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Fig. 5. U0126 strongly'abolisﬁed ERK1/2 phosphorylation by the anti-HGV nutrients, anti-HCV reagents, and EGF. (A,B) Effects of the

MEK1/2-specific inhibitors on ERK1/2 phosphorylation by anti-HCV nutrients and reagents. ORG6 cells were precultured as described in Figs. 4A and
8, and then pretreated with DMSO (—), 10 uM U0126: (U), or 20 u M PD9805S: (P) for 1 hour. Subsequently, the cells were treated with control
medium, 20 1M BC, 10 uM VD2, or 100 pM LA (A) and control medium, 100 uM AA, 2 1U/mL IFN-y, 2 ug/mL CsA, or 50 ng/ml EGF (B),
respectively, in either the absence (DMS0) (—) or presence of U0126 (U) or PDIB05I (P) for 15 minutes. (C) Dose effects of U0126 on ERK1/2
phosphorylation by the three anti-HCV nutrients and EGF. OR6 cells were precultured as described in Figs. 4A and 4B, then pretreated with DMSO
(—) or 5 or 10 1M U0126 for 1 hour. The cells were then treated with control medium, 20 uM BC, 10 uM VD2, 100 uM LA, or 50 ng/ml EGF
in either the absence (—) or presence of U0126 for 15 minutes. After all treatments (A-C), cell lysates were subjected to western blot analysis using
antibodies specific to phosphorylated ERK1/2 (top row) and ERK1/2 (middle row). B-actin was used as a control for the amount of protein loaded

per lane (bottom row).

7). Collectively, these results suggest that these nutri-
ents and reagents induce ROS as an oxidant in HCV
RNA replicating cells, leading to activation of the
MEK-ERK1/2 signaling pathway and suppression of
HCV RNA replication.

The Effects of EGF on HCV RNA Replication were
Diffevent than Those of the Anti-HCV Nutrients/Re-
agents. Because the study by Huang et al. 24 showed that
EGF time-dependently suppressed the expressions of
HCV nonstructural proteins in subgenomic replicon-har-
boring cells, we wondered whether EGF could suppress
genome-length HCV RNA replication. EGF inhibited
HCV RNA replication by approximately 25% at a con-
centration of 100 ng/mL. This anti-HCV activity was
weaker than that of the anti-HCV nutrients and reagents

tested in this study. However, as shown in the cell growth
assay, EGF promoted ORG cell proliferation in a dose-
dependent manner (Supporting Fig. 6). These cell growth
effects of EGF may have caused us to underestimate the
actual anti-HCV activity of EGE. The other reagents and
nutrients did not affect cell proliferation compared with
EGF (Supporting Fig. 7).

Discussion

The previous studies using the MEK1/2-specific inhib-
itor and subgenomic replicon system showed that induc-
tion of the MEK-ERK1/2 signaling pathway might be
required for the suppression of HCV RNA replication by
some reagents.2+?5 In agreement with the study by Huang
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et al.,?4 we also confirmed thar U0126 inhibited the anti-
HCV activity of IEN-y in ORG6 cells stably replicating
genome-length HCV RNA. Although they did not iden-
tify the direct activation of the MEK-ERK1/2 signaling
pathway by IEN-vy, we demonstrated that IEN-vy could
stimulate this cascade in HCV RNA replication cells.
Moreover, this stimulation was not only inhibited by
U0126 but also by antioxidant VE. This result indicates
the involvement of oxidative stress in the anti-HCV ac-
tivity of IFN-vy as well as the MEK-ERK1/2 signaling
pathway. IFNs induce the transcription of IFN-stimu-
lated genes through the JAK-STAT pathway, but the
induction of IFN-stimulated genes by IFN-v has been far
more complex than that by IEN type 1.3° A study using a

Relative ROS production (%)

3 H,0, TmM

LA 200pM

CsA 15 pug/mi

Fig. 7. ROS production by H,0,, LA, and CsA. OR6 cells were un-
treated or treated with H,0, (1 mM), LA {200 uM), and CsA (15 ug/mL)
and then incubated with dihydrodichlorocarboxyfiuorescein diacetate.
Fluorescence was measured with a fluorescence plate reader. **P <
0.01 versus untreated cells.

macrophage cell line revealed that IEN-y activated
ERK1/2, followed by the expression of IEN-y—stimulated
genes downstream of the JAK-STAT signaling path-
way.?! Another study reported that the defensive activity
of IFN-y against hepatitis B virus in hepatoblastoma cells
was mediated through the induction of oxidative stress.>?
Furthermore, ROS itself has been reported to suppress
HCV RNA replication in human hepatoma cells.33 These
reports supportt our proposal regarding and-HCV activity
of oxidative stress that the generation of intracellular ROS
inhibits HCV RNA replication through activation of the
MEK-ERK1/2 signaling pathway. Waris and Siddiqui3*
reported that calcium-dependent ROS generation in-
duced cyclooxygenase-2 and prostaglandin E(2) via the
activation of nuclear factor kappa B, leading to the sup-
pression of HCV RINA replication. Choi et al.?5 also dem-
onstrated that elevated calcium suppressed HCV RNA
replication. The activation of nuclear factor kappa B by
ROS was mediated through the MEK-ERK1/2 signaling
pathway. Therefore, we suggest that the oxidative re-
agents and nutrients in this study also may induce anti-
HCV status by calcium-dependent ROS generation.

In the course of our study of the anti-HCV activities of
these three nutrients, we found that treatment with
U0126 more strongly inhibited their ant-HCV activities
than treatment with PD98059. U0126 has been shown to
possess approximately 100-fold-higher MEK1/2-specific
inhibitory activity than PD98059.3¢ This different poten-
tial between the two inhibitors was considered to cause a
gap in their effects on anti-HCV activities. We further
found that, much like EGF, all three nutrients enhanced
the phosphorylation of ERK1/2 and MEK1/2, which was
reduced by trearment with U0126 or VE. In addition, the
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present study was the first to observe that BC, which has
been shown to produce ROS,? activates the MEK-
ERK1/2 signaling pathway, an action that VD23® and
LA%® have already been shown to exhibit in leukemia cell
and dendritic cell lines, respectively. Furthermore, we
found the involvement of the MEK-ERK1/2 signaling
pathway in the anti-HCV mechanism of the three nuwi-
ents as well as various PUFAs, which were reported to be
mediated through lipid peroxidation.*® These resules sug-
gest that the anti-HCV nutrients BC, VD2, and PUFAs,
including LA, as well as IFN-y may suppress HCV RNA
replication via activation of the MEK-ERK1/2 signaling
pathway in response to ROS production.

We also investigated the involvement of the MEK-
ERK1/2 signaling pathway in the suppressive mechanism
of anti-HCV reagents other than IFN-y. In our previous
study, the anti-HCV activity of CsA, but not FLV, was
prevented by VE.!? Consequently, these results implied
that CsA, but not statins, could be potent activators of the
MEK-ERK1/2 signaling pathway as oxidants, leading to
down-regulation of HCV RNA replication. CsA has been
demonstrated to bind to cyclophilins and suppress HCV
RNA replication by abolishing their interaction with
NS5B polymerase.40 This CsA binding to cyclophilins,
especially cyclophilin A (CyPA), has been shown to result
in the generation of ROS through inhibition of the pep-
tidylprolyl-cis-trans-isomerase-like activity of CyPA.1!
Moreover, CyPA was reported to be secreted in response
to oxidative stress,2 and to bind to a cell surface recepror,
CD147, followed by ERK1/2 activation.®? These reports
and our results suggest that CsA, acting as an oxidant,
may trigger activation of the MEK-ERK1/2 signaling
pathway, both directly by producing ROS by way of in-
teraction with CyPA in the early phase, and indirectly by
secreting CyPA in the late phase. Both activations could
lead to an inhibition of HCV RNA replication. Thus,
CyPA may play a critical role as an intermediator in the
oxidative anti-HCV activity of CsA. In the latest study,
CyPA was identified as the most essential cellular cofactor
of HCV RNA replication among cyclophilins. 44 Further
studies will be needed to clarify whether CyPA is required
for the oxidative suppressive mechanism of anti-HCV
nutrients/reagents other than CsA.

