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Introduction

Hepatitis C virus (HCV) is an enveloped RNA virus that
belongs to the genus Hepacivirus of the family Flaviviridae. The viral
genome encodes a single polyprotein of about 3,000 amino acids,
which is cleaved by host and viral proteases to generate at least 10
viral proteins, ie., envelope 1 (E1) and E2, p7, nonstructural
protein 2 (NS2), NS3, NS4A, NS4B, NS5A and NS5B. NS3 is a
multi-functional protein with a serine protease domain located in
the N-terminal one-third and a nucleoside triphosphatase
(NTPase)/RINA helicase domain located in the C terminal two-
thirds, which are involved in the proteolytic processing of the viral
polyprotein and viral RNA replication, respectively [1,2,3].

HCV is a major cause of chronic liver disease, such as chronic
hepatitis, liver cirrhosis and hepatocellular carcinoma. It is
estimated that 180 million people are currently infected with

PLOS ONE | www.plosone.org

HCV worldwide, and. that ca. 70% of them: become chronically
infected [4,5]. The recent approval of NS3 serine protease
inhibitors for treatment of HCV genotype 1 infection was a great
progress in HCV antiviral development, and combination of a
protease inhibitor with interferon (IFN) and ribavirin has increased
sustained - virological response (SVR) in patients [6]. On the
contrary, great success has not been achieved in HCV vaccine
development; no effective HCV vaccine is available so far, either
for a prophylactic or a therapeutic purpose.

While prophylactic HCV vaccines must have capacity to induce
protective levels of neutralizing antibodies directed principally to
the viral protein E2, effective therapeutic HCV vaccines must elicit
strong cell-mediated immune responses against a wide variety of
CD4" and CD8" epitopes of the viral origin. NS3 is known to
carry a variety of CD4" and CD8" T cell epitopes to induce strong
HCV-specific T cell responses, which are correlated with viral
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clearance and resolution of acute HCV infection [7,8,9,10,11].
Also, the HCV core protein is known.to carry a variety of CD4*
and CD8* epitopes [7,8,9,12,13,14]. From the antigenic point of
view, therefore, NS3 and the core protein would be attractive
candidates to be used for therapeutic vaceines that elicit T cell-
mediated immune responses against HCV,

Another important aspect to be assessed carefully in vaccine
development is a potential risk(s) of the vaccine-derived peptides/
proteins of the viral origin, which might impair or deregulate the
normal [unctions of the host cells. For example, the HCV core
protein is known to exhibit oncogenic properties in cell culture
systems and transgenic mouse models [15,16,17]. The NS3 serine
protease cleaves the mitochondrial antiviral signaling protein
MAVS (also referred to as IPS-1, VISA and Cardif) to blockade
the RIG-I- and TLR3/TRIF-mediated signaling for the induction
of IFN-f production [3,18,19,20,21]. Also, NS3 inactivates T cell
protein tyrosine phosphatase and modulates epithelial growth
factor (EGF) signaling [22]. Morcover, the NS3 NTPase/RNA
helicase, which is principally required for HCV RNA replication
[1,2], may concomitantly dercgulate cellular RNA helicase-
mediated functions, such as DNA replication, RNA transcription,
splicing, RINA transport, ribosome biogenesis, mRNA translation,
RNA storage and decay [3,23,24,25]. These observations imply
the possible involvement of NS3 in the development of hepato-
cellular carcinoma. Therefore, a vaccine expressing the function-
ally active core protein or NS3 may be disadvantageous to the
vaccinees. To avoid those potential risks, we introduced a variety
of point mutations that abolish the serine protease and NTPase/
RNA helicase activities of NS3. We report here that a DNA
vaccine that expresses an NS3 mutant lacking both serine protease
and NTPasc/RNA helicase activities induced strong cell-mediated
immune responses in mice, with a high level of IFN-y production
and strong cytotoxic T lymphocyte (CTL) activities.

Materials and Methods

Plasmid Construction
Plasmids expressing the entire sequences of wild type NS3
(PSG5-NS3wt) and the NS3/4A complex (pSG5-NS3/4A) of the

HCV MKCla strain (genotype 1b) were derived from the

p7 NS4A
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previously reported ones, pcDNA3.1/NS3FMKCla) [26] and
peDNAS.1/MKCla/4A [27], respectively, with the Myc-His tag
deleted, and subcloned into the pSG5 vector (Stratagene, USA).
To express a polyprotein consisting of full-length NS5A and C-
terminally truncated NS5B (NS5A/5BAC) as a substrate for the
NS3 serine protease, the corresponding region of pTMI-NS5A/
5BAC [27] were subcloned into the pSG5 expression vector
(Stratagene). Plasmids for production of glutathione S-transferase
(GST) and GST-fused NS3 (GST-NS3) were also described
previously [26]. An NS3 expression plasmid in the backbone of
pEF1/Neomycin(+) (Invitrogen, NY), pEF1/Neo-NS3, was con-
structed. pIFNP-Luc, which contains firefly luciferase reporter
gene under the control of the interferon f promoter, was a kind
gift from Dr. T. Fujita (Kyoto University, Kyoto, Japan) [28].
pRL-TK (Promega), which expresses Renilla luciferase, was used
as an internal control. To express an N-terminal part of retinoic
acid-inducible gene I (N-RIG-I) [28], the corresponding genomic
region was amplified by RT-PCR from Huh-7 cellular RNA and
subcloned into an expression vector to generate pEF1A/N-RIG-I-
FLAG. pSG5-NS4A was described previously [27].

