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Abstract

AIM: To develop a sensitive assay for screening com-
pounds against hepatitis C virus (HCV).

METHODS: The proteolytic cleavage of NS3/4A on en-
hanced yellow fluorescent protein (eYFP)-mitochondrial
antiviral signaling protein (MAVS) was examined by re-
porter enzyme secreted placental alkaline phosphatase
(SEAP), which enabled us to perform ongoing monitor-
ing of anti-HCV drugs through repeated chemilumines-
cence. Subcellular localization of eYFP-MAVS was as-
sessed by fluorescence microscopy. Cellular localization
and protein levels were examined by Western blotting.

RESULTS: HCV NS3/4A protease cleaved eYFP-MAVS

(4 9

Boishidengs  WIG | www.wjgnet.com

from mitochondria to block the activation of interferon
(IFN)-B promoter, thus resulting in downregulation of
SEAP activity. The decrease in SEAP activity was pro-
portional to the dose of active NS3/4A protease. Also
this reporter assay was used to detect anti-HCV activ-
ity of IFN-a and cyclosporine A.

CONCLUSION: Our data show that this reporter sys-
tem is a sensitive and quantitative reporter of anti-HCV
inhibitors. This system will constitute a new tool to al-
low the efficient screening of HCV inhibitors.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

Hepatitis C virus (HCV) infection represents a major
public health threat because of the chronic nature of the
infection, its high prevalence and the significant morbid-
ity of the resultant disease' . There is no vaccine, and
drug treatment is costly and has poor efficacy™”. New
treatment regimens that are more efficacious and better
tolerated by all patients are needed. Many new antiviral
compounds have been synthesized; several of which have
shown promising results in early clinical trials”, However,
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development of new drugs is hampered by the lack of
appropriate model systems. Therefore, there is an obvious
and urgent need to develop a more effective and sensitive
assay to facilitate the search for improved antivirals.

HCV is an enveloped virus that contains a single-
stranded, positive-sense RNA genome of approximate
9.6 kb. The HCV genome encodes a large open reading
frame that is flanked by structured 5’ and 3’ non-translat-
ed regions. There are at least 10 mature proteins that are
contained in the polyprotein in the order: NHz-core/E1/
E2/p7/NS2/NS3/NS4A/NS4B/NS5A/NS5B-COOH,
which is post-translationally processed. Processing of the
nonstructural part of the polyprotein is mediated by the
nonstructural NS3/4A protease and helicase™ . Also,
NS3/4A blocks the cellular interferon (IFN) response to
double-stranded RNA by proteolytic cleavage of mito-
chondrial antiviral signaling protein (MAVS; also known as
IPS-1, VISA, and CARDIF) or of the adaptor molecule
Toll/intetleukin-1 receptor domain-containing adaptor
inducing IFN-B (TRIF)"",

The ability of NS3/4A protease to control the antivi-
ral host response to HCV facilitated our study to develop
a new assay for drug screening. Here, we extended the
utility of enhanced yellow fluorescent protein (eYFP)-
MAVS/IFN-B-secreted placental alkaline phosphatase
(SEAP) signaling pathway for anti-HCV drug discovery.
Expression of NS3/4A protease in replicon cells dis-
rupted the eYFP-MAVS/IFN-B-SEAP signaling pathway
by proteolytic cleavage of eYFP-MAVS, which resulted in
the loss of mitochondrial localization and abrogation of
the eYFP-MAVS/IFN-B-SEAP signaling pathway. The
decrease in SEAP activity was proportional to the dose of
active NS3/4A protease. This reporter assay also was used
to detect the activity of IFN-a and cyclosporine A (CsA).
Our data show that this reporter system is a sensitive and
quantitative reporter assay for anti-HCV inhibitors. This
system will constitute a new tool to allow the efficient
screening of HCV inhibitors.

MATERIALS AND METHODS

Plasmids

Plasmids eYFP-MAVS and pConl-FL were kindly provid-
ed by Martin Baril and Dr. Chatles M. Rice of Rockefeller
University, respectively. Reporter plasmid of IFN-B-SEAP
controlled by the promoter region of IFN-f (from -281
to 20) was constructed based on pTAL-SEAP (Clontech,
Mountain View, CA, USA). The NS3/4A sequence de-
rived from HCV type 1b (pCon1-FL) was cloned into pCI
Mammalian Expression Vector using EcwRI and Sa/l sites.