Although we expected that strong activation of the
MEK-ERK1/2 signaling pathway would suppress HCV
RNA replication, EGF exhibited only slight anti-HCV
activity in ORG cells. The promotion of cell growth by
EGF might prevent its primary inhibitory effect on HCV
RNA replication. A portion of the ERK1/2 phosphoryla-
tion by EGF was also reduced by treatment with VE (Fig.
6A), suggesting that EGF might stimulate the MEK-
ERK1/2 signaling pathway, in part, as an oxidant, and
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that this oxidative activity of EGF could exhibit its slight
anti-HCV activity.

In this study, using MEK1/2 specific inhibitors, we
revealed that the MEK-ERK1/2 signaling pathway is in-
volved in the oxidative antiviral mechanism of the anti-
HCV nutrients BC, VD2, and PUFAs and the anti-HCV
reagents TFN-y and CsA. Our results suggest that this
oxidative induction of the MEK-ERK1/2 signaling path-
way could be a novel therapeutic strategy for the eradica-
tion of HCV infection. Although oxidants themselves
cause liver damage, they may work as anti-HCV factors
during therapy in patients with chronic hepatitis C.

In conclusion, this study suggests that the ani-HCV
activity of oxidative stress is closely linked to the activa-
tion of the MEK-ERK1/2 signaling pathway.

Acknowledgment:  The authors thank Atsumi Mor-
ishita for technical assistance.
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Oncostatin M (OSM), a member of the interleukin-6 family, possesses various functions, including
hepatocyte differentiation and suppression of melanoma cell growth. Here, we report anti-hepatitis
C virus (HCV) activity of OSM as a new function of this cytokine. OSM possessed marked anti-HCV
activity (50% effective concentration: 0.71 ng/ml) in an HCV RNA replication cell culture system.
The most striking finding is that OSM exhibited synergistic inhibitory activity on interferon (IFN)-
o even at a low concentration with weak anti-HCV activity, such as 25 pg/ml. OSM is a candidate

anti-HCV reagent and may improve the current IFN therapy for patients with chronic hepatitis C.
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1. Introduction

Currently the combination therapy of pegylated-interferon-o
(PEG-IFN-at) with ribavirin (RBV) is available for patients with
chronic hepatitis C (CH C). However, the sustained virological re-
sponse (SVR) rate is still approximately 55% [1]. There is thus an
urgent need for novel partners for IFN,

Oncostatin M (OSM) belongs to the interleukin (IL)-6 family,
which also includes IL-6, IL-11, IL-27, ciliary neurotrophic factor,
cardiotrophin-like cytokine, cardiotrophin-1, neuropoietin and
leukemia-inhibitory factor (LIF) [2,3]. OSM was first reported as a
cytokine produced from U-937 lymphoma cells, when it was found
to inhibit the growth of melanoma cells [4}. The IL-6 family mem-
bers share glycoprotein 130 (gp130) for signal transduction, and
the OSM receptor consists of gp130 and its unique OSMR [5].
Recently it was reported that the IL-31 receptor also contains
OSMR and forms a heterodimer with IL31RA [6]. OSMR and
gp130 are highly expressed in liver, and OSM plays a significant
role in the differentiation and regeneration of liver [7,8]. Therefore,

Abbreviations: SVR, sustained virological response; CH C, chronic hepatitis C;
ECso 50% effective concentration; EMCV, encephalomyocarditis virus; gp130,
glycoprotein 130; HCV, hepatitis C virus; PEG-IFN, pegylated-interferon; IL,
interleukin; IRES, internal ribosomal entry site; LIF, leukemia-inhibitory factor;
NS, non-structural; OSM, oncestatin M; RBV, ribavirin; RL, Renilla luciferase; RT-
PCR, reverse transcription-polymerase chain reaction; STAT, signal transducer and
activator of transcription

* Corresponding author. Fax: +81 86 235 7392,
E-mail address: maikeda@md.okayama-uv.acjp {M. tkeda).

OSM was used as a reagent for the differentiation of hepatocytes
in vitro.

Here, we have found that OSM'’s anti-hepatitis C virus (HCV)
activity is a new function of this cytokine. OSM synergistically
inhibited HCV RNA replication in combination with IFN-o even at
a low concentration with weak anti-HCV activity (20% inhibition).
0SM may improve the current PEG-IFN-o and RBV therapy for pa-
tients with CH C and provide a clue toward understanding the di-
verse sensitivity to IFN therapy.

2. Materials and methods
2.1, Compounds and antibodies

IFN-ot was purchased from Sigma (St. Louis, MO). OSM and IL-31
were purchased from R&D Systems (Minneapolis, MN). 1L-6 was
purchased from Acris Antibodies (Herford, Germany). LIF was pur-
chased from Chemicon International (Temecula, CA). Anti-HCV
core antibody (CP11) was purchased from the Institute of Immu-
nology (Tokyo, Japan), and anti-HCV non-structural 5A (NS5A)
antibody was the generous gift of Dr. A. Takamizawa (Research
Foundation for Microbial Diseases, Osaka University). Anti-p-actin
antibody was purchased from Sigma. Anti-signal transducer and
activator of transcription (STAT) 1 and anti-STAT3 antibodies were
purchased from BD Bioscience (San Jose, CA). Anti-phospho-STAT1
(Y701) and anti-phospho-STAT3 (Y705) were purchased from Cell
Signaling Technology (Danvers, MA).

0014-5793/$36.00 © 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2.2. Cell culture

The OR6 cell line is cloned from ORN/C-5B/KE (strain O of geno-
type 1b) RNA replicating HuH-7 cells, as described previously {9].
OR6¢ cells are cured OR6 cells from which HCV RNA was
eliminated by IFN-o treatment, as previously described [10].
HCV-O/RLGE (strain O) is the authentic HCV RNA containing adap-
tive mutations of Q1112R, P1115L, E1202G, and K1609E in the NS3
region and replicates efficiently in OR6¢ cells [11]. Li23 and PH5CH
cells were cultured as previously described [12].

2.3. OR6 reporter assay

For the Renilla luciferase (RL) assay, 1.5 x 10* OR6 cells were
plated onto 24-well plates in triplicate and pre-cultured for 24 h.
The cells were treated with OSM and/or IFN-o for 72 h. After the
treatment, the cells were harvested with Renilla lysis reagent (Pro-
mega, Madison, WI) and subjected to RL assay according to the
manufacturer’s protocol.

2.4. Cell growth assay

To examine OSM's activity in OR6 cell growth, 6.0 x 10 OR6
cells were plated onto 6-well plates in triplicate and were pre-cul-
tured for 24 h. The cells were treated with OSM for 72 h, and then
the number of viable cells was counted after trypan blue dye treat-
ment, as previously described {13].