Single-point mutations were introduced by site-directed muta-
genesis into each of the catalytic triad of the NS3 serine protease
[29,30,31,32,33] to generate pNS3(H57A), pNS3(D81A) and
pNS3(S139A) that express NS3 mutants lacking the serine
protease activity (Fig. 1). Additional mutations, which have been
reported to abolish the NTPase/RNA helicasc activitics of NS3
[34,35,36], were introduced into pNS3(S139A) to generate
pNS3(S139A/K210N), pNS3(S139A/F444A), pNS3(S139A/
R461Q)) and pNS3(S139A/W501A). The primers used for the
site-directed mutagenesis are shown in Table 1. Introduction of
proper mutations were verified by DNA sequencing.

Cells and Protein Expression

The human hepatoma cell line Huh-7.5 [37] was kindly
provided by Dr. Charles M. Rice (The Rockefeller University,
New York, NY, USA). Huh-7 and Huh-7.5 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (high glucose)
supplemented with 2 mM L-glutamine, 0.1 mM non-essential
amino acids (Invitrogen), 50 IU/ml penicillin, 50 pg/ml strepto-
mycin and 10% heat-inactivated fetal calf serum (FCS; Biowest,

NS2 NS3

NS4B] NS5A NS5B

Serine-

protease  Helicase

PSG5-NS3wt 5
PSG5-NS3(H57A)
pSG5-NS3(D81A)

PSG5-NS3(S1394) 5
pSG5-NS3(S139A/K210N) &' *: *

PSG5-NSIS1I9AFA44A) 55— *1 _ *  |—
PSGS-NS3(S139AR4BIQ) 55— *1 _ * |—

R
T —

pses-Nsystmamsote) s — 1+ J—3

s—

pSG5-NS3/4A

| f—2

Figure 1. Schematic representation of the HCY genome and the NS3 region with various point mutations. The HCV genome (top) as
well as NS3wt and various NS3 mutants are shown. Asterisks indicate point mutations in the serine protease and NTPase/RNA helicase domains.

doi:10.1371/journal.pone.0098877.g001 *
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Table 1. Primers used for the introduction of HCV NS3 mutations.

NS3 mutation Position Sequence*

5’-CCTACCAGTCCTGCCTCGCTGCTGCGAGCGCGA-3'

5'-GGCGTGAGCTCGTACGCAGCACAGCCCGCGTCAT-3!

Direction

Reverse

Reverse

Reverse

Reverse

Reverse

Reverse

doi:10.1371/journal.pone.0098877.t001

France) at 37°C in a 5% CO, incubator. For ectopic protein
expression, Huh-7.5 cells were transfected with the respective
plasmids using X-tremeGENE 9 DNA Transfection Reagent
(Roche, Mannheim, Germany) and cultured for 24 to 48 h.
Protein expression was confirmed by immunoblotting and indirect

immunofluorescence analyses using specific antibodies, as de-.

scribed previously [38].

P815 mouse lymphoblast-like mastocytoma cells (H-2 cultured
in the complete DMEM were transfected with pEF1/Neo-NS3
and stable transfectants expressing,NS3 were sclected using
neomycin (G418) (Nacalai Tesque, Kyoto, Japan). The NS3-
expressing P815 cells were treated with 25 [g/ml of mitomycin C
(Sigma-Aldrich, St. Louis, MO, USA) for 30 min (P815-NS3) and
used as stimulator and target cells in a CTL assay using
splenocytes obtained from NS3-immunized BALB/c mice (H-
2%, as described below.

GST-NS3 and GST were produced in Escherichia coli BL21
strain and purified with glutathione sepharose 4B beads (GE
Healthcare, Buckinghamshire, UK). The proteins were eluted by
reduced glutathione n a buffer containing 50 mM Tris-HCl
(pH 8.0). Aflter dialysis, the cluted protein was stored at ~80°C
until being used. The concentrations of purified proteins were
determined using Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific Inc., Rockford, 1L, USA).

