both an in vitro experiment using a reticu-
locyte lysate system and an in vivo experiment using
human embryonic kidney 293 (HEK?293) and UNS3-
4A-24 osteosarcoma cells [36]. These studies suggest
that NS3-4A has the ability to inhibit both TRIF- and
Cardif-mediated signaling pathways.

On the other hand, we recently demonstrated that
HCYV proteins exhibited conflicting effects on the IFN-f8
production in non-neoplastic human hepatocyte
PH5CHS cells [39,40]: Core and NS5B synergistically
enhanced IFN-B expression and this enhancement was
dependent on the RNA-dependent RNA polymerase
activity of NSS5B, but NS3-4A significantly inhibited
the production of 1IFN-B induced by the combination
of Core and NS5B. Furthermore, Li et al. [41] recently
reported that PHSCHS cells retained robust and func-
tionally active TRIF- and Cardif-mediated signaling
pathways, unlike HuH-7 cells, which lacked the TRIF-
mediated pathway [41,42]). Therefore, using poly(1-C)
as an inducer of IFN-fB, we investigated the effects of
NS3-4A on antiviral signaling pathways in PH5CHS
cells. Our results showed that the extracellular
TLR3/TRIF signaling pathway was not blocked by
NS3-4A because NS3-4A did not cleave TRIF, unlike
in the previous study [36].

Results

Human hepatocyte PHSCHS8 cells more readily
activate IFN-p transcription in response to dsRNA
compared to HuH-7 cells and their sublines

Recently, Li er al. [41] reported that PHSCHS cells
showed a better response to dsRNA, including IFN-f
mduction, than other human hepatoma cell lines
(HuH-7, HepG?2, and Hep3B). Therefore, using a dual
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luciferase reporter assay, we first confirmed that
PHS5CHS cells were much more effective at inducing
IFN-B than HuH-7 cells and HuH-7-derived cell sub-
lines (O [43], Oc [43], and ORé6c {44]) that can support
HCV RNA replication.

When the dsRNA analog, poly(1-C), was transfected
into cells using a liposome-mediated procedure (intra-
cellular dsRNA, T-pIC), PHSCHS cells showed a more
potent (> 25-fold) activation of the IFN-B gene pro-

Limited suppression of the IFN system by HCV NS3-4A

significant elevation (12-fold) of the IFN-$ gene pro-
moter was observed in PH5CHS cells only (Fig. 1B).
These results were confirmed by quantitative RT-PCR
analysis of endogenous IFN-f mRNA induction in
cells treated with poly(I-C) (T-pIC, Fig. 1C; M-plC,
Fig. 1D). In both T-pIC and M-plIC treatments, the
induction level of IFN-f mRNA was markedly higher
in PHSCHS cells than in O, Oc, OR6¢c, and HuH-7
cells (Fig. 1C,D). Next, we carried out quantitative

moter than HuH-7 and HuH-7-derived cell lines
(Fig. 1A). Furthermore, when poly(I-C) was added to
the culture medium (extracellular dsRNA; M-pIC), a

RT-PCR analysis of TLR3, TRIF, RIG-I, MDAS,
Cardif, and IRF-3 mRNAs to clarify their expression
levels in the steady state and the effects of poly(I-C)
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Fig. 1. PH5CHS cells show high-level IFN-B production in response to dsRNA. (A) Dual luciferase reporter assay of the IFN-B gene promoter
using the various cells treated with T-pIC. The following HuH-7-derived cell sublines were used: O, cloned cells [43] replicating genome-
length HCV RNA; Oc, cured cells which were created by eliminating genome-length HCV RNA from the O cells by IFN treatment; and
OR6c, cured cells which were created by eliminating genome-length HCV RNA from the cloned ORG6 cells [44) by IFN treatment. Cells
grown in 24-well plates were cotransfected with pIFN-B-(—125)-Luc and pRL-CMV (internal control reporter) and cultured for 42 h, and then
poly(I-C) (1 ug) was transfected into the cells for 6 h before the reporter assay as described in the Experimental procedures. The relative
luciferase activity was normalized to the activity of Renilla luciferase (internal control). The lysate of cells without poly(l-C) treatment was
used as a control. Data are the means = SD from three independent experiments, each performed in triplicate. (B) Dual luciferase reporter
assay of the IFN-B gene promoter using the various cells treated with M-plC. The dual luciferase reporter assay was performed as described
in (A) except that poly{l-C) was added to the medium (50 sg'mL™") for 6 h before the reporter assay. {C) Quantitative RT-PCR analysis of
IFN-B mRNA in various cells treated with T-pIC. Poly{l-C) {1 ug} was transfected into the cells for 6 h before the sampling for RNA prepar-
ation. Total RNA extracted from the cells was subjected to real-time LightCycler PCR analysis using the primer set of IFN-B (202 bp). Data
are the means = SD from three independent experiments. To correct the differences in RNA quality and quantity between the samples, data
were normalized using the ratio of IFN-B mRNA concentration to that of GAPDH. The IFN-B mRNA levels were calculated relative to the level
in the O cells treated with T-pIC, which was set at 1.0. (D) Quantitative RT-PCR analysis of IFN-B mRNA in various cells treated with M-piC.
Poly{l-C) was added to the medium (50 ngmL™"} for 6 h before the sampling for RNA preparation. Quantitative RT-PCR analysis for IFN-B
mRNA was performed as described in (C). The IFN-B mRNA level was calculated relative to the level in the O cells treated with M-pIC,
which was set at 1.0.
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treatment (T-pIC and M-pIC). In T-pIC treatment,
RIG-I and MDAS5S mRNAs were clearly induced in
PH5SCHS8 and HuH-7 cells, and TLR3 mRNA was
induced only in PH5CHS cells. Moreover, there was
no such induction in the other cell lines examined (sup-
plementary Table SI). In M-pIC treatment, TLR3,
RIG-I, and MDAS were induced only in PH5CHS8
cells (supplementary Table S1). The fact that these
mRNAs were induced at substantial levels only in
PHSCHS cells treated with T-pIC or M-pIC suggests
that the elevation of these mRNAs is mediated by the
IFN-B induced by poly(I-C) treatment. In summary,
these results revealed that PHSCHS cells retain both
the Cardif- and TRIF-mediated pathways for IFN-$
production, whereas HuH-7 cells retain only the Car-
dif-mediated pathway, and that the HuH-7-derived
cells lines used are lacking in both pathways for IFN-B
production.