2.5. Reverse transcription and polymerase chain reaction (RT-PCR)
RT-PCR for gp130, OSMR, LIFR, IL6R, IL31RA and glyceraldehyde-
3-phosphate dehydrogenase was performed by a method described

previously {14]. Briefly, using cellular total RNAs (2 pg), cDNA was
synthesized using M-MLV reverse transcriptase with oligo dT pri-

A

ORN/C-5B/KE R

7
HCV EMCV
5' mes|BPed{CEE

K1609E

B
e BG4 071 ngmi
;\' 80 e 5 i
S 60
g 4
20
0

0 006 013 025 05 1 4
OSM {ng/mi)

2] NS3 [4B[NS5A|NSSB |—3
A

mer. One-tenth of the synthesized cDNA was subjected to PCR with
the specific primer pairs (Supplementary materials).

2.6. Western blot analysis

For Western blot analysis to detect the expression of core and
NS5A, 4 x 10 OR6¢ cells harboring HCV-O/RLGE RNA were plated
onto 6-well plates and cultured for 24 h, and then were treated
with IFN-a andfor OSM for 72 h. To detect the STATs and phos-~
phorylated STATs, 5 x 10° ORG6 cells were plated onto 6-well plates
and cultured for 24 h, and then were treated with IFN-o and/or
OSM. Preparation of the cell lysates, sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and immunoblotting were then
performed as previously described [15].

3. Results
3.1. OSM inhibited HCV RNA replication in hepatoma cell line

We have tried to develop differentiated hepatocytes from
mesenchymal stem cells using OSM as the differentiation reagent
to establish the cell culture system for HCV RNA replication. We
tested the reagents needed for differentiation, including OSM, to
rule out negative activity for HCV RNA replication. In the course
of this procedure, we happened to find that OSM possessed
marked anti-HCV activity by using our developed full-length
HCV RNA replication reporter system (OR6 assay system) [9].
This system enabled the prompt and precise evaluation of HCV
RNA replication levels (Fig. 1A). OSM exhibited marked anti-
HCV activity at a low concentration (50% effective concentration
(ECsg): 0.71 ng/ml) (Fig. 1B) without cytotoxicity (Fig. 1C). OSM's
anti-HCV activity was maintained at least until 96 h after a single
administration of the reagent (Fig. 1D). These results indicate
that OSM possesses anti-HCV activity at a concentration that
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Fig. 1. Anti-HCV activity of OSM in HCV RNA replicating ORG cells. (A) Schematic gene organization of the genome-length HCV RNA replicating in OR6 cells. The position of an
adaptive mutation, K1609E, is indicated by a black triangle. (B) OR6 cells were treated with OSM for 72 h and subjected to RL assay. Relative luciferase unit (RLU) was
calculated when the RL activity of the control was assigned as 100%. (C) OR6 cells were treated with OSM for 72 h and subjected to a cell viability assay with trypan blue
staining. (D) ORG6 cells were treated with OSM and harvested at 24, 48, 72, and 96 h and subjected to RL assay.
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Fig. 2. The activities of LIF, IL-6 and IL-31 on HCV RNA replication, OR6 cells were treated with LIF (A), IL-6 (B) and 11-31 (C) for 72 h and subjected to RL assay. (D) RNAs from
hepatocytes (HuH-7, Li23 and PH5CH) were subjected to RT-PCR with specific primer pairs to gp130, OSMR, LIFR, IL6R, IL31RA and GAPDH.

does not affect cell growth and is a new class of antiviral
cytokine.

3.2. Anti-HCV activity of OSM is a unique feature in the IL-6 family

OSM belongs to the IL-6 family, whose members share the com-
mon gp130 molecule in each receptor [5]. Therefore, we next
examined the activities of other representative IL-6 family mem-
bers (LIF, IL-6) using the OR6 assay system. As shown in Fig. 2A,
LIF had no effect on HCV RNA replication. IL-6 exhibited only a
weak anti-HCV activity at the concentration of 10 ng/ml (approxi-
mately 20% inhibition) (Fig. 2B).

The OSM receptor consists of gp130 and OSMR [5]. IL31RA is an-
other partner of OSMR and that the heterodimer of these molecules
forms a receptor of IL-31 [6]. Therefore, we tried to determine
whether or not IL-31 possesses anti-HCV activity in OR6 cells.
The result revealed that [L-31 exhibited no anti-HCV activity. Next
we examined the expression levels of the receptors in HuH-7, Li23
(a human hepatoma cell line) and PH5CH (an immortalized pri-
mary human hepatocyte line). All of these cell lines expressed
gp130, OSMR, LIFR and IL6R but not IL31RA (Fig. 2D). The lack of
1L31RA expression resulted in IL-31 possessing no anti-HCV activ-
ity. These results suggest that OSM’s anti-HCV activity seems to be
a unique feature among IL-6 family members.

3.3. OSM synergistically enhanced anti-HCV activity of IFN-o

As HCV RNA contains three exogenous genes (RL, Neo and
encephalomyocarditis virus (EMCV)-internal ribosomal entry site
(IRES)) (Fig. 1A), we tried to determine whether OSM inhibits
authentic HCV RNA replication in order to rule out the possibility
that OSM's anti-HCV activity is not due to the inhibition of these
exogenous genes. OSM inhibited core and NS5A expression in a
dose-dependent manner (Fig. 3A, lanes 1-3). We next examined
OSM's anti-HCV activity in combination with IFN-a using authentic

HCV-O/RLGE RNA-replicating cells. OSM (1 and 10 ng/ml) drasti-
cally inhibited core and NS5A expression in combination with
IFN-at (2.5, 5, and 10 IU/ml) (Fig. 3A, lanes 4-12).

OSM exhibited anti-HCV activity even at low concentrations,
such as 62 pg/ml, and enhanced the anti-HCV activity of IFN-o
(Fig. 3B). We also examined anti-HCV activity of CsA (0, 0.25, 0.5,
and 1.0 pg/ml) alone or in combination with OSM (10 ng/ml) (Sup-
plementary Fig. 1). OSM enhanced CsA’s anti-HCV activity. Anti-
HCV activity of OSM at 10 ng/ml was almost equal to that of CsA
at 0.5 pg/ml. Then, we performed isobole plot analysis for ECso of
0OSM and IFN-a. In Fig. 3C, dotted line means that the interaction
of two reagents is evaluated as additive effect (or zero interaction).
Points below this line correspond to synergistic interaction (or po-
sitive interaction) and points above this line indicate antagonism
(or negative interaction) [16]. Therefore, isobole plot analysis of
ECyo for OSM and IFN-¢ revealed that the combination of OSM
and IFN-o exhibited striking synergistic inhibition of HCV RNA rep-
lication (Fig. 3C). Then we investigated whether or not OSM en-
hanced the IFN signaling pathway, since OSM activates STATs
[17]. A kinetic study regarding the phosphorylation of STAT1 and
STAT3 revealed that STAT1 (Y701) was markedly phosphorylated
in the early phase within 60 min but that the phosphorylation level
was reduced at 120 min (Fig. 3D). On the other hand, the phos-
phorylation of STAT1 by IFN-o remained consistent until 120 min
after treatment (Fig. 3D). The phosphorylation kinetics of STAT3
(Y705) by OSM were consistent until 120 min (Fig. 3D). These re-
sults suggest that early-phase activation of STAT1 by OSM may
trigger the synergistic activity in HCV RNA replication in combina-
tion with IFN-o.