Indirect Immunofluorescence :

Cells seeded on glass coverslips in a 24-well plate were fixed
with 4% paraformaldehyde in phosphate-buffered saline (PBS) for
15 min at room temperature and permeabilized with 0.1% Triton
X-100 in PBS for 15 min at room temperature. After being
washed with PBS twice, the cells were consecutively incubated
with primary and secondary antibodies. The primary antibodies
used were mouse monoclonal antibodies against NS3 (4A-3, a kind
gift from Dr. L. Fuke, Research Foundation for Microbial Discases,
Osaka University, Kagawa, Japan) {27]. The secondary antibody
used was Alexa Fluor 488-conjugated goat anti-mouse IgG (H-+L)
(Molecular Probes, Eugene, OR, USA). The stained cells were
observed under an All-in-One fluorescence microscope (BZ-9000
Series, Keyence Corporation).

PLOS ONE | www.plosone.org

*The mutated residues in the primer sequences are underlined; nt, nucleotide.

Immunoblotting _

Cells were lysed with SDS sample buffer. Equal amounts of cell
lysates were separated by 10% SDS-polyacrylamide gel electro-
phoresis and transferred onto .a polyvinylidene difluoride mem-
brane (Millipore, Bedford, MA, USA), which was then incubated
with the respective primary antibodies, followed by incubation
with peroxidase-conjugated secondary antibody. The primary
antibodies used were mouse monoclonal antibodies against NS3,
NS5A and GAPDH (Chemicon International, Temecula, CA,
USA). The respective proteins were visualized using ECL
immunoblotting detection reagents (GE Healthcare).

NS3 Serine Protease Assay

Huh-7.5 cells were co-transfected with two plasmids, one
expressing NS3 and the other expressing an NS5A/NS53BAC
polyprotein as a substrate, and cultured for 24 h. The cells were
lysed and the lysates were subjected to inimunoblot analysis using
anti-NS5A monoclonal antibody. NS3 serine protease activities
were assessed by the cleavage of the NS5A/NS5BAG polyprotein
and emergence of the cleaved-off NS5A [27].

NS3 Helicase Assay

NS3 helicase activities were determined as described previously
with some modifications. [39,40]." In brief, a pair of DNA
oligonucleotides . (5'-biotin-GCTGACCCTGCTCCCAATCG-
TAATCTATAGTGTCACCTA-3' and 5'-digoxygenin-
CGATTGGGAGCAGGGTCAGC-3") were purchased (Operon
Biotechnologies K.K., Tokyo, Japan). They were mixed at a 1;1
molar ratio and annealed to generate a DNA duplex substrate in
50 mM NaCl, 2 mM HEPES, 0.1 mM EDTA and 0.01% SDS by
heating at 100°C for 5 min, followed by incubation at 65°C for
30 min and an annealing step at 22°C for 4 h. The DNA duplex
substrate (2.5 ng/well) was immobilized via the biotin molecule on
the surface of a NeutrAvidin Coated plate (Clear, 8-well strip;
Thermo Fisher Scientific Inc). A reaction mixture (90 pui)
containin 11 nM of purified GST-NS3 [26], GST-NS3(K210N)
or GST, 25 mM 4-morpholine-propanesulfonic acid (MOPS;
pH 7.0), 5 mM ATP, 2 mM DTT, 3 mM MnCl, and 100 pg/ml
of bovine serum albumin (BSA) was added to each well. Reactions -
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_ Figure 2. Analysis of NS3 expression, serine protease activity, effects on IFN-p promoter activity and RNA helicase activity. (A)
Immunofluorescence analysis of NS3wt, various NS3 mutants and NS3/4A in Huh-7.5 cells transfected with the DNA vaccine candidates using anti-
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NS3 monoclonal antibody. (B) Serine protease analysis of NS3wt, various NS3 mutants and NS3/4A. Huh-7.5 cells were transiently transfected with
each of the NS3 expression plasmids together with pNS5A/5BAC (as a substrate). Cell lysates were subjected to immunoblot analysis using anti-NS3
and anti-NS5A monoclonal antibodies to detect NS3 (top panel) and NS5A/5BAC and NS5A (middle panel), respectively. The amounts of GAPDH
(bottom panel) were measured as an internal control to verify equal amounts of sample loading. (C) Effects of NS3wt or NS3 mutants on RIG-I-
mediated IFN-B promoter activity. Huh-7 cells were transfected with a plasmid expressing NS3wt or each NS3 mutant together with pSG5-NS4A,
pEF1A/N-RIG-I-FLAG, plFN-B-luc and pRL-TK. Firefly luciferase activity was measured 48 h post transfection and normalized to Renilla luciferase
activity. Data represent mean % SEM of the data from three independent experiments. ¥, p<0.01; {, p<<0.05, compared with NS3wt. (D) RNA helicase
analysis of NS3wt and its mutant. NS3 helicase assay was performed using GST-NS3wt, GST-NS3(K210N) and GST as a negative control, as described in
the Materials and methods section. The mean activity obtained with the GST control was subtracted from those obtained with test samples. The
mean activity of GST-NS3wt was arbitrarily expressed as 100%. *, p<<0.05, compared with NS3wt.