Parental PH5CH and PH5CH clones other than
PH5CHS also exhibit IFN-p response toward
poly(l-C) treatment

PHSCHS is one of eight cell lines that were previously
cloned from parental PH5CH cells to examine HCV
susceptibility in vitro [45]. Therefore, we used a dual
luciferase assay to examine the effects of poly(1-C)
treatment on the IFN-B gene promoter in PH5CH cells
and these cloned cell lines. When T-pIC treatment was
employed, the parental cells and all the cloned cell
lines exhibited good IFN-B response, and the activa-
tion level in PHSCH2 and PHSCH6 cells was higher
than that in PH5CHS cells (Fig. 2A). However, when
M-pIC treatment was used, the IFN-B response in the
cloned cells and the parental cells was less than 50%
of that in PHSCHS cells (Fig. 2B). From these results,
we concluded that PHSCHS is the best cell line for the
study of the dsRNA-induced antiviral signaling path-
ways.

M-pIC treatment activates IRF-3 through the
TLR3/TRIF signaling pathway

To confirm that the TRIF-mediated pathway is activa-
ted in M-pIC treatment, and to determine if its activa-
tion 1s mediated by the TLR3 but not the TLR4
signaling pathway, we examined whether or not activa-
tion of IRF-3 by M-plIC treatment is specifically medi-
ated by the TLR3 signaling pathway using TLR3-,
TLR4-, and TRIF-specific small interfering RNA (si-
RNAs) [46,47]. Quantitative RT-PCR analysis revealed
that the TLR3, TLR4, and TRIF mRNAs were dras-
tically decreased (more than 70% reduction) in the
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Fig. 2. IFN-B responses of parental PH5CH and PH5CH cloned cells
by dsRNA treatment. (A) Dual luciferase reporter assay of the IFN-B
gene promoter using parental PH5CH and PH5CH cloned cells trea-
ted with T-pIC. The T-pIC treatment and the dual luciferase reporter
assay were performed as described in Fig. 1A. The IFN-B gene
promoter activity level was calculated relative to the level in the
PHBCHS8 cells, which was set at 100. {B) Dual luciferase reporter
assay of the IFN-B gene promoter using parental PH5CH and
PHSCH cloned cells treated with M-pIC. The M-plC treatment and
the dual luciferase reporter assay were performed as described in
Fig. 1B. The relative level of the IFN-B gene promoter activity was
calcuiated as described in (A).

PHS5CHS8 cells transfected with TLR3, TLR4, and
TRIF siRNAs, respectively, but not in the PHSCHS8
cells transfected with the GL2 siRNA used as a con-
trol (Fig. 3A). We also confirmed that IRF-3 mRNA
was not decreased in PH5CHS8 cells transfected with
any of these siRNAs (Fig. 3A). Under this condition,
we performed a luciferase reporter assay using an
IFN-B gene promoter in PHSCHS cells treated with
M-pIC. The activation of the IFN-f§ gene promoter
was greatly suppressed (by more than 80%) in
PHSCHS cells transfected with TLR3 or TRIF siRNA,
but not in the PHSCHS cells transfected with GL2 or
TLR4 siRNA (Fig. 3B). This result suggests that the
activation of IRF-3 by M-pIC treatment is mediated
by the TLR3/TRIF signaling pathway. We obtained
further evidence by examining the status of the phos-
phorylation and dimerization of IRF-3. The results
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Fig. 3. Extracellular dsRNA treatment activates IRF-3 through the TLR3/TRIF signaling pathway in PH5CHS8 cells. (A) Down-regulation of
TLR3, TLR4, and TRIF mRNAs by transfection of TLR3, TLR4, and TRIF siRNAs, respectively. PHECHS8 cells were transfected with dsRNA
duplexes targeting TLR3, TLR4, TRIF or luciferase GL2. After 3 days, the expression levels of TLR3, TLR4, TRIF, and IRF-3 mRNAs were
determined by the quantitative RT-PCR as described previously [67]. (B} Dual luciferase reporter assay of the IFN-B gene promoter using
siRNA-transfected PH5CHS8 cells treated with M-plC. The poly(I-C) treatment and the dual luciferase reporter assay were performed as des-
cribed in Fig. 1. (C) Phosphorylation and dimerization analyses of IRF-3 in the siRNA-transfected PH5CHS cells treated with poly(l-C). The
poly{l-C) treatment was performed as described in Fig. 1. The lysate of cells transfected with GL2, TLR3, TLR4, or TRIF siRNA was pre-
pared, and subjected to Native-PAGE as described in the Experimental procedures. The phosphorylation and dimerization of IRF-3 were ana-

lyzed by immuncblotting using anti-phospho-IRF-3 {Ser386) serum and anti-IRF-3 serum, respectively.