3.4. OSM enhanced anti-HCV activity of IFN-a at even the low effective
concentration by itself

As OSM exhibited marked synergistic anti-HCV activity with
IFN-o, we tried to determine whether a low concentration of
OSM could synergistically enhance the anti-HCV activity of IEN-
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Fig. 3. Anti-HCV activity of OSM in combination with IFN-o. (A) HCV-O/RLGE-replicating OR6c cells were treated with OSM in combination with IFN-o for 96 h and subjected
to Western blot analysis using anti-core, anti-NS5A and anti-B-actin antibodies. (B) OR6 cells were treated with OSM in combination with IFN-o for 72 h and subjected to RL
assay. (C) Isobole plot analysis (ECo) for OSM and IFN-or in OR6 cells after treatment for 72 h, (D) OR6 celis were treated with OSM and IFN-o. for 30, 60 and 120 min and
subjected to Western blot analysis using anti-STAT1, anti-phospho-STAT1 (Y701), anti-STAT3, anti-phospho-STAT3 (Y705) and anti-B-actin antibodies.

o. For this purpose, we treated OR6 cells with OSM at 25 pg/ml or ity (Fig. 4A). However, OSM at these concentrations enhanced the
50 pg/ml in combination with IFN-a (0, 1, 2, 4, and 8 IU/ml). OSM anti-HCV activity of IFN-o0 up to 60% inhibition, when IFN-o at
alone at 25 pg/ml.or 50 pg/ml exhibited only 20% inhibitory activ- 8 IU/ml was treated with OSM at 25 pg/ml (Fig. 4B). These results

DOSM 0 pg/mi
BOSM 25 pg/m!
DOSM 50 pg/ml

IFN- a (IU/m])

IFN- a (IU/ml)

Fig. 4. OR6 cells were treated with OSM and IFN-o for 72 h and subjected to RL assay (A). Relative RL activity was adjusted when the RL activities of the cells treated with only
IFN-or were assigned as 100% (B).
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indicate that OSM is not only an anti-HCV reagent by itself but also
a strong adjuvant for IFN-o’'s anti-HCV activity.

4. Discussion

In the present study, we found that OSM possesses anti-HCV
activity, which constitutes a new function of this multi-func-
tional cytokine. OSM is involved in liver regeneration and differ-
entiation [7,8]. In the liver, OSM was produced by Kupffer celis
[18), and the OSM signal was transmitted via its receptor, which
consisted of gp130 and OMSR [5]. The IL-6 family members share
gp130 in their receptors; it forms the heterodimer with a unique
partner; for example IL6R in IL-6 and LIFR in LIF [2]. We tested
the activity of LIF and IL-6 on HCV RNA replication. However,
LIF did not exhibit anti-HCV activity, and IL-6 showed only weak
anti-HCV activity compared to the OSM. These results suggest
that OSM’s anti-HCV activity is achieved via OSMR or the
combination of gp130 and OSMR rather than via gp130. Recently,
it was reported that IL31RA was another partner of OSMR in the
1L-31 receptor [6]. If IL-31 could exhibit anti-HCV activity, OSMR
seems to be significant in the signal transduction of anti-HCV
activity. However, hepatocytes didn't seem to be a natural
target of IL-31, because hepatocytes didn't express IL31RA.
Further study is needed to clarify OSMR's role in anti-HCV
activity.

Isobole plot analysis revealed that OSM exhibited a striking
synergistic effect in the anti-HCV activity of IFN-o [19]. This syn-
ergistic activity of OSM may be caused by early strong activation
of STAT1 by OSM. Furthermore, OSM enhanced the activity of 2'~
5’ oligoadenylate synthetase promoter in combination with IFN-o
(data not shown). These results suggest that STAT1 may be the
key player in the synergy between OSM and IFN-o.

In this study, we found OSM's synergistic activity in the anti-
HCV activity of IFN-o, when OSM was used at a low concentra-
tion (25 pg/ml) with only 20% inhibitory activity against HCV
RNA replication. Surprisingly, OSM at 25 pg/ml enhanced the
anti-HCV activity of IFN-o by up to 60%. RBV is the only adjuvant
to the current PEG-IFN-a therapy for patients with CH C, and the
combination therapy of PEG-IFN-o/RBV  achieved only
approximately 55% of the SVR rate. Therefore, OSM will become
a strong partner to the current IFN therapy. As OSM strongly af-
fected the anti-HCV activity of IFN-¢, the serum concentration of
OSM will affect the SVR in IFN therapy. The future study regard-
ing the relationship between the serum concentration of OSM
and SVR may provide a clue toward understanding the
resistance to IFN therapy, and the development of OSM as a clin-
ical reagent will serve as a breakthrough in therapy for patients
with CH C.

In conclusion, we found OSM’s anti-HCV activity a newly iden-
tified function of this multifunctional cytokine. The highlight of
this study is that OSM exhibited a synergistic effect on the anti-
HCV activity of IFN-o even at a low concentration with weak
anti-HCV activity by itself.
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Abstract We previously demonstrated that hepatitis C
virus (HCV) serine protease NS3-4A was unable to cleave
TRIF (adaptor protein of Toll-like receptor 3), resulting in a
lack of suppression of the TRIF-mediated pathway, whereas
NS3-4A cleaved Cardif (adaptor protein of retinoic acid-
inducible gene I or melanoma differentiation-associated
gene-5), resulting in an interruption of the Cardif-mediated
pathway in non-neoplastic human hepatocyte PH5CHS
cells. To elucidate these observations, we examined the
cleavage potential of NS3-4A for TRIF in PH5CHS cells,
genome-length HCV RNA-replicating O cells, and HCV-
infected cells, and we demonstrated that NS3-4A lacked the
ability to cleave endogenous TRIF, regardless of HCV
strains derived from patients with different stages of hepatic
disease. Furthermore, we demonstrated that inflammatory
cytokine production by NF-kB activation via the TRIF-
mediated pathway also remained unsuppressed by NS3-4A.
These results suggest that the inhibitory effects of NS3-4A
on antiviral signaling pathways are limited to the Cardif-
mediated pathway in human hepatocytes.
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Introduction

Hepatitis C virus (HCV) infection causes a number of liver
diseases such as acute hepatitis, chronic hepatitis, liver
cirrhosis, and hepatocellular carcinoma [S, 24, 32, 33]. The
progression of liver disease from chronic hepatitis to
hepatocellular carcinoma by persistent HCV infection is a
serious health problem [37]. In order to elucidate the
relationship between the mechanism of persistent HCV
infection and liver disease progression, it will be necessary
to examine the virus life cycle and develop more effective
anti-HCV reagents based on these observations, HCV is an
enveloped positive single-stranded RNA (9.6 kb) virus
belonging to the family Flaviviridae [20, 36]. The HCV
genome encodes a large polyprotein precursor of approxi-
mately 3,000 amino acid (aa) residues, which is cleaved co-
and post-translationally into at least ten proteins in the
following order: core, envelope 1 (El1), E2, p7, non-struc-
tural protein 2 (NS2), NS3, NS4A, NS4B, NS5A, and
NS5B. These cleavages are mediated by the host and a
virally encoded serine protease located in the amino-ter-
minal domain of NS3. The serine protease activity of NS3
requires NS4A, a protein that consists of 54 aa residues, to
form a stable complex with NS3 [11, 12, 19].

During infection by RNA viruses such as HCV, double-
stranded RNA (dsRNA) is produced by viral RNA
replication in virus-infected cells, and dsRNA is in turn
recognized by Toll-like receptor (TLR) 3, which is
expressed on the cell surface or in endosome vesicles [3,
13]. Additionally, dsRNA is recognized by retinoic-acid-
inducible gene I (RIG-I) and/or melanoma differentiation-
associated gene 5 (MDAS), which are both localized in the
cytoplasm {18, 40, 41]. The stimulation of TLR3 by
extracellular dsRNA leads to the activation of two signal-
ing pathways that bifurcate at TRIF [17, 34], i.e., interferon
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(IFN)-f production is induced via activation of the TRIF/
TRAF3/TBK1/IRF-3 pathway, and inflammatory cytokines
such as IL-6 or IL-8 are produced via activation of the
TRIF/TRAF6/TAK1/NF-kB pathway (see Fig. 5a). On the
other hand, the stimulation of RIG-I or MDAS by intra-
cellular dsRNA may induce both IFN-f and inflammatory
cytokine production by similar signaling pathways that
bifurcate at Cardif (i.e., the Cardif/TRAF3/TBK1/IRF-3
pathway and the Cardif/TRAF6/TAK1/NF-«kB pathway)
[39]. IFN-f and the inflammatory cytokines are upregu-
lated to induce an antiviral state in virus-infected cells, and
then these production levels return to a steady state in
virus-eliminated cells.