doi:10.1371/journal.pone.0098877.g002

were carried out for 60 min at 37°C. To stop the reactiohs, the Luciferase Reporter Assay

wells were washed with 150 mM NaCl and dried at room Huh-7 cells cultured in a 24-well tssue culture plate were
temperature for 15 min. The wells were then washed with a transiently transfected with pSG5-NS3wt or each NS3 mutant
detection washing buffer (100 mM maleic acid, 150 mM NaCl (0.25 pg), together with pSG5-NS4A (0.25 ug), pIFN-B-Luc
and 0.3% Tween 20, pH 7.5), incubated with a 10% BSA- (0.2 ug), pEFIA/N-RIG-I-FLAG (0.05 ug) and pRL-TK
containing blocking solution (100 mM maleic acid and 150 mM  (0.01 pg). After 48 h, cells were harvested and a luciferase assay
NaCl, pH 7.5) for 30 min followed by incubation with 20 il of  as performed by using Dual-Luciferase Reporter Assay system
alkaline phosphatase-labeled anti-digoxygenin antibody solution (Promega). Firefly and Renilla luciferase activities were measured

(Roche Applied Science, Germany; 1:10,000 dilution in the by using 2 GloMax 96 Microplate Luminometer (Promega).
. blocking solution) for 30 min. After being washed with a detection

buffer (100 mM Tris-HCI, pH 9.5, and 100 mM NaCl), 20 pl of a
working solution -containing GSPD chemiluminescence substrate
(Roche) was added to each well and the plates were incubated for
5 min at 17°C. The wells were then drained and dried, and the
luminescence in each well was counted in a Juminescence multi-
well plate reader. Helicase activities were determined. by the
reduction of the luminescence, which reflects the release of the
digoxygenin-labeled oligonucleotides from the otherwise DNA
duplex substrate.

Mice and Immunizations

BALB/c mice (H-2% were purchased from CLEA Japan, Inc.
Mice were maintained, in specific pathogen-free conditions
according to institutional guidelines. All of the animal experiments
were carried out according to the protocol approved by the Ethics
Committee for Animal Experiments at Kobe University (Permit
Number: P121002). All surgery was performed under isoflurane
anesthesia, and efforts were made to minimize suffering. Eight- -
week-old female BALB/c mice were immunized with 200 pg of a
plasmid, 100 pig each into both quadriceps, by intramuscular

(A) IFN-y production - (B) IFN-y mRNA
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Figure 3. IFN-y production induced by NS3 DNA vaccination. (A) IFN-y production by splenocytes obtained from immunized mice. BALB/c
mice (2 mice/group) were immunized with each of the DNA vaccines expressing NS3wt, various NS3 mutants or NS3/4A. Splenocytes obtained from
the immunized mice were cultured in the presence of GST-NS3 (5 pg/ml) for 72 h. The amounts of IFN-v in culture supernatants were measured with
- ELISA. Data represent mean * SEM of the data from three independent experiments. *, p<<0.01 compared with the mock-immunized control. (B) IFN-
v mRNA expression. Splenocytes obtained from immunized mice were cultured in the presence of GST-NS3 (5 pg/ml) for 24 h. The amounts of IFN-y
mRNA were determined by real-time quantitative RT-PCR analysis and normalized to GAPDH mRNA expression levels. Data represent mean = SEM of
the data from three independent experiments. The value for splenocytes from the mock-immunized control was arbitrarily expressed as 1.0. ¥, p<
0.01; §, p<0.05, compared with the control. '
doi:10.1371/journal.pone.0098877.g003
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Figure 4. NS3-specific CTL activity induced by DNA vaccination. BALB/c mice (2 mice/group) were immunized with each of the DNA vaccines
expressing NS3wt, various NS3 mutants or NS3/4A. Splenocytes obtained from the immunized mice were stimulated in vitro for 5 days with P815-NS3
cells and GST-NS3wt (5 pg/ml). Effectors and targets (P815-NS3) were cocultured for 4 h with the ratios of 50:1, 25:1, and 12.5:1. Released LDH was
measured and the percentage of specific killing was calculated. Specific CTL activity of splenocytes obtained from NS3-immunized mice and the
mock-immunized control are shown with solid and dashed lines, respectively. Data represent mean * SEM of the data from three independent
experiments. ¥, p<0.01; 1, p<0.05, compared with the mock-immunized control. ’
doi:10.1371/journal.pone.0098877.g004 :

injection using a needle-free injector (T'win-Jector EZ II, JCR dosage according to previous studies [41,42]. The needle-free jet
Pharmaceuticals Co., Ltd.; Japan). We adopted the injection injection has been reported to enhance the immunological
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responses induced by DNA vaccines [43]. Mice were boosted with
the same plasmid (100 pg) at 4 and 6 weeks after the first injection.
Control mice were injected with the empty pSG5 vector.