obtained by M-pIC treatment revealed that both the
phosphorylation and dimerization of IRF-3 were
almost completely abrogated in the cells transfected
with TLR3 or TRIF siRNA, but not in those trans-
fected with the GL2 and TLR4 siRNAs (Fig. 3C, right
panel). Such a suppression of IRF-3 activation was
not observed by T-pIC treatment (Fig. 3C, left panel),
suggesting that the activation of IRF-3 by T-plC treat-
ment is mainly mediated by the Cardif-mediated signa-
ling pathway [16].

HCV NS3-4A blocks the Cardif-mediated signaling
pathway, but not the TRIF-mediated signaling
pathway

Several studies [24,33,36,48-50] have demonstrated
that NS3-4A blocks IFN-f induction by inhibiting the

FEBS Journa! 274 {2007) 4161-4176 © 2007 The Authors Journal compilation ® 2007 FEBS

nuclear translocation of IRF-3 in HuH-7 cells harbor-
ing HCV replicons and HCV (JFHI strain of geno-
type 2a)-infected HuH-7 cells. However, it has also
been reported that HuH-7 cells possess weak or defect-
ive dsRNA-induced antiviral signaling pathways
[41,42] (Fig. 1). Therefore, we examined whether or
not NS3-4A can block the induction of IFN-f by
poly(I-C) in PH5CHS cells that retain dsSRNA-induced
signaling pathways. The results were quite different
between T-plC treatment and M-plC treatment. First,
in T-pIC treatment, the results showed that NS3-4As
(the 1B-1 and HCV-O strains of genotype lb) could
drastically inhibit the enhancement of the IFN-B gene
promoter activity, and that this suppressive effect of
NS3-4A was dependent on its serine protease activity,
because the NS3-4A/S1165A mutant lacking the serine
protease activity did not exhibit the suppressive effect,

4165



Limited suppression of the IFN system by HCV NS3-4A H. Dansako et al.

pIFN-B(-125)-Luc pIFN-B(-125)-Luc

20

60

40

20|

Relative luciterase activity >
Relative luciferase activity @

0

T-piC - + + + + + + + + M-pIC - + + + + + 3-:A 3.:A +
NS - - 3R 3 4R 3k A AR 34A NS - - 34A 3 4A 344A 105, wieoaa 39A
(Strain) (1B-1) (0) (Strain) (81 o)
¢ D
~ 120 140
*
< 100 il & 120
i <
£ Z
o 80 % 100
Z. (.-
= 60 2 80
S r
2 5
3 40 S e
>
2 20 o 40
s g
] =
[+]
* 0 T 20
T-piC - + + + + (i
3-4A 3-4A
NS } ) 3-4A  51165A W1528A ob—
(Strain) (1B-1) M-plC + + + +
) ) 34A 3-4A 3-4A
_NSs S1165A W1528A
(Strain) (1B-1)

Fig. 4. NS3-4A blocked the Cardif-mediated signaling pathway, but not the TRIF-mediated signaling pathway. The poly(l-C) treatment, dual
luciferase reporter assay, and quantitative RT-PCR analysis were performed as described in Fig. 1. The pCXdbsr expression vectors encoding
NS3-4A, NS3, or NS4A from the 1B-1 strain and NS3-4A from the HCV-O strain were used for the transfection. The pCX4bsr expression vec-
tor encoding the NS3-4A/S1165A mutant (1B-1 strain) lacking serine protease activity or the NS3-4A/W1628A mutant {1B-1 strain) lacking
RNA helicase activity was also used for the transfection. The lysate of PH5CHS8 cells transfected with the pCX4bsr vector was used as a
control (NS-). {A) Effect of NS3-4A on the IFN-B gene promoter activated by T-pIC treatment. (B) Effect of NS3-4A on the IFN-B gene promo-
ter activated by M-piC treatment. (C) Effect of NS3-4A on the IFN-B mRNA induction by T-plC treatment. PH5CHS8 cells stably expressing
the NS3-4A or NS3-4A mutant (S1165A or W1528A) from the 1B-1 strain were subjected to T-plC treatment. PHSCHS cells infected with
pCX4bsr retrovirus were used as a control (NS-). The IFN-B mRNA level was calculated relative to the level in the control PH5CHS cells trea-
ted with T-piC, which was set at 100. (D) Effect of NS3-4A on the IFN-B mRNA induction by M-pIC treatment. PH5CH8 cells that were the
same as in (C) were subjected to M-piIC treatment. The [FN-B mRNA [evel was calculated relative to the level in the control PH5CHS cells
treated with M-pIC, which was set at 100.