Cell culture and transfection

Huh-7.5 and HCV replicon cells that contained full-length
HCV sequences of genotype 1b were maintained in Dul-
becco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS; Biochrom AG, Ber-
lin, Germany) and penicillin (100 pg/mL)/streptomycin
(100 pg/mL). In 24-well plates, cells were seeded at a den-
sity of 6 X 10" cells pet well in 500 uL. DMEM/10% FBS.
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After incubation at 37°C overnight, or until cells were
approximately 70% confluent, cells were transfected with
various plasmid constructs using Lipofectamine™ 2000
reagent (Invitrogen, Catlsbad, CA, USA). As an internal
control for transfection efficiency, 0.02 pg Renilla lucif-
erase plasmid, pRL-TK (Promega, Madison, W1, USA)
was co-transfected with 1 pg of each expression vector in
each experiment.

Treatment of cells with HCV inhibitors

Huh-7.5 and HCV replicon cells were seeded in 24-well
plates at a density of 2 X 10" cells per well. After incuba-
tion at 37°C overnight, cells were treated with various
concentrations of IFN-a (Schering-Plough, Kenilworth,
NJ, USA) or CsA (Sigma, St Louis, MO, USA). Two or
three days later, cells were transfected with eYFP-MAVS
and IFN-B-SEAP with the same concentration of drugs,
and cells were incubated for one or two more days. Cell
culture was collected and SEAP activity was measured by
chemiluminescence. NS3 expression level in replicon cells
was determined by Western blotting,

SEAP activity
SEAP activity was measured using the Phospha-Light™
assay kit (Tropix, Foster City, CA, USA) according to the

manufacturer’s instructions.

Western blotting

Protein concentration was estimated by BCA™ Protein
Assay Kit from Pierce (Rockford, 1L, USA). Cell lysates
were separated by SDS-PAGE, and protein expression
was detected by Western blotting analysis using antibod-
ies. eYFP was detected using a rabbit polyclonal antibody
(Proteintech, Chicago, 1L, USA), actin was detected using
a rabbit polyclonal antibody (Sigma), NS3 was detected
using a goat polyclonal antibody (LifeSpan BioSciences,
Seattle, WA, USA), with horseradish peroxidase (HRP)-
conjugated secondary antibody followed by detection by
chemiluminescent HRP substrate (Millipore, Billerica,
MA, USA).

Statistical analysis

All results were expressed as the mean £ SD. Statistical
comparisons between two groups were made using Stu-
dent’s 7 test after analysis of variance. The level of signifi-
cance was set at o0 = 0.05.

RESULTS

Activation of the IFN-3 promoter by eYFP-MIAVS

We assessed signaling activity of eYFP-MAVS in Huh7.5
cells by co-transfection alongside IFN-B-SEAP. As ex-
pected, eYFP-MAVS induced the activation of the IFN-f
promoter. As shown in Figure 1, at 48 h post-transfection,
eYFP-MAVS gave rise to an approximately 700-fold in-
crease in SEAP activity. Subcellular localization of eYFP-
MAVS was also assessed by fluorescence microscopy,
with cells expressing eYFP-MAVS proteins. Prior to
visualization, mitochondria and nuclei were labeled with
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Figure 1 Activation of the interferon- promoter by enhanced yellow fluo-
rescent protein-mitochondrial antiviral signaling protein and subcellular
localization of enhanced yellow fluorescent protein-mitochondrial antiviral
signaling protein. A: Activation of the interferon (IFN)-B promoter by enhanced
yellow fluorescent protein (eYFP)-mitochondrial antiviral signaling protein (MAVS).
Expression vector of eYFP-MAVS was co-transfected with IFN-B-secreted pla-
cental alkaline phosphatase (SEAP) in Huh7.5 cells. pRL-TK was co-transfected
to normalize transfection efficiency. SEAP activity in cell culture was measured
at 24, 48 and 72 h post-transfection. Results are expressed as activation levels
of the promoter compared to those in cells transfected with an empty expression
vector. The error bars represent the SDs from the mean values obtained from
three independent experiments performed in duplicate; B: Fluorescence micros-
copy of Huh7.5 cells transfected with eYFP-MAVS at 48 h post-transfection. Mi-
tochondria were stained with Mitotracker deep red (red) and nuclei were labeled
with 4’,6-Diamidino-2-phenylindole (blue). Yellow labeling in the merged image
indicates co-localization of eYFP-MAVS with mitochondria.

Mitotracker deep red and 4’,6-Diamidino-2-phenylindole
(DAPI), respectively. Figure 1 shows eYFP-MAVS local-

ized to the mitochondrial membrane.