Splenocytes Culture

Eight weeks after the first immunization, spleens were resected
and crushed with the use of a 22G needle. Splenocytes ivere
strained with a cell strainer (40 UM, BD Falcon, USA) and treated
for 5 min with 0.75% ammonium chloride buffer (pH 7.65) to lyse
red blood cells. The splenocytes were suspended in RPMI1640
medium  supplemented with 2 mM L-glutamine, 10% heat
inactivated FCS, 50 U/ml penicillin, 50 U/ml streptomycin and
55 mM 2-mercaptoethanol.

IFN-y Secretion Assay

Splenocytes seeded in 96-well (flat-bottom) plates at a concen-
tration of 4x10° cells per well in 200 pl complete medium were
stimulated with GST-NS3, or GST as a control, at a concentration
of 5ug/ml for 72 h. The amounts of IFN-y in the culture
supernatants were measured using an ELISA kit (Quantikine
Mouse IFN-y, R&D System, Minneapolis, MN, USA) according
to the manufacturer’s instructions.

Real-time Quantitative RT-PCR

Total RNA was extracted from GST-NS3-stimulated mouse
splenocytes using a ReliaPrep RNA cell miniprep system
(Promega) according to the manufacturer’s instructions. One g
of total RNA was reverse transcribed using a GoScript Reverse
Transcription system (Promega) with random primers and was
subjected to quantitative real-time PCR analysis using SYBR
Premix Ex Taq (TaKaRa Bio Inc., Kyoto, Japan) in a MicroAmp
96-well reaction plate and an Applied Biosystems 7500 fast Real-
time PCR system (Applied Biosystems, Foster City, CA, USA).
The primers used to amplify IFN-y mRNA were 5-
CCTGCGGCCTAGCTCTGA-3" (sense) and 5'-CAGCCA-
GAAACAGCCATGAG-3' (antisense). As an internal control,
murine glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA  levels were measured wusing primers 5'-
CATCGCCTTCCGTGTTCCTA-3' (sense) and 5'-
GCGGCACGTCAGATCCA-3' (antisense).

CTL Assay

Splenocytes obtained from NS3-immunized mice were cultured
for 5 days with P815-NS3 cells and 5 pg/ml of GST-NS3 to
generate effector cells. The effector splenocytes and target P815-
NS3 cells (1x10* cells) were cocultured in 96-well plates (round-
bottom) for 4 h at 37°C in 5% CO, with ratios of 50:1, 25:1, and
12.5:1. Specific CTL activity was measured using a Lactate

Dehydrogenase (LDH) Cytotoxicity Assay Kit (CytoTox 96 Non-

Radioactive Cytotoxicity Assay; Promega). Released LDH was
measured according to the manufacturer’s protocol. The percent-
age of specific killing was calculated by the following formula: %
specific killing = (experimental release — effector spontaneous
release — target spontancous release)/(target maximum release —
target spontaneous release) x100.

Statistical Analysis

Student’s t-test was used to compare the data between. two
different groups. For multiple comparisons, a one-way analysis of
variance (ANOVA) was used. A p-value of <0.05 was considered
to be statistically significant.

PLOS ONE | www.plosone.org
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Results

Characterization of Wild Type NS3 (NS3wt) and NS3
Mutants Expressed by DNA Vaccines

We constructed plasmids expressing NS3 mutants lacking the
serine protease and the NTPase/RINA helicase activities to avoid
potential risks posed by those enzymes (Fig. 1). The NS3 mutants
were expressed efficiently in Huh-7.5 cells, as demonstrated by
immunofluorescence (Fig. 2A) and immunoblotting assays (Fig. 2B,
top panel). Importandy, all the NS3 mutants, either protease-
deficient single-mutants or protease/helicase-deficient double-
mutants, lacked the serine protease activity, as shown by the
absence of the cleaved-off product of NS5A (Fig. 2B, middle
panel). Equal loading of the samples was verified by GAPDH
staining (Fig. 2B, bottom panel). The serine protease activity of
NS3 is also known to cleave the RIG-I-associated adaptor protein
MAVS (also known as Cardif, IPS-1 and VISA) and, therefore,
blockade the RIG-I-mediated induction of IFN-B gene expression
[44,45]. We confirmed that all the NS3 mutants lost their abilities
to blockade the RIG-I-mediated IFN- gene expression (Fig. 2C).

As for the NTPase/RNA helicase activities of NS3, it has been
well documented that introduction of either one of the K210N,
F444A, R461Q and W301A mutations severely affects the NS3
helicase activity [34,35,36]. Indeed, we confirmed that NS3
helicase activity was markedly impaired by the introduction of the
K210N mutation (Fig. 2D).