although the NS3-4A/W1528A mutant lacking RNA
helicase activity did (Fig. 4A). In addition, we con-
firmed that NS3 alone or NS4A alone did not exhibit
the suppressive effect, but coexpression of NS3 and
NS4A did, suggesting that the NS3/74A complex in
trans [51] also can block IFN-B induction. In M-pIC
treatment, however, we found that NS3-4As
(strains 1B-1 and Q) could not suppress the induction
of the IFN-B gene promoter (Fig. 4B). Similar results
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were also obtained in the other cloned cell lines,
PHSCH3 and PHSCH6 (data not shown), and in
Hela cells (supplementary Fig. S1). The results of the
reporter assay were confirmed by quantitative RT-
PCR analysis of endogenous IFN-f mRNA induced
by T-pIC or M-plIC treatment in PH5CHS§ cells. We
found that the NS3-4A and NS3-4A/W]528A
mutants, but not the NS3-4A/S1165A mutant, could
suppress the induction of IFN-f mRNA following
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T-plC treatment (Fig. 4C), but none of these NS3-4As
could suppress the induction of IFN-f mRNA follow-
ing M-plC treatment (Fig. 4D).

We next examined the effects of NS3-4A on the
phosphorylation and dimerization of IRF-3 in
PHSCHS cells. We observed that both T-pIC and
M-pIC treatments induced the phosphorylation at
Ser386 and Ser396 of IRF-3, and formed the dimeriza-
tion of IRF-3 (Fig. SA,B, lanes 1 and 2), and that
NS3-4A remarkably inhibited the phosphorylation and
dimerization of IRF-3 in the cells treated with T-pIC,
depending on its protease activity (Fig. 5A). However,
the phosphorylation and dimerization of IRF-3
induced by M-pIC treatment was not inhibited by
NS3-4A (Fig. 5B). From these results, we concluded
that, in PH5CHS8 cells, NS3-4A could not block the

A (Strain)

NS
T-pIC

IRF-3

phospho-IRF-3
(Ser386)

phospho-IRF-3

(Ser396)
B {Strain)
NS
Fig. 5. Effect of NS3-4A on phosphorylation
and dimerization of IRF-3 in PH5CHS cells M-pIC
treated with intracellular or extracellular
dsRNA. PH5CHS cells that were the same
IRF-3

as in Fig. 4C were used. The poly(l-C) treat-
ment was performed as described in Fig. 1.
(A} Effect of NS3-4A on phosphorylation and
dimerization of IRF-3 in the PH5CH8 cells
treated with T-pIC. The phosphorylation and
dimerization analyses of IRF-3 were per-
formed as described in Fig. 3C. Anti-phos-
pho-IRF-3 ({Ser396) serum was aiso used for
the analysis. (B) Effects of NS3-4A on phos-
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TRIF-mediated signaling pathway, although it could
block the Cardif-mediated signaling pathway.

NS3-4A blocks the Cardif-mediated pathway
by cleaving Cardif

NS3-4A is able to cleave the Cardif [24,34,35] and
TRIF [36] molecules, resulting in the blocking of
dsRNA-induced antiviral signaling pathways. How-
ever, our finding that IFN-B production was not
suppressed by NS3-4A in cells treated with M-plC
seemed to contradict the finding of a previous study
[36] in which NS3-4A-mediated cleavage of TRIF
inhibited dsRNA-activated signaling through the
TLR3 pathway. Therefore, we evaluated whether or
not NS3-4A could impair the functional ability of
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TRIF as well as Cardif in PH5CH8 cells. First, we
confirmed the effect of NS3-4A on the activation of
the IFN-B gene promoter by the Cardif exogenously
expressed in PHSCHS cells. The results of the lucif-
erase reporter assay revealed that NS3-4As (strains
1B-1 and HCV-O) completely suppressed the activa-
tion (200-fold induction) of the IFN-B gene promoter
by Cardif, and that this suppression was dependent on
the serine protease activity of NS3-4A (Fig. 6A). This
result was supported by the results of the dimerization
analysis of IRF-3 (Fig. 6B). Next, we confirmed that
wild-type Cardif, but not the Cardif mutant (C508A
located in the C-terminal region), was cleaved by the
NS3-4As (strains 1B-1 and HCV-0), and that this
cleavage was dependent on its serine protease activity
(Fig. 6C). These results are in agreement with previous
studies in which NS3-4A blocked the intracellular
dsRNA signaling pathways through cleavage at the
Cys508 residue of Cardif [24,34,35].
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Fig. 6. NS3-4A blocks Cardif-mediated pathways by cleaving Cardif.
(A) Effect of NS3-4A on the IFN-B gene promoter activated by the
ectopic expression of Cardif in PH5CHS cells. PH5CHS8 cells were
cotransfected with the pCX4bsr expression vector encoding NS3-4A
or its mutant S1165A or W1528A, as described in Fig. 4, and the
pCX4pur expression vector encoding myc-Cardif. The lysate of
PH5CHS8 cells transfected with the pCX4bsr and pCX4pur vectors
was used as a control (NS-). The dual luciferase reporter assay was
performed as described in Fig. 1A. (B} Effect of NS3-4A on IRF-3
dimerization induced by the ectopic expression of Cardif in PHSCH8
cells. The enhanced green fluorescent protein (EGFP)-IRF3 expres-
sion vector was used for the cotransfection in PH5CHS8 cells with
the myc-Cardif and NS3-4A (wild-type or its mutant S1165A or
W1528A) expression vectors. The lysate of PH5CHS cells transfect-
ed with the pCX4bsr and pCX4pur vectors was used as a control
{NS-). The dimerization analysis of IRF-3 was preformed as des-
cribed in Fig. 3C using anti-EGFP serum. (C) Cardif is cleaved by
NS3-4A in PH5CH8 cells. PH5CHS8 cells were cotransfected with
the myc-Cardif (wild-type or its mutant C508A) and NS3-4A expres-
sion vectors (wild-type or its mutant ST1165A or W15284). Produc-
tion of the myc-Cardif and NS3 in these cells was analyzed by
immunoblotting using anti-myc and anti-NS3 sera, respectively. The
PHBCHS cells transfected with the pCX4bsr and pCX4pur vectors
were used as a control (NS-). B-actin was used as a control for the
amount of protein loaded per lane. The black and white arrowheads
indicate Cardif and the cleaved Cardif, respectively.