Several groups, including ours, have previously reported
that the HCV serine protease NS3-4A inhibited intracellular
dsRNA-induced IFN-§ production via the cleavage of
Cardif [6, 29, 30]. The findings of these reports have indi-
cated that Cardif is a key molecule for establishing persis-
tent HCV infection. On the other hand, we also previously
demonstrated that NS3-4A (1B-1 and O strains of genotype
1b) was not able to inhibit extracellular dsRNA-induced
IFN-f production due to a lack of ability to cleave TRIF [6];
however, in another previous report, it was demonstrated
that NS3-4A (N strain of genotype 1b) was able to inhibit
IFN-f production via the cleavage of TRIF [27]. These
latter results, taken together, suggest that among HCV
strains, NS3-4A possesses a range of ability to cleave TRIF.
In the present study, NS3-4As derived from patients with
different stages of liver disease were used to compare the
potential of NS3-4As to inhibit IFN-f production and NF-
kB activation via intracellular or extracellular dsRNA.

Materials and methods
Cell culture

Non-neoplastic human hepatocyte PHSCHS cells suscepti-
ble to HCV infection and supportive of HCV replication
were cultured as reported previously [16]. Genome-length
HCV RNA-replicating O cells [14], their cured Oc cells [14]
and other HuH-7-derived RSc cells [25] were cultured in
Dulbecco’s modified Eagle’s medium (Invitrogen, Carsbad,
CA, USA) supplemented with 10% fetal bovine serum.

Construction of expression vectors

Retroviral vectors pCX4bsr and pCX4pur [11, which con-
tain the resistance gene for blasticidin and puromycin,
respectively, were used to construct various expression
vectors. pCX4pur/myc-TRIF(P367D), (P367E), (P367D/
$368C), or (P367E/S368D) mutants were constructed using
PCR mutagenesis with primers containing base alterations.

@ Springer

pCX4pur/myc-TRIF [6] was used as the template for PCR
mutagenesis. The NS3-4A expression vectors used in this
study were constructed using oligonucleotides (Supple-
mentary Table S1 in Electronic Supplementary Material) as
described below. RNA was extracted using an ISOGEN
extraction kit (Nippon Gene, Toyama, Japan) and serum
from 13 HCV-infected patients: three healthy carriers (1B-3,
1B-4, and 1B-5 strains [15]), a patient with acute hepatitis
(AH1 strain [21]), and seven patients with chronic hepatitis
(CH1, CH3, CH4, CH5, CH6, CH7, and CHS strains). In
addition, serum was obtained from two patients with
hepatocellular carcinoma (HCC1 and HCC2 strains {2]).
Informed consent was obtained from each patient before the
study. The DNA fragments, including the NS3-4A region,
were amplified by RT-nested PCR using KOD-plus DNA
polymerase (Toyobo, Osaka, Japan) and oligonucleotides
for cDNA synthesis, first-round PCR, and second-round
PCR (Supplementary Table S1). The obtained DNA frag-
ments were subcloned into the Xbal site of pBR322MC
[22], and the nucleotide sequences of the NS3-4A regions
were determined. The oligonucleotides for the construction
of the NS3-4A expression vector were designed from the
nucleotide sequences of the NS3-4A regions (Supplemen-
tary Table S1). The DNA fragments encoding NS3-4A were
amplified by PCR using KOD-plus DNA polymerase and
the specifically designed oligonucleotides, and the ampli-
fied fragments were cloned into the EcoRI and NotI sites of
pCXdbsr. The nucleotide sequences of the constructed
expression vectors were confirmed by Big Dye termination
cycle sequencing using an ABI Prism 310 genetic analyzer
(Applied Biosystems, Foster City, CA, USA).

Molecular evolutionary analysis

Molecular evolutionary trees were constructed from the aa
sequences of the NS3-4A regions using the UPGMA
method and the program GENETYX-MAC (Software
Development, Tokyo, Japan).

JFH-1 infection experiments

The infection of RSc cells with JFH-1 was performed as
described previously [25]. Briefly, 1.0 x 10> RSc cells
were seeded onto 6-well plates 24 h before infection. Then,
an inoculum of JFH-1 was added to the cells at a multi-
plicity of infection of 0.1. After 96 h of JFH-1 infection,
cell lysates were prepared as described below.

Immunoprecipitation and Western blot analysis
The preparation of cell lysates from PH5CHS cells stably

expressing NS3-4A and two mutants (S1165A and
W1528A) [6] was performed as described previously [31].
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Cell lysates were subjected to immunoprecipitation using
anti-TRIF antibody (Exalpha Biologicals, Maynard, MA,
USA) or anti-Cardif antibody (Bethyl Laboratories,
Montgomery, TX, USA). Bound proteins were collected
from cell lysates using Protein G Sepharose (Amersham)
and were subjected to immunoblot analysis. Anti-NS3
antibody (polyclonal R212; a generous gift from Dr. M.
Kohara, Tokyo Metropolitan Institute of Medical Science),
and anti-NS4A antibody (C14113-3; also a generous gift
from Dr. Kohara) were used to detect NS3 and NS4A
proteins. Anti-myc antibody (PL14; Medical and Biological
Laboratories, Nagoya, Japan), anti-EGFP antibody (JL-8;
Clontech), and anti-f-actin antibody were used in this
study as primary antibodies. Immunocomplexes were
detected using a Renaissance enhanced chemiluminescence
assay (Perkin-Elmer Life Sciences, Boston, MA, USA).

Luciferase reporter assay

For the dual luciferase assay, we used a firefly luciferase
reporter vector, pIFN-f (—125)-Luc [4], containing the
IEN-$ gene promoter region (—125 to +19) and pNF-«B-
Luc (Stratagene). The reporter assay was carried out as
described previously [8]. Briefly, a total of 0.3 x 10° cells
were seeded onto 24-well plates 24 h before transfection.
Then, PHSCHS cells were transfected with 0.1 pg pIFN-f8
(—125)-Luc, 0.2 ug NS3-4A expression pCX4bsr vectors
(NS3-4A series), and 0.2 ng pRL-CMV (Promega, Madi-
son, WI, USA), used as an internal control reporter, for the
measurement of IFN-§ promoter activity. For the mea-
surement of NF-xB promoter activity, PHSCHS cells were
transfected with 0.01 pg pNF-xB-Luc, 0.2 pg NS3-4A
expression pCX4bsr vectors (NS3-4A series), and 0.02 ng
pRL-CMV. 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
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Fig. 1 NS3-4A does not cleave exogenous TRIF or its mutants at the
P6 position. a The alignment of amino acid sequences surrounding the
site cleaved in trans or in cis by NS3-4A. The consensus sequences
required for cleavage by NS3-4A are underlined (P6, P1, and PV’
positions). The amino acids with a negative charge are indicated in
boldface type. b TRIF mutants with a negative charge at the P6
position also remain uncleaved by NS3-4A. Wild-type TRIF and
TRIF mutants (P367D, P367E, P367D/S368C, and P367E/S368D) are

cells were cultured for 42 h, and then poly(I-C) (GE
Healthcare Bio-Sciences Corp., Piscataway, NJ, USA) was
added to the medium for 6 h at 50 pg/ml (M-pIC) before
the reporter assay. Three independent triplicate transfection
experiments were conducted in order 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.