Induction of IFN-y Production by NS3-specific T cells after
Immunization with NS3 DNA Vaccines

In order to evaluate the possible efficacy of the NS3 plasmids as
DNA vaccines, BALB/c mice were injected intramuscularly with
cach of the plasmids, lollowed by booster injections at 4 and 6
weeks after the first injection. Two weeks after the last
immunization, splenocytes were obtained from the mice, stimu-
lated with GST-NS3 i vitro and the levels of IFN-y production in
the culture supernatants were measured. The results obtained
revealed that protease-deficient single-mutants, ie., NS3(H57A),
NS3(D81A) and NS3(S139A), induced high levels of IFN-y
production, which were comparable to that induced by NS3wt
and NS3/4A (Fig. 3A). Moreover, protease/helicase-deficient
double-mutants with the backbone of NS3(S1394), ie.,
NS3(S139A/K210N), NS3(S139A/F444A), NS3(S139A/R461Q)
and NS3(S139A/W501A), induced IFN-y production to the same
extent as observed with the single-mutants. Consistently, real-time
quantitative RT-PCR analysis revealed that the levels of IFN-y
mRINA expression were significantly higher in splenocytes
obtained from NS3-immunized mice than those from mock-
immunized control (Fig. 3B).

Induction of NS3-specific CTL Activities by Immunization
with NS3 DNA Vaccines

We measured CTL activities induced by the NS3 DNA
vaccines. Splenocyles obtained from the vaccinated mice two
weeks after the last immunization were stimulated with GST-NS3
and P8135-NS3 cells for 5 days and the effector splenocytes were
mixed with the target P815-NS3 cells to determine the levels of
CTL  activities.  Protease/helicase-deficient ~double-mutants,
NS3(S139A/K210N), NS3(S139A/F444A), NS3(S139A/R461Q)
and NS3(S139A/W501A), induced strong CTL activities against
the target P815-NS3 cells to the level equivalent to that induced by
NS3wt and a protease-deficient single-mutant NS3(S139A) (Fig. 4).
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Discussion

Effective therapeutic vaccines against virus infection must
induce suflicient levels of cell-mediated immune responses against
the target viral epitope(s) and also must avoid concomitant risk
factors, including potential carcinogenic propertics, The HCV
NS3 is considered to he an important target for development of
HCV therapeutic vaccines because NS3-specific CD4" and CD8”
T cell responses correlate well with resolution of the infection
[46,47,48] and have been described as an indicator for viral
clearance both in humans and chimpanzees [48,49,50]. On the
other hand, NS3 possesses serine protease and NTPase/RNA
helicase activities, which arc necessary for the viral polyprotein
processing and viral RNA replication, respectively [1,2]. In
addition to the essental role in the virus life cycle, the NS3 serine
protease interferes with normal cellular functions, such as blockade
of IFN-B production [3,18,19,20] and deregulation of EGF
signaling [22]. Also, the NTPase/RNA helicase of NS3 may
interferes with cellular RNA helicases, which are involved in RNA
folding/remodeling [51], enhancement of polymerase processivity
[52], and/or genome encapsidation [53]. Importantly, perturba-
tions of cellular RNA  helicases are implicated in cancer
development [23]. In the present study, therefore, we aimed to
develop DNA vaccines that express NS3 mutants lacking both
serine proteasc and NTPase/RINA helicase activities (Fig. 1) in
order to avoid concomitant potential risks caused by the viral
enzymes.

We first introduced single-point mutations into each of the
catalytic triad of the INS3 serine protease (H57A, D8IA and
S139A) and found that all of the NS3 mutants efficiently induced
IFN-y production by splenocytes obtained from the vaccinated
mice (Fig. 3A). Since His at position 57 is located within a well-
characterized CD4"/CD8" cpitope [14,54], we decided not to
choose pNS3(FH574) as a vaccine candidate. We then introduced a
point mutation (K210N, F444A, R461Q and W501A) [34,35,36]
to pNS3(S1394) to impair NTPase/RINA helicase activities. All
the resultant DNA vaccine candidates, pNS3(S139A/K210N),
pNS3(S139A/F444A), pNS3(S139A/R461Q)) and pNS3(S139A/
W3501A), which express double-mutants lacking both serine
protease and N'TPase/RNA helicase activities, efficiently induced
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IFN-y production by splenocytes of the vaccinated mice. We also
observed that the protease-deficient single-mutant pNS3(S1394)
and all of the four protease/helicase-deficient double-mutants
induced NS3-specific CTL activities to the same extent compared
to the non-mutated pNS3wt (Fig. 4). All but H57A mutation of
NS3 examined in this study are located outside the human CD4
and CD8 epitopes reported so far, with the H57A mutation being
located at the C-terminal edge of an epitope {7,8,9,11]. Therelore,
these lindings suggest that a single mutation in the protease and
NTPase/RNA helicase domains would not interfere with immu-
nogenicity of NS3 as a whole in mice and human.