NS3-4A does not block the TRIF-mediated
pathway because it lacks the ability to cleave TRIF

Because we demonstrated that NS3-4A blocked the
intracellular dsRNA signaling pathways through clea-
vage of Cardif in PH5CHS cells, we performed the
same analysis regarding TRIF exogenously expressed
in PH5CHS cells. The results of the luciferase reporter
assay using the IFN-B gene promoter revealed that
NS3-4As (strains 1B-1 and HCV-O) could not sup-
press the activation (1000-fold induction) of the IFN-B
gene promoter by TRIF (Fig. 7A). This result was also
supported by the results of the dimerization analysis of
IRF-3 (Fig. 7B). Furthermore, we demonstrated that
the exogenously expressed TRIF was not cleaved by
NS3-4As (strains 1B-1 and HCV-0) (Fig. 7C). These
results indicate that NS3-4A could not block the
TRIF-mediated signaling pathway, and suggest that
NS3-4A did not suppress the M-pIC-induced produc-
tion of IFN-P because NS3-4A did not have the ability
to cleave TRIF.

To confirm the results obtained in PHSCHS cells,
we examined the status of Cardif and TRIF molecules
expressed exogenously in the O cells replicating
genome-length  HCV-O RNA efficiently and their
cured Oc cells. The results revealed that Cardif was
cleaved in the O cells but not in the Oc cells
(Fig. 8A,B), and that the cleavage of Cardif occurred
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when NS3-4As (strains 1B-1 and HCV-O) were
expressed in the Oc cells (Fig. 8B). From these results,
we confirmed that NS3-4A could cleave Cardif in the
O and Oc cells. In contrast, TRIF was not cleaved in
either O or Oc cells (Fig. 8C). We further confirmed
that TRIF was not cleaved in the O cells transfected
with TLR3 siRNA, indicating that the resistance of
TRIF to NS3-4A is not related to the presence of
TLR3 (Fig. 8C). We also performed the same analysis
using HeLa cells, and obtained results (supplementary
Fig. S2) similar to those obtained in PHSCHS8 cells
(Figs 6C, 7C and 8). In addition, we observed that,
like TRIF, exogenously expressed MDAS and RIG-I
were not cleaved by NS3-4A in PHS5CHS cells (data
not shown). Taken together, the above results indicate
that NS3-4A cleaves the Cardif molecule, resulting in
interruption of the Cardif-mediated pathway, but NS3-
4A is not able to cleave the TRIF molecule, and thus
the TRIF-mediated pathway is not suppressed by
NS3-4A.

Discussion

In the present study, we demonstrated that parental
PHSCH cells and their clones retained both TRIF-
and Cardif-mediated pathways as antiviral dsRNA
signaling pathways, and confirmed that the PHSCHS
cell line was far more useful for the study of antiviral
pathways than HuH-7 or the cell lines cloned from it.
From the results of the present study and a previous
study [41], we considered the possibility that immortal-
ized hepatocyte cells possess the functional TRIF- and
Cardif-mediated signaling pathways. Based on this

Fig. 7. NS3-4A does not block the TRIF-mediated pathway because
it lacks the ability to cleave TRIF. (A) Effect of NS3-4A on the IFN-B
gene promoter activated by the ectopic expression of TRIF in
PH5CHS cells. PH5CHS cells were cotransfected with the pCX4bsr
expression vector encoding NS3-4A or its mutant S1165A or
W1528A, and the pCX4pur expression vector encoding myc-TRIF.
The lysate of PH5CH8 cells transfected with the pCXdbsr and
pCXd4pur vectors was used as a control (NS-). The dual luciferase
reporter assay was performed as described in Fig. 1A, (B) Effect of
NS3-4A on IRF-3 dimerization induced by the ectopic expression of
TRIF in PH5CHS8 cells. The dimerization analysis of IRF-3 was per-
formed as described in Fig. 6B except that the myc-TRIF expres-
sion vector was used in place of the myc-Cardif expression vector.
(C) TRIF is not cleaved by NS3-4A in PH5CHS cells, PHSCHS cells
were cotransfected with the myc-TRIF and NS3-4A (wild-type or its
mutant S1165A or W1528A) expression vectors. Production of
myc-TRIF and NS3 in these cells was analyzed by immunoblotting
using anti-myc and anti-NS3 sera, respectively, as described in
Fig. 6C. The black arrowhead indicates the noncleaved TRIF.