HCV NS3/4A protease disrupts eYFP-MAVS/IFN-3-SEAP
signaling pathway by proteolytic cleavage of eYFP-
MAVS in a dose-dependent manner

Our assay was used to assess HCV replication in Huh7.5
cells that stably expressed full-length HCV replicons. The
replicon cell lines were co-transfected with eYFP-MAVS
and IFN-B-SEAP, and naive Huh7.5 cells were simultane-
ously transfected to serve as a control. SEAP activity in
HCV replicon cells was approximately 20% relative to that
in the control group (P < 0.05, Figure 2A). In the presence
of HCV NS3/4A protease, eYFP-MAVS was proteolyti-
cally cleavaged as reported previously "', The proteolyti-
cally cleaved eYFP-MAVS, named AeYFP-MAVS, only
could be detected in HCV replicon cells (Figure 2C), whose
localization shifted from the mitochondrial membrane to
the cytoplasm (Figure 2B).

The sensitivity of this assay was examined by co-
transfecting eYFP-MAVS and IFN-B-SEAP with various
concentrations of pNS3/4A, or with the control empty
vector. SEAP activity was evaluated 24, 48 and 72 h post-
transfection. The expression of NS3/4A protease in trans-
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Figure 2 Hepatitis C virus NS3/4A protease activity impairs the enhanced yel-
low fluorescent protein-mitochondrial antiviral signaling protein/interferon-p-
secreted placental alkaline phosphatase signaling pathway. A: Validation of the
reporter assay system in Huh7.5 cells that contain full-length hepatitis C virus (HCV)
replicons (P < 0.05). Huh7.5 and replicon cells were co-transfected with enhanced
yellow fluorescent protein (€YFP)-mitochondrial antiviral signaling protein (MAVS)
and interferon (IFN)-B-secreted placental alkaline phosphatase (SEAP). pRL-TK
was co-transfected to normalize transfection efficiency. SEAP activity was examined
at 24, 48 and 72 h after transfection. Bars indicate SD (n = 3); B: Localization of
eYFP-MAVS. Subcellular localization of eYFP-MAVS was assessed by fluores-
cence microscopy 48 h post-transfection in Huh7.5 and replicon cells; C: Westemn
blotting analysis of eYFP-MAVS cleaved by NS3/4A protease. Lysates of Huh7.5
and replicon cells treated as above were harvested at 48 h post-transfection and
analyzed by Western blotting. Arrows indicate the positions of eYFP-MAVS and A
eYFP-MAVS, respectively; D: Huh7.5 cells were co-transfected with eYFP-MAVS,
IFN-B-SEAP and increasing amounts of expression plasmid pNS3/4A that encoded
HCV NS3/4A protease (0, 0.2, 0.5 and 1 ug). pRL-TK was co-tfransfected to normal-
ize transfection efficiency. SEAP activity in cell culture was measured at 24, 48 and
72 h post-transfection. Bars indicate SD (n = 3).
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Figure 3 Secreted placental alkaline phosphatase reporter correlates with the anti-hepatitis C virus activity of interferon-o.. A, B: Increase of secreted pla-
cental alkaline phosphatase (SEAP) activity in enhanced yellow fluorescent protein (eYFP)-mitochondrial antiviral signaling protein (MAVS) and interferon (IFN)-B-
SEAP co-transfected Huh7.5 (P > 0.05) and replicon cells (P < 0.05) treated with IFN-c.. Before transfection, Huh7.5 and replicon cells were incubated in the absence or
presence of 20, 50, 100 and 200 IU/mL IFN-c. for 72 h. SEAP activity was measured at 48 h post-transfection in the presence of IFN-o.. The percentage increase in lucifer-

ase activity relative to the untreated controls was plotted. Bars indicate SD (n = 3).

fected cells resulted in the expected downregulation of the
eYFP-MAVS/ IFN-B-SEAP signaling pathway in a dose-
dependent manner (P < 0.05, Figure 2D). These results
indicated that this reporter system could be used for quan-
titative analysis of NS3/4A protease activity.