In general, DNA vaccines mediate antigen expression only
transiently in the vaccinees and, therefore, the possible side effects
caused by the NS3 enzymatic activities through DNA vaccination
would be rather marginal. However, when NS3 is expressed by
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protease/helicase-deficient  double-mwutants,  pNS3(S139A/
K210N), pNS3(S139A/F4444), pNS3(S139A/R461Q) and
pINS3(S139A/W501A), would be good candidates for safe and
eflicient therapeutic DNA vaccines against HOV infection.
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ABSTRACT

The development of complementary and/or alternative drugs for treatment of hepatitis C virus (HCV)
infection is still needed. Antiviral compounds in medicinal plants are potentially good targets to
study. Morinda citrifolia is a common plant distributed widely in Indo-Pacific region; its fruits and
leaves are food sources and are also used as a treatment in traditional medicine. In this study, using a
HCV cell culture system, it was demonstrated that a methanol extract, its n-hexane, and ethyl acetate
fractions from M. citrifolia leaves possess anti-HCV activities with 50%-inhibitory concentrations
(ICso) 0£20.6, 6.1, and 6.6 pg/mL, respectively. Bioactivity-guided purification and structural analysis -
led to isolation and identification of pheophorbide a, the major catabolite of chlorophyll a, as an anti-
HCV compound present in the extracts (ICso = 0.3 pg/mL). It was also found that pyropheophorbide
a possesses anti-HCV activity (ICsp=0.2 pg/mL). The 50%-cytotoxic concentrations (CCsy) of
pheophorbide a and pyropheophorbide a were 10.0 and 7.2 pg/mL, respectively, their selectivity
indexes being 33 and 36, respectively. On the other hand, chlorophyll a, sodium copper chlorophyllin,
and pheophytin a barely, or only marginally, exhibited anti-HCV activities. Time-of-addition analysis
revealed that pheophorbide a and pyropheophorbide a act at both entry and the post-entry steps. The

. present results suggest that pheophorbide a and its related compounds would be good candidates for
seed compounds for developing antivirals against HCV.

Key words antiviral, hepatitis C virus, pheophorbide a, pyropheophorbide a.

NS5A and NS5B. Core, El, and E2 are the structural
proteins and form the infectious virus particle together

Hepatitis C virus (HCV) belongs to the Hepacivirus
* genus within the Flaviviridae family. The viral genome, a

single-stranded, positive-sense RNA of 9.6 kb, encodes a
polyprotein precursor consisting of about 3000 amino
acid residues (1). The polyprotein is cleaved by the host
and viral proteases to generate 10 mature proteins,
namely core, envelope (E) 1, E2, a putative ion channel
p7, and nonstructural proteins NS2, NS3, NS4A, NS4B,

Correspondence

with the viral genome. The nonstructural proteins play -
essential roles in viral RNA replication. Based on a
considerable degree of sequence heterogeneity of its
genome, HCV is currently classified into seven geno-
types (1-7) and more than 70 subtypes (la, 1b, 2a, 2b,
etc.) (2). ’
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Anti-HCV activity of pheophorbide a

Hepatitis C virus is a major cause of chronic liver
diseases, such as hepatitis, cirrhosis, and hepatocellular
carcinoma, with substantial morbidity and mortality (3, 4).
The prevalence of HCV is about 2%, representing 120
million people worldwide. Current standard treatment
using pegylated interferon and ribavirin is effective in only
half the patients infected with HCV genotype 1, which is
the most resistant of all HCV genotypes to interferon-based
therapy. Therefore, development of complementary and/
or alternative drugs for treatment of HCV infection is still
needed from both clinical and economic points of view. In
this regard, antiviral substances obtained from medicinal
plants are potentially good targets to study (5-7), as has also
been reported for other viruses (8).

Morinda citrifolia belongs to the Rubiaceae family and
" is thought to have originated in Indonesia. This common

plant is distributed widely in the Indo-Pacific region. The

fruits and leaves of M. citrifolia are food sources for local
‘people and are also used as a treatment for infections and
inflammatory diseases (9) in traditional medicine.
Nowadays, the juice from the ripe fruits, traditionally
known as “noni,” is sold as a health food even in
industrialized countries. It has been reported that
methanol or ethanol extracts of M. citrifolia fruits and/
or leaves have antibacterial activities against some
bacteria, such as Staphylococcus aureus (10) and
Mpycobacterium tuberculosis (11). Using an HCV sub-
genomic replicon, anti-HCV activity has also been
reported for both methanol and ethanol extracts of
M. citrifolia fruits (12). In this study, we used an HCV
infection system in cultured cells to explore the anti-
HCV activities of methanol extracts of the fruits (ripe
and frozen), leaves, roots, and branches of M. citrifolia.
We report here that a methanol extract of M. citrifolia
leaves and its subfractions, as well as an isolated
compound, pheophorbide a, and its catabolite, pyro-
pheophorbide a, possess antiviral activities against HCV.