Limited suppression of the IFN system by HCV NS3-4A

assumption, we examined IFN-B production in three
other immortalized human hepatocyte cell lines,
NKNT-3 [52], IHH10.3 [53], and THHI12 [53], after
treatment with poly(I-C). However, the results revealed
that none of these immortalized cell lines responded to
both M-plC and T-plIC treatments. Therefore, we sug-
gest that PH5CH and the cell lines cloned from it are
uniquely suitable for the comprehensive study of anti-
viral TRIF- and Cardif-mediated signaling pathways.
We failed to obtain evidence that NS3-4A was able
to cleave TRIF as reported by Li ez al. [36). In our
study (Fig. 7C), there was no evidence of the cleavage
of the TRIF molecule in NS3-4A-expressed PHSCHS
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cells. Nor did we observe any cleavage of TRIF by the
NS3-4A expressed in the Oc cells, which exhibited
almost no response to the T-pIC and M-plC treat-
ments (Figs 1 and 8C), or the HeLa cells, which exhib-
ited a good response to the T-plC and M-plC
treatments (supplementary Figs S1 and S2). We further
observed that TRIF was not cleaved in the O cells, in
which the HCV NS protein precursor was efficiently
processed by NS3-4A (Fig. 8C). Regarding the cellular
localization of NS3-4A, it has recently been reported
that the localization of NS3-4A expressed transiently
in HuH-7 cells was the same as that in genome-length
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Fig. 8. TRIF is not cleaved in genome-length HCV RNA replicating
cells. (A) Cardif is cleaved in the O cells replicating genome-iength
HCV-O RNA efficiently. The O cells were transfected with the
myc-Cardif (wild-type or its mutant C508A} expression vector.
Production of the myc-Cardif and NS3 in the O cells was analyzed
by immunoblotting as described in Fig. 6C. The black and white
arrowheads indicate Cardif and the cleaved Cardif, respectively. (B)
Cardif is cleaved by NS3-4A in the cured Oc cells. The Oc cells
were cotransfected with the myc-Cardif (wild-type or mutant
C508A) and NS3-4A expression vectors. The production of the
myc-Cardif and NS3 in these cells was analyzed by immunoblotting
as described in Fig. 6C. The black and white arrowheads indicate
Cardif and the cleaved Cardif, respectively. (C) TRIF is not cleaved
in the O cells. The O and Oc cells were transfected with the myc-
TRIF expression vector. The O cells transfected with GL2 or TLR3
siRNA were also used for the analysis. Production of myc-TRIF in
these cells was analyzed by immunoblotting as described in
Fig. 6C. The black arrowhead indicates the noncleaved TRIF.

HCV RNA replicating cells, and that NS3-4A was
localized not only on the endoplasmic reticulum, but
also on mitochondria [54]. From these findings, we
suggest that NS3-4A is unable to cleave TRIF in
cultured human cells.

Although amino acid sequences (PSSTPC/SAHLT,
cleavage at Cys372; the P6 residue is underlined) sur-
rounding the NS3-4A trans-cleavage site in TRIF [36]
resemble those (DLEVVT/STWVL for NS3-4A;
DEMEEC/ASHLP for NS4A/4B; DCSTPC/SGSWL
for NS4B/5A; EDVVCC/SMSYS for NS5A/5B; the
P6 residue is underlined) in the NS proteins from the
1B-1 and HCV-O strains and that (EREVPC/HRPSP,
cleavage at Cys508; the P6 residue is underlined) in
Cardif, only the TRIF site lacks the acidic P6 residue
that is conserved and important in viral cleavage sites
[55]. Accordingly, we examined whether or not a TRIF
mutant (P to E at the P6 residue) is cleaved by NS3-
4A in PHS5CHS8 cells. However, no cleavage of the
TRIF mutant was observed (unpublished data). To
clarify why TRIF is not cleaved by NS3-4A, further
analysis will be necessary.

Although the results obtained in the present study
suggest that the suppression of IFN-B production by
NS3-4A is limited in human hepatocyte cells, it has
recently been reported [56] that HCV can block the
dsRNA-induced signaling pathway via the NS3-4A-
independent pathway in addition to the NS3-4A-
dependent pathway. However, because HuH-7 cells
infected with the HCV genotype 2a clone (JFHI) were
used in that study, it is not clear whether or not the
TRIF-mediated pathway is also inhibited by the NS3-
4A-independent pathway. To clarify this point, it will
be necessary to study an HCV infection system using
human hepatocyte cells in which both the TRIF- and
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Cardif-mediated pathways are functional, such as
PHSCHS cells.