RNA interference and real-time LightCycler PCR

siRNA duplexes targeting the coding regions of human
TLR3 [31], TRIF (Dharmacon; catalog no. M-012833-00),
and luciferase GL2 (Dharmacon), used as a control, were
chemically synthesized. Using PHSCHS cells with drasti-
cally decreased TLR3 or TRIF mRNA levels [6], NF-xB
promoter activity was measured as described above, and
dsRNA-induced inflammatory cytokine production levels
were examined by using a primer set for IL-6 or IL-8 [38].
Total cellular RNA extraction and real-time LightCycler
PCR were performed as described previously [6, 7].

Results
NS3-4A lacks the ability to cleave endogenous TRIF

We recently reported that NS3-4A serine protease (1B-1
strain of genotype 1b) was unable to cleave TRIF expres-
sed in human PH5CHS hepatocyte cells [6]. To account for
this lack of cleavage ability, we examined the ability of
NS3-4A to cleave TRIF mutants converted to a sequence
similar to the consensus sequence required for cleavage
ability by NS3-4A (Fig. la). The results obtained with

- 18-1

127103
YRiF = w4 ©

E DC ED = va D E OC ED

QIO?QDOUS
i TR
{102 D3}

e — . A — o G S

. s3
“' TR (108

g {Pocln
- 2 0m

indicated as wt, D, E, DC, and ED, respectively. PHSCHS cells stably
expressing NS3-4A (1B-1) were transfected with the pCX4pur vector
(as a control, -) or myc-TRIF expression vectors (wild-type strain or
mutants). Production of myc-TRIF and NS3 in the cells was analyzed
by immunoblot analysis using anti-myc and anti-NS3 antibody,
respectively. PHSCHS cells infected with retrovirus pCX4bsr were
used as a control (-). S-actin was used as a control for the amount of
protein loaded per lane
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PHSCHS cells revealed that NS3-4A (1B-1 strain) was still
unable to cleave the TRIF mutants possessing D or E at the
P6 position, even though an acidic aa (D or E) is known to
be important for cleavage by NS3-4A [23] (Fig. 1b).
Although we demonstrated that exogenously expressed
Cardif, but not TRIF, was cleaved by NS3-4A (1B-1 or O
strain) [6], no studies had determined whether endogenous
Cardif or TRIF can be cleaved by NS3-4A. To clarify these
issues, we selected anti-Cardif and anti-TRIF antibodies,
and we immunoprecipitated lysates from PHSCHS cells [in
which NS3-4A (1B-1 or O strain) was overexpressed] and
lysates from genome-length HCV RNA-replicating O cells
[14]. We then performed immunoblot analyses using anti-
Cardif, anti-TRIF, or NS3 antibodies. The results revealed
that endogenous TRIF was also not cleaved by the NS3-4A
expressed in PHSCH8 and O cells, whereas endogenous
Cardif (75 kDa) was efficiently cleaved to the expected
size (70 kDa) in PHSCHS8 and O cells (Fig. 2a). On the
other hand, we observed that NS3 interacted with TRIF,
but not with Cardif, in both PH5CHS and O cells (Fig. 2a),
as had also been observed previously by another group
[10]. In addition, we demonstrated that endogenous Cardif
was cleaved by the NS3-4A/W1528A mutant, which lacks
RNA helicase activity, but not by the NS3-4A/S1165A
mutant, which lacks the serine protease activity (Fig. 2b).
Furthermore, we examined whether or not endogenous
Cardif and TRIF are cleaved in JFH-1-infected RSc cells.
The results revealed that endogenous TRIF was also not
cleaved in JFH-1-infected RSc cells, whereas endogenous
Cardif was efficiently cleaved in these cells (Fig. 2¢). In

Qe ¢ PHICHE
A “ B3 O NS¥4A B

addition, we also observed that NS3 interacted weakly with
TRIF, but not with Cardif, in these cells (Fig. 2¢). We
therefore concluded that endogenous TRIF is not cleaved
by NS3-4A derived from at least the 1B-1 (genotype 1b), O
(genotype 1b) or JFH-1 (genotype 2a) strain.

None of the NS3-4As derived from patients

with different hepatic disease diagnoses prevented
extracellular dsRNA-induced 1FN-§ transcription
via the TRIF-mediated pathway

Although we demonstrated that NS3-4As derived from
healthy carriers (1B-1 and O) was unable to suppress IFN-f
production induced by the TRIF-mediated pathway [6],
there is still no evidence that NS3-4As derived from
patients with various hepatic disease diagnoses carry out
such suppression. To obtain more evidence, we first
amplified NS3-4A-encoding regions by RT-PCR using sera
derived from five HCV-positive healthy carriers (including
strains 1B-1 and O), one patient with acute hepatitis, seven
patients with chronic hepatitis, and two patients with
hepatocellular carcinoma; using these samples, we next
constructed 15 types of NS3-4A expression vector.
Although we observed that all of the NS3-4As expressed in
PH5CHS cells were processed into NS3 and NS4A by an
intramolecular reaction, there were some size differences
(60-65 kDa) of NS3 and NS4A (Fig. 3a). These size dif-
ferences may be related to the aa sequence variation, as
described below. Sequence analysis of these NS3-4A-
encoding regions revealed that the aa sequences involved
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Fig. 2 NS3-4A lack the ability to cleave endogenous TRIF, but not
Cardif. a Endogenous Cardif, but not TRIF is cleaved by NS3-4As
from 1B-1 and O strains. Cell lysates were prepared and subjected to
immunoprecipitation using anti-TRIF or anti-Cardif antibody. Bound
proteins were collected from cell lysates using Protein G Sepharose
and were subjected to immunoblot analysis using anti-TRIF, anti-
Cardif, or anti-NS3 antibody. NS3, IRF3, and f-actin in the cell
lysates were detected by anti-NS3, anti-IRF3, and anti-f-actin
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antibody, respectively. b Endogenous Cardif is cleaved by the serine
protease activity of NS3-4A. The cell lysates were prepared and
subjected to immunoprecipitation and followed by immunoblot
analysis as described in a. ¢ Endogenous Cardif, but not TRIF, is
cleaved in JFH-1-infected RSc cells. The cell lysates were prepared
and subjected to immunoprecipitation followed by immunoblot
analysis as described in a
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Fig. 3 Characterization of A ws3ea . By 0
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in the catalytic triad (H-57, D-81, and S-139), substrate
recognition (L-135, F-154, A-157, and R-161), and metal
coordination (C-97, C-99, C-145, and H-149) were well
conserved among the NS3-4As (data not shown). In addi-
tion, the aa sequences (aa 626-631 in NS3, aa 1-5 in
NS4A) surrounding the cis-cleavage site and aa 1-20 in
NS4A, which is important for the stability of the NS3/4A
complex, were also well conserved. The nucleotide
sequences in the NS3-4 regions of these HCV strains
showed differences of 6.62% (1B-4 strain)-10.47% (HCC2
strain) from those of the O strain. Similarly, the aa
sequences in the NS3-4A regions of these HCV strains
showed differences of 1.90% (CH3 strain)-5.11% (HCC2

strain) from those of the O strain. The phylogenetic tree
based on the aa sequences of all NS3-4As examined is not
indicative of any disease-stage-specific clusters (Fig. 3b).