Feasibility of this system to reflect the activity of HCV
inhibitors

To show the feasibility of this reporter system for charac-
terizing HCV inhibitors, Huh-7.5 and HCV replicon cells
incubated with various concentrations of IFN-q, rang-
ing from 0 to 200 U/mL for 72 h were transfected with
eYFP-MAVS and IFN-B-SEAP. At 48 h, SEAP activity of
replicon cells was proportional to the extent of anti-HCV
treatment (P < 0.05, Figure 3A). Meanwhile, Western
blotting analysis of these samples revealed the amount
of NS3 protease that was encoded by the HCV replicon
was proportionally reduced by treatment with increasing
concentrations of IFN-q (Figure 3B). The increase in
SEAP activity was inversely proportional to the dose of
active NS3/4A protease. No difference was observed with
Huh-7.5 cells. These results indicate that this reporter
system could be used for quantitative analysis of HCV-
inhibitory compounds in cell culture systems.

Inhibitory effect of CsA on HCV replication and its
combination effect with IFN-c.

CsA is a well-characterized anti-HCV reagent that strongly
suppresses viral replication in cell culture™”. We evalu-
ated the inhibitory effect of CsA on HCV replication and
its combination effect with IFN-a.. Huh-7.5 and replicon
cells treated with increasing doses of CsA (Figure 4A)
for 48 h were transfected with eYFP-MAVS and IFN-
B-SEAP. At 24 h post-transfection, cells treated with 0.4
and 0.6 pg/mL CsA had significandy higher SEAP activ-
ity compared with cells treated with vehicle or 0.05 and
0.2 pg/mL CsA, whereas no difference was observed
with Huh-7.5 cells (Figure 4A). As shown in Figure 4B,
IFN-a in combination with CsA therapy enhanced its
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inhibitory effect. Cells treated with both agents had sig-
nificant enhancement in SEAP activity compared with
cells treated with a single agent. Determination of SEAP
activity revealed that 0.2 ug/ mL CsA-treated cells had a
minimal increase in SEAP activity compared to untreated
cells (Figure 4A), whereas, in combination with IFN-q,
0.2 pg/ml CsA-treated cells had a 5-6-fold increase. Cells
treated with CsA and IFN-qg, showed a > 7-fold increase
in SEAP activity.

DISCUSSION

To date, the only available therapy for chronic hepati-
tis C is IFN-q, either alone ot in combination with the
nucleoside analogue ribavirin. However, many patients are
discouraged from IFN-based treatment because of se-
vere side effects. In the past few years, much progress has
been made in the development of small-molecule-based
therapeutics for the treatment of HCV infection, such as
inhibitors of HCV enzymes, as well as nucleic-acid-based
agents that attack the viral RNA. However, the lack of
appropriate model systems for drug evaluation has ham-
pered their clinical use.

Although the replicon systems and the infectious HCV
cell culture system have served as extremely valuable tools
for in vitro study of HCV replication, and for screening
and evaluation of new antiviral drugs against HCV that
specifically target the protease activity of NS3 or the poly-
merase activity of NS5 the level of viral multiplication
is not satisfactory, because in all cases, the detection of
viral RNA and protein has to rely on reverse transctiptase-
polymerase chain reaction and antibody labeling, which
have some inherent technical problems that are difficult
to overcome. To date, many different HCV replicons have
been generated with other reporter genes such as firefly
luciferase or fluorescent proteins, which allow screening of
a high number of compounds in a fast and reproducible
way” !, However, the results from these systems should
be interpreted with care because some adaptive mutations
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Figure 4 Inhibitory effect of cyclosporine A on hepatitis C virus replication
and its combination effect with interferon-a.. A, B: Increase of secreted pla-
cental alkaline phosphatase (SEAP) activity in enhanced yellow fluorescent pro-
tein (€YFP)-mitochondrial antiviral signaling protein (MAVS) and interferon (IFN)-
B-SEAP co-transfected Huh7.5 (P > 0.05) and replicon (P < 0.05) cells treated
with cyclosporine A (CsA). Before transfection, Huh7.5 and replicon cells were
incubated with CsA at 0, 0.05, 0.2, 0.4 and 0.6 pg/mL for 48 h. SEAP activity
was measured at 24 h post-transfection in the presence of CsA. The percentage
increase in SEAP activity relative to the untreated controls was plotted. Bars indi-
cate SD (n = 3); C: IFN-a. in combination with CsA therapy enhanced its inhibitory
effect. Replicon cells were incubated with IFN-o. (100 1U/mL) in combination with
CsAat0, 0.2, 0.3, 0.4 and 0.5 pg/mL for 48 h, and co-transfected with eYFP-
MAVS and IFN-B-SEAP; pRL-TK was co-transfected to normalize transfection
efficiency. SEAP activity was measured at 24 and 48 h post-transfection in the
presence of IFN-a. and CsA. The percentage increase of SEAP activity relative to
the untreated controls was plotted. Bars indicate SD (n = 3).