We clearly demonstrated that Cardif was cleaved by
NS3-4As of 1B-1 and HCV-O strains obtained from
healthy HCV carriers [57]. Although we observed that
this cleavage was dependent on the protease activity of
NS3-4A (Fig. 6), the correlation between the inhibitory
effect of NS3-4A on the Cardif-mediated signaling
pathway and the protease activity of NS3-4A remains
unclear. Furthermore, we have no evidence that all
NS3-4As derived from patients with HCV are able to
cleave the Cardif molecule. To clarify these issues,
further comparative analysis among HCV strains
obtained from patients with different hepatic disease
conditions will be needed. In addition, in the present
study, we observed that the bands corresponding to
the cleaved Myc-Cardif became extremely intense in
PHS5CHS cells (Fig. 6C). This phenomenon has been
observed in previous studies [24,34,49]. Although these
previous studies did not explain what caused this phe-
nomenon, we speculate that the cleaved Myc-Cardif is
transferred to the cytosolic (soluble) fraction, although
noncleaved Myc-Cardif remains in the membrane
(insoluble) fraction. To clarify the reason for this phe-
nomenon, several experiments may be needed.

In summary, we show that NS3-4A could not cleave
TRIF, but could cleave Cardif, in PHSCHS8 cells pos-
sessing functional TRIF- and Cardif-mediated antiviral
signaling pathways, and suggest that the disruption of
the IFN-B production system by NS3-4A is not
sufficient in HCV-infected hepatocyte cells. This infor-
mation will be useful for understanding the roles of
NS3-4A in persistent HCV infection.

Experimental procedures

Cell culture

Non-neoplastic human hepatocyte PH5CH-derived cloned
cells, including PH5CHS cells, which are susceptible to
HCV infection and supportive of HCV replication [45],
were maintained as described previously [58]. HuH-7 cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum. The O cells replicating gen-
ome-length HCV RNA were cultured in DMEM with 10%
fetal bovine serum and G418 (300 pg'mL™"; Geneticin, Invi-
trogen) as described previously [43]. The Oc and OR6c
cured cells, which were created by eliminating genome-
length HCV RNA from O cells [43] and ORG6 cells [44] by
IFN treatment, respectively, were also cultured in DMEM
with 10% fetal bovine serum.

Limited suppression of the IFN system by HCV NS3-4A

Construction of expression vectors

Retroviral vectors pCX4bsr and pCXd4pur [59], which con-
tain the resistance gene for blasticidin and puromycin,
respectively, were used to construct the various expression
vectors. pCX4bsr/NS3-4A(1B-1), pCX4bsr/NS3(1B-1) and
pCX4bst/NS4A(1B-1) were constructed according to the
previously described method {60). The DNA fragments enco-
ding NS3-4A, NS3, and NS4A derived from the HCV 1B-1
strain belonging to genotype 1b (accession no. AB0802999)
[61] were subcloned into the EcoRI and Noil sites of
pCX4bsr. To construct pCX4bsr/NS3-4A(0), the DNA
fragment encoding NS3-4A derived from the HCV-O strain
belonging to genotype 1b [43] were also subcloned into the
EcoRl and Noil sites of pCXd4bsr. pCX4bsr/NS3-4A
(1B-1)/S1165A and pCX4bsr/NS3-4A(1B-1)/Wi528A were
constructed by PCR mutagenesis with primers containing
base alterations according to the previously described
method [62]. To construct pCX4pur/myc-Cardif, the DNA
fragment encoding Cardif (IPS-1/MAVS/VISA, accession
no. DQ181928) was amplified from cDNAs obtained from
PH5CHS cells by PCR using KOD-plus DNA polymerase
(Toyobo, Osaka, Japan). The primer sequences containing
the Sphl (forward) and Notl (reverse) recognition sites for
Cardif were designed to enable expression of the Cardif
ORF. The obtained DNA fragment was subcloned into the
Sphl and Noil sites of pCX4pur/myc, which can express
myc-tagged protein, according to the previously described
method [39]. To construct pCX4pur/myc-TRIF, the EcoRI-
Notl fragment of pCXpur/myc-TRIF encoding myc-TRIF
ORF [39] was subcloned into the EcoRI and Notl sites
of pCX4pur. To construct pEGFP-C1/IRF-3, the DNA
fragment encoding IRF-3 (accession no. NM_001571) was
amplified by PCR as described above. The primer sequences
containing the Xhol (forward) and HindIIl (reverse) recogni-
tion sites for IRF-3 were designed to enable expression of the
IRF-3 ORF. The obtained DNA fragment was subcloned
into the Xhol and Hindlll sites of pEGFP-C1 (Clontech,
Mountain View, CA, USA), and the obtained pEGFP-
C1/IRF-3 was used for IRF-3 dimerization analysis. The
nucleotide sequences of these constructed expression vectors
were confirmed by Big Dye termination cycle sequencing
using an ABI Prism 310 genetic analyzer (Applied Biosys-
tems, Foster City, CA, USA).