Using these NS3-4A expression vectors, we examined
the inhibitory effects of NS3-4As on dsRNA-induced
IEN-f transcription in PH5SCHS cells. As described previ-
ously [6, 28], IFN-f transcription is induced via two
pathways; one is mediated by the intracellular dsRNA
(mainly the Cardif-mediated pathway), and the other is
mediated by the extracellular dsRNA (TRIF-mediated
pathway). Therefore, two different methods were used for
the analysis, as described previously [6, 28]; one is to
examine NS3-4A’s inhibitory effects when the dsRNA
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analog, poly(I-C), was introduced into cells using a lipo-
some-mediated transfection procedure (the intracellular
dsRNA, T-pIC), the other is to examine NS3-4A’s inhibi-
tory effects when poly(I-C) was added to the culture
medium (the extracellular dsRNA, M-pIC). We observed
that IFN-B gene promoter activity was strongly suppressed
via the cleavage of Cardif by each NS3-4A when PH5CHS
cells were transfected with poly (I-C) (T-pIC) (Supple-
mentary Fig. S1 in Electronic Supplementary Material). In
contrast, IFN-f gene promoter activity was not signifi-
cantly suppressed when poly (I-C) was added to the culture
medium (M-pIC) (Fig. 4a). However, the promoter activity
in cells expressing 1B-5-derived NS3-4A appeared to be
stightly suppressed (Fig. 4a). Therefore, we next deter-
mined the levels of IFN-f mRNA by quantitative RT-PCR.
The results revealed that IFN-f mRNA expression was not
suppressed in cells expressing 1B-5-derived NS3-4A
(Fig. 4b). We further showed that none of the NS3-4As
examined cleaved the exogenously expressed TRIF
(Fig. 4c). In addition, we showed that 1B-5, CH1, HCC1,
or HCC2-derived NS3 interacted with endogenous TRIF,
as was also observed with 1B-1-, O-, and JFH-1-derived
NS3 (Figs. 2a, ¢, 4d). These results suggest that the sup-
pressive effects of NS3-4As on dsRNA-induced IFN-8
transcription and the interaction of NS3 with TRIF were
not dependent on the HCV strain and genotype or associ-
ated with the stage or progression of hepatic disease.

Extracellular dsRNA-induced inflammatory cytokine
production via the NF-«B signaling pathway was also
not suppressed by NS3-4A

It was already known that TLR3-mediated IRF-3 and NF-
kB activation pathways bifurcate at TRIF, and that TLR3
recruits TRAF6 via TRIF through the TRAF6-binding site
of TRIF, resulting in NF-xB activation [17, 34]. Since we
demonstrated that NS3 interacts with TRIF (Fig. 2a, c), we
expected that NS3-4A might interfere with the recruitment
of TRAF6 by TRIF (Fig. 3a). To examine this possibility,
we considered whether or not NS3-4A affects M-pIC-
induced NF-kB activation in PH5CHS cells. Initially, we
demonstrated that NF-xB-inducing promoter activity was
also enhanced with M-pIC treatment and that this
enhancement was mediated by TLR3 and TRIF, as pro-
moter activity was found to be substantially suppressed by
TLR3 or TRIF siRNA (Fig. 5b). The results revealed that
none of the NS3-4As examined significantly suppressed
M-pIC-induced NF-xB activation (Fig. 6a). However, the
enhancement of promoter activity in cells expressing
CH1-derived NS3-4A was slightly lower than that in cells
expressing other strain-derived NS3-4As (Fig. 6a). There-
fore, we performed quantitative RT-PCR analysis to
examine the levels of IL-6 and IL-8 mRNAs, both of which
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Fig. 4 None of the NS3-4As derived from patients with different »

hepatic disease diagnoses prevented M-pIC-induced IFN-f transcrip-
tion via the TRIF-mediated pathway. a Effects of 15 NS3-4As on the
activity of the IFN-f gene promoter. PHSCHS8 cells transiently
expressing NS3-4As from various HCV strains were subjected to
M-pIC treatment. PHSCHS cells transfected with pCXdbsr vector
were used as a control (strain, -). The dual luciferase assay was
performed as described in Materials and Methods. Data are expressed
as the mean = SD from three independent experiments, each of
which was performed in triplicate. b Effect of NS3-4As on IFN-f
mRNA induction by M-pIC treatment. PHSCH8 cells transiently
expressing NS3-4As from several HCV strains containing 1B-5 were
subjected to M-pIC treatment. PHSCHS cells infected with pCX4bsr
retrovirus were used as a control (strain, ). Quantitative RT-PCR for
IFN-f# mRNA was performed in triplicate. The IFN- mRNA level
was calculated relative to the level in control PHSCHS cells, which
was set at 100. ¢ None of the NS3-4As cleaved exogenous TRIF.
PHS5CHS cells were transfected with myc-TRIF and NS3-4A expres-
sion vectors. The production of myc-TRIF and NS3 was analyzed by
immunoblot analysis using anti-myc and anti-NS3 antibody, respec-
tively. PHSCHS cells transfected with the pCX4bsr and pCXdpur
vectors were used as a control (). S-actin was used as a control for
the amount of protein loaded per lane. d Endogenous TRIF interacts
with NS3-4As from various HCV strains but not is cleaved by NS3-
4As in PHSCHS cells. The cell lysates were prepared and subjected to
immunoprecipitation using anti-TRIF antibody, followed by immu-
noblot analysis using anti-TRIF or anti-NS3 antibody, as described in
Fig. 2a. Cardif, NS3, and f-actin in the cell lysates were detected by
anti-Cardif, anti-NS3, and anti-f-actin antibody, respectively.
PHSCHS cells infected with pCXd4bsr retrovirus were used as a
control (strain, -)

were induced by NF-kB activation. The results revealed
that neither IL-6 nor IL-8 mRNA expression was sup-
pressed in cells expressing CH1-derived NS3-4A (Fig. 6b).
These results suggest that TLR3-mediated inflammatory
cytokine production was not suppressed by NS3-4A in
PHS5CHS cells, and this phenomenon appears to be inde-
pendent of HCV strain or hepatic disease type.

Discussion

In the present study, we demonstrated that neither IFN-f
transcription nor NF-xB activation by extracellular dsRNA
was suppressed by NS3-4A, regardless of the source of the
HCYV strain (e.g., derived from five healthy HCV carriers, a
patient with acute hepatitis, seven patients with chronic
hepatitis, or two patients with hepatocellular carcinoma).
The findings of these studies using PHSCHS cells suggest
that the inhibitory activity of NS3-4A on antiviral signaling
pathways is limited to the Cardif-mediated pathway.
Although we confirmed that all of the NS3-4As exam-
ined in this study possessed protease activity that enabled
the efficient cleavage of the NS5A-NS5B substrate
expressed in PHSCHS cells (data not shown), none of the
NS3-4As were able to cleave either exogenous or endog-
enous TRIF in PH5CHS cells, although all were able to
cleave Cardif. These results suggest that both the non-
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Fig. 6 None of the NS3-4As derived from patients with different
hepatic disease diagnoses prevented M-pIC-induced NF-xB activa-
tion. a Effect of 15 NS3-4As on the activity of NF-xB-inducing
promoter. PHSCHS cells transiently expressing NS3-4As from
various HCV strains were subjected to M-pIC treatment. PHSCH8
cells transfected with pCXdbsr vector were used as a control (strain,
-). Data are expressed as the mean £ SD from three independent
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experiments, each of which was performed in triplicate. b Effect of
NS3-4As on IL-6 or IL-8 mRNA induction by M-plC treatment.
PH5CHS cells transiently expressing NS3-4A from several strains
containing CH1 were subjected to M-plIC treatment. PHSCHS cells
infected with pCX4bsr retrovirus were used as a control (strain, -).
Quantitative RT-PCR for IL-6 or 1L8 mRNA was performed as
described in Fig. 4b
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cleavage of TRIF and the cleavage of Cardif by NS3-4A
remain unaffected by the genetic diversity observed in
NS3-4As derived from 15 different HCV strains (genotype
1b) derived from patients with different stages of hepatic
disease as well as different genotypes (1b and 2a). How-
ever, other group [10, 27] previously reported that NS3-4A
(N strain of genotype 1b) was able to inhibit IFN-§ pro-
duction via the cleavage of TRIF. Although we also
observed the interaction of NS3 and TRIF in PHSCHS and
O cells as well as JFH-1-infected RSc cells, the reasons for
conflicting results regarding the cleavage of TRIF by NS3-
4A are still unclear. To clarify why TRIF is not cleaved by
NS3-4A, further analysis will be necessary.