that mediate efficient replication 7z vitro might result in
non-replicative replicons i vivo.
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It has been previously reported that HCV NS3/4A
protease cleaves MAVS from mitochondria to block the
activation of IFN-f3 and nuclear factor-kB and the induc-
tion of antiviral effector genes in infected cells. In the
present study, using the eYFP-MAVS/ IFN-B-SEAP sig-
naling pathway and HCV replicon model, we established a
rapid and sensitive cell-based assay system to identify regu-
lators of HCV replication. It allowed us to monitor HCV
replication both qualitatively and quantitatively, using an
easy, rapid and inexpensive system. HCV replication can
be measured by the reporter enzyme SEAP, which en-
abled us to perform ongoing monitoring of anti-HCV
drugs through repeated chemiluminescence. The cell
lysates need not be prepared in our assay, and the SEAP
protein is very stable and highly sensitive in enzymatic as-
says. SEAP activity in culture medium obtained from con-
trol cells transfected with eYFP-MAVS and IFN-B-SEAP
was approximate 700 times greater than that obtained
from replicon cells. Another reporter, eYFP-MAVS, which
was localized to the mitochondrial membrane, but in the
presence of HCV NS3/4A protease, it was proteolytically
cleaved and shifted from the mitochondrial membrane
to the cytoplasm, which can be dynamically monitored
by fluorescence microscopy. Time- and dose-dependent
studies have revealed that a decrease of SEAP activity and
cleavage of ¢YFP-MAVS occur under conditions in which
NS3/4A is active. Valuation of this reporter assay was
verified through detecting the activity of IFN-¢ and CsA,
which have been reported to be capable of modulating
HCV replication. Although not investigated here, we be-
lieve that this reporter system could be of significant ben-
efit in studies of HCV infection. This system will enable
development or enhancement of therapeutic protocols by
providing a platform to investigate dosing, scheduling, or
the efficacy of combination therapies.

COMMENTS

Background

Advances in hepatitis C virus (HCV) replicon and infectious cell models provide
systems for screening compounds against HCV. However, methods for detec-
tion of HCV protein or RNA require fixation or cell lysis, such as immunofluo-
rescence, Western blotting and quantitative reverse transcriptase-polymerase
chain reaction, and are insensitive or complex and time-consuming.

Research frontiers

Overexpression of mitochondrial antiviral signaling protein (MAVS) strongly ac-
tivates interferon (IFN)-B promoter. MAVS self-association mediates innate im-
mune signaling that can be blocked by HCV NS3/4A cleavage. Recent studies
have highlighted the mechanism by HCV escapes the innate antiviral immunity
mediated by HCV NS3/4A cleavage of MAVS. In this study, the authors devel-
oped a sensitive, simple assay for screening compounds against HCV based
on HCV NS3/4A cleavage of the MAVS/IFN-B3 signaling pathway.
Innovations and breakthroughs

Although many studies have focused on the mechanism by which HCV escapes
the innate antiviral immunity mediated by HCV NS3/4A blockage of the MAVS/
IFN-B signaling pathway, its application for HCV detection has seldom been stud-
ied. The assay reported here based on HCV NS3/4A blockage of the MAVS/IFN-3
signaling pathway converts the theoretical research into applied science. The
reporter system provides a quantitative approach for detection of HCV replication
based on measurement of secreted reporters in the medium, which is more sensi-
tive and simpler compared with the methods described in background.

Applications

The reporter system here is a simple, sensitive and quantitative assay for anti-
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HCV compounds and will provide another alternative efficient means for
screening HCV inhibitors.

Terminology

Measurement of reporter expression level regulated by IFN-B promoter is an in-
dicator for IFN-B promoter activation. Overexpression of MAVS strongly activates
IFN-B-promoter-regulated reporter expression. However, in the presence of HCV
NS3/4A, IFN-B promoter activation induced by MAVS was inhibited. By contrast,
compounds against HCV will recover IFN-B promoter activation induced by
MAVS.

Peer review

Fu et al have described concisely an HCV replicon model that is suitable to test
the efficacy of anti-HCV compounds by means of checking the activity of the
MAVS/IFN-B pathway. The materials and methods are clearly presented, although
they could be explained in more detail. Results are demonstrative and conclusive
and the English is also good, with only minor changes being necessary.
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