Poly(I-C) treatment

Poly(1-C) (GE Healthcare Bio-Sciences Corp., Piscataway,
NJ, USA) was added to the medium at 50 ugmL™
(M-pIC), or 1 ug of poly(I-C) was complexed with Lipofec-
tamine™ 2000 (Invitrogen) for transfection (T-plC). Cells
were assayed for poly(I-C)-induced responses 6 h after
exposure by either route.
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Luciferase reporter assay

For the dual luciferase assay, we used a firefly luciferase
reporter vector, pIFN-B-(~125)-Luc [63], containing the
IFN-B gene promoter region (-125 to +19). The reporter
assay was carried out as previously described [40]. Briefly, a
total of 0.3 x 10° cells were seeded in a 24-well plate, 24 h
before transfection. Then, 0.1 ug firefly luciferase reporter
vector, 0.2-0.4 pg HCV protein expression plasmid
(pCX4bsr series), and 0.2 ng pRL-CMV (Promega, Madi-
son, WI, USA) as an internal control reporter were trans-
fected into the various cell lines. To maintain the efficiency
of transfection, up to 0.4 pug of pCX4bsr was added instead
of HCV protein expression vectors. In some cases, 20 ng of
pCX4pur/myc-Cardif or pCX4pur/myc-TRIF were added
as the effector plasmid. The cells were cultured for 48 h,
and then a dual luciferase assay was performed according
to the manufacturer’s protocol (Promega). In some cases,
the cells were cultured for 42 h and then poly(I-C) was
added to the medium or transfected into the cells for 6 h
before the reporter assay. Three independent triplicate
transfection experiments were conduced to verify the repro-
ducibility of the results. Relative luciferase activity was
normalized to the activity of Renilla luciferase (internal
control). A manual Lumat LB 9501/16 luminometer (EG &
G Berthold, Bad Wildbad, Germany) was used to detect
luciferase activity.

Western blot analysis

Preparation of cell lysates, SDS/PAGE, and immunoblot-
ting were performed as described previously [64]. Anti-NS3
(Novocastra Laboratories, Newcastle, UK), anti-myc
(PL14; Medical and Biological Laboratories, Nagoya,
Japan) or anti-B-actin serum (AC-15; Sigma, St Louis, MO,
USA) was used in this study as a primary antibody. Immu-
nocomplexes were detected by a Renaissance enhanced
chemiluminescence assay (Perkin-Elmer Life Sciences,
Boston, MA, USA).

IRF-3 dimerization analysis

Preparation of cell lysates and native-polyacrylamide gel
electrophoresis were performed as described previously [65].
After the separation of proteins, immunoblotting was per-
formed as described above. Anti-IRF3 serum (FL-425;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) was
used for the detection of the endogenous IRF-3 dimeriza-
tion. Anti-phospho-IRF-3 (Ser386) serum (IBL. Gunma,
Japan) and anti-phospho-IRF-3 (Ser396) serum (Upstate
Biotechnology, Lake Placid, NY, USA) were used for
detection of the phosphorylated IRF-3. The dimerization of
exogenous IRF-3 was detected by anti-EGFP monoclonal
serum (JL-8; Clontech).
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Preparation of PH5CHS8 cells stably expressing
HCV proteins

PHSCHS cells were infected with retrovirus pCX4bsr enco-
ding various HCV proteins, as described previously [64].
pCX4bsr/NS3-4A(1B-1), pCX4bsr/NS3-4A(1B-1)/S1165A,
and pCX4bsr/NS3-4A(1B-1)/W1528A were used to obtain
the PH5CHS cells stably expressing NS3-4A(1B-1), the NS3-
4A(1B-1)/S1165A mutant lacking the serine protease activity
[51], and the NS3-4A(1B-1)/WI1528A mutant lacking the
helicase activity {66], respectively. At 2 days postinfection,
PHS5CHS cells were changed with fresh medium containing
blasticidin (20 pg'mL~"), and the culture was continued for
7 days to select the cells expressing HCV proteins.

Real-time LightCycler PCR

Total cellular RNA was extracted using an Isogen extrac-
tion kit (Nippon Gene, Toyama, Japan). Before reverse
transcription, the RNA was treated with RNase-free
DNase I (TaKaRa Bio, Ohtsu, Japan) to completely remove
the genomic DNA as described previously [40]). Real-time
LightCycler PCR was performed according to a method
described previously [67]. The sequences of sense and anti-
sense primers for TRIF (accession no. AB093555) were
5-AAGCCATGATGAGCAACCTC-3’ and 5-GTGTCC
TGTTCCTTCCTCCAC-3". The sequences of sense and
antisense primers for RIG-1 (accession no. NM_014314)
were S-AATGAAAGATGCTCTGGATTACTTG-3’ and
S “TTGTCTCTGGGTTTAAGTGGTACTC-3". The seqg-
uences of sense and antisense primers for MDAS (acces-
sion no. NM_022168) were 5-AAGTCATTAGTAAA
TTTCGCACTGG-3" and 5-TCATCTTCTCTCGGAAAT
CATTAAC-3. In addition, we used primer sets for [FN-§
{40], TLR3 {39}, TLR4 [39], Cardif {24] and GAPDH [40].

RNA interference

siRNA duplexes targeting the coding regions of human
TLR3 [39], TLR4 (Dharmacon, Lafayette, CO, USA; cata-
log no. M-008088-00), TRIF (Dharmacon; catalog no.
M-012833-00), and luciferase GL2 [68] (Dharmacon) as a
control were chemically synthesized. PHSCHS8 cells were
transfected with the indicated siRNA duplex using Oligo-
fectAMINE (Invitrogen). Total RNA was extracted at
3 days after transfection, and real-time LightCycler PCR
was performed to examine RNA-mediated interference effi-
ciency as described above.
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