On the other hand, there appear to be some conflicting
effects of different HCV proteins on IFN production, as we
previously found that the NS5B protein induced IFN-f
production in PH5CHS cells {9, 31] and that the combina-
tion of NS5B with the core protein synergistically enhanced
IEN-f production [9]. In that study, we showed that
enhanced IFN-f production depended on the RNA-depen-
dent RNA polymerase activity of NS5B and on aas 12 and
13 of the core protein, and we observed that NS3-4A sig-
nificantly inhibited IFN-f production through a combina-
tion of the core and NS5B proteins [9]. However, in that case
as well, IFN-f production was not completely suppressed by
NS3-4A. This may be because NS3-4A is unable to suppress
dsRNA-induced and TRIF-mediated IFN-f production,
although Cardif-mediated IFN-f production has been shown
to be completely suppressed under the same experimental
conditions. To clarify the mechanisms underlying the con-
flicting effects of HCV proteins on IFN-$ production
mechanisms, an HCV proliferation system using PHSCH8
cells is still needed. However, a HuH-7-cell-based HCV
proliferation system [42] would be unsuitable for such
purposes due to the functional loss of TLR3 and/or the RIG-I
signaling pathway(s) [26, 35]. Studies employing a cell
system for HCV proliferation possessing functional TLR3
and/or RIG-I signaling pathways could enhance our under-
standing of the mechanisms of persistent HCV infection.
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Interleukin-27 Displays Interferon-y-Like Functions in
Human Hepatoma Cells and Hepatocytes

Herdis Bender,'* Monique Y. Wiesinger,"* Carolin Nordhoff? Caroline Schoenherr,! Claude Haan,? Stephan Ludwig,
Ralf Weiskirchen,* Nobuyuki Kato,’ Peter C. Heinrich,'¢ and Serge Haan'?

Interleukin-27 (IL-27) is a cytokine belonging to the IL-6/IL-12 cytokine family. It is
secreted by antigen-presenting cells, strongly acts on T cells, and also stimulates innate
immune cells. In most studies, the effects of IL-27 on T cells were investigated; however, not
much is known about possible effects of IL-27 on other cell types. IL-27 signals via the
common IL-6-type cytokine receptor chain gpl30 and the IL-27-specific chain WSX-1.
Given the importance of gp130 in regulating liver responses such as the acute phase response
or liver regeneration, we investigated whether IL-27 could also have a function in liver cells.
We find that IL-27 stimulates hepatoma cells and hepatocytes by inducing a sustained signal
transducer and activator of transcription (STAT)1 and STAT3 activation. Whereas the
STAT3 mediated responses to IL-27 (7y-fibrinogen and hepcidin induction) are not detect-
able, we observe an interferon-gamma (IEN-vy)-like STAT1 response leading to the induc-
tion of interferon-regulated proteins such as STAT1, STAT2, interferon response factor
(IRF)-1, IRF-9, myxovirus resistance A and guanylate binding protein 2. Conclusion: Our
study provides evidence for a function of IL-27 in hepatoma cells and hepatocytes and shows
that IL-27 responses are not restricted to the classical immune cells. Our results suggest that
IL-27 exerts IFN-like functions in liver cells and that it can contribute to the antiviral
response in these cells. (HEPATOLOGY 2009;50:585-591.)

See Editorial on Page 358

ntetleukin-27 (IL-27) is a type I cytokine predomi-
nantly secreted by activated macrophages and den-
dritic cells. It can be allocated to the IL-6/IL-12

superfamily of cytokines. As a heterodimeric cytokine

Abbreviations: FPY, fowl plague virus; GBP2, guanylate binding protein 2;
IEN, interferon; IL, interlenkin; IRF, interferon response factor; MxA, myxovirus
resistance A; RIG-1, retinoic acid-inducible gene-I; STAT, signal transducer and
activator of transcription; TH, T helper; OSM, encostatin M.

From the ! Department of Biochemistry, University Hospital RWTH-Aachen,
Aachen, Germany; 2Life Sciences Research Unit, University of Luxembourg, Lux-
embourg, Lusembaurg, the>Institute of Molecular Virology, ZMBE, Westfaelische-
Wilbelms-University, Muenster, Germany; the *Institute of Clinical Chemisiry and
Pathobiochensistry, University Hospital RWTH-Aachen, Aachen, Germany; the
*Department of Tumor Virology, Okayama University Graduate School of Med;-
cine, Dentistry, and Pharmaceutical Sciences, Okayama, Japan; and the Institut
fiir Biochemie und Molekularbiologie, Albers-Ludwigs-Universitiz Freibusg,
Freiburg, Germany.

*These authors contributed equally to this work,

Received December 11, 2008; accepted March 16, 2009.

Supported by the Deutsche Forschungsgemeinschaft DFG (SFB542-TPB11).

Addyess reprint requests to: Serge Haan, Life Sciences Research Unis, University
of Luxembourg, 1624 Avenue de la Faiencerie, L1511 Luxembourg. E-mail:
serge.haan@uni.ly; fax: (352)-4666446433.

Copyright © 2009 by the American Association for the Study of Liver Discases.

Published online in Wiley InterScience (www.interscience.wiley.com).

DOI 10.1002/hep. 22988

Potential conflict of interest: Nothing to report.

Additional Supporting Information may be found in the online version of this
article.

composed of the two subunits p28 and Epstein-Barr vi-
rus—induced gene 3,! IL-27 is a member of the IL-12
cytokine family, also encompassing IL-12 and I1.-23. Like
these cytokines, IL-27 has profound effects on T-cells and
acts on innate immune cells.?3 Although IL-27 can have
proinflammatory effects, most data point at the dominant
role of IL-27 being immunosuppressive. Most studies
have investigated the effects of IL-27 on CD4+ T-cells,
and not much is known about possible effects of IL-27 on
other cell types. IL-27 was shown to promote T helper 1
(TH1) responses through the induction of the transcrip-
tion factors T-bet, up-regulation of IL-12R2, and inter-
feron-gamma (IFN-v) production and suppression of the
TH2 transcription factor GATA3.'% However, IL-27 is
also capable of suppressing both TH1 and TH2 responses
during infection with a variety of pathogens.>¢

IL-27 signaling occurs via a receptor complex com-
posed of the signal transducing receptor chains WSX-1
and glycoprotein (gp)130. Whereas WSX-1 is the IL-
27-specific receptor chain,” gp130 is the common re-
ceptor subunit of IL-6-type cytokines.® Thus, IL-27
also belongs to this family. [L-6—type cytokines acti-
vate target genes involved in differentation, survival,
apoptosis, and proliferation. They can exert proinflam-
matory as well as anti-inflammatory properties and are
major players in the acute phase response and the im-
mune response of the organism. IL-6 is a major medi-

585