MATERIALS AND METHODS
Cells and viruses

Huh?7.5 cells and the plasmid pFL-J6/JFH1 to produce
the J6/JFH1 strain of HCV genotype 2a (13) were kindly
provided by Dr. C.M. Rice (Rockefeller University, New
York, NY, USA). The J6/JFH1-P47 strain of HCV was
prepared as described previously (14). Huh7.5 cells
- were cultured in Dulbecco’s modified Eagle’s medium
(Wako, Osaka, Japan) supplemented with FBS (Biowest,
Nuaillé, France), non-essential amino acids (Invitrogen,
Carlsbad, CA, USA), penicillin (100IU/mL), and
streptomycin (100 pg/mL) (Inv1trooen) at 37°C.in a
5% CO, incubator.

© 2014 The Societies and Wiley Publishing Asia Pty Ltd

Extraction of various parts of M. citrifolia
and further fractionation and purlfncatlon
of the samples

M. citrifolia fruits (ripe and frozen), leaves, roots, and
branches were collected in Okinawa Prefecture, Japan.
Methanol extracts of each of these components of
M. citrifolia were prepared and subjected to purification
procedures, as described previously (15-18). In brief, the
plant components were dried at room temperature,
pulverized according to their characteristics, and then
extracted with methanol at 50°C for 6hr. The extracts
were then filtered and the filtrates concentrated by using
an evaporator at temperatures not exceeding 40 °C. The
residues thus obtained were resuspended in water and
successively partitioned between n-hexane, ethyl acetate, -
and 1-butanol. Next, the n-hexane extracts were subjected
to recycling preparative HPLC (solvent system, 100%
methanol; column, GS-320; ID, 21.5 mm x 500 mm; flow
rate, 5.0mL/min; detection, UV 210nm) to yield five
fractions (Fr. 1-5). Fr. 5 was subjected to HPLC
separation (solvent system, 100% methanol; column,
TSK-gel GOLIGOPW [Tosoh Bioscience Diagnostics,
Tessenderlo, Belgium]; ID, 4.6 mm x 250 mm; flow rate,
1.0mL/min; detection, UV 210nm) to yield three
fractions (Fr. 5-1 to 5-3). Fr. 5-1 was rechromatographed
by ODS column chromatography (Varian Mega Bond-
Elut C18; Agilent Technologies Japan, Tokyo, Japan) with
100% methanol as an eluent to yield three fractions (Fr. 5-
1-1 to 5-1-3). Fr. 5-1-3 was subjected to HPLC (solvent
system, methanol-acetone [9:1]; column, Cosmosil
Cholester [Nacalai Tesque, Kyoto, Japan}; ID, 4.6 mm
X 450 mm; flowrate, 2 mL/min; detection, UV 400 nm) to
obtain two fractions (Fr. 5-1-3-1 and 5-1-3-2).

The "H-NMR spectra were measured with a JEOL ECA
500 spectrometer (500 MHz; Tokyo, Japan). HPLC was
performed on a JASCO LC-2000 plus system (JASCO,
Tokyo, Japan). A Merck TLC plate (Art. 5715; Merck,
Darmstadt, Germany) was used for TLC comparisons.

Chemicals

Chlorophyll a (from spinach) and sodium copper
chlorophyllin were purchased from Sigma-Aldrich (St
Louis, MO, USA) and pheophytin a from Wako Pure
Chemical Industries (Osaka, Japan). Pheophorbide a
and pyropheophorbide a were purchased from Frontier
Scientific (Logan, UT, USA).

Analysis of anti-HCV activities of plant
extracts and purified compounds

For anti-HCV activity assay, test samples were weighed
and dissolved in DMSO to obtain stock solutions, which'
were stored at -20°C until used. Huh7.5 cells were
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seeded in 24-well plates (1.9 x 10° cells/well). A fixed
amount of HCV was mixed with serial dilutions of the
plant extracts (100, 30, 10, 3, and 1pg/mLl) and
inoculated into the cells. After 2hr, the cells were
washed with medium to remove the residual virus and
further incubated in medium containing the same
concentrations of the plant extracts as those used during
virus inoculation. In order to assess the mode of action of
the samples examined, in some experiments treatment
with the plant extracts was performed only during virus
inoculation or only after virus inoculation until virus
harvest. Culture supernatants were obtained at 1 and
2 days post-infection and titrated for virus infectivity, as
described previously (19). Virus and cells treated with
medium containing 0.1% DMSO served as controls.
Percent inhibition of virus infectivity by the samples was
calculated by comparing with the controls; ICs, were
determined. ‘

Time-of-addition experiments

To determine whether anti-HCV activities of the test
samples occurred at the entry or the post-entry step,
time-of-addition experiments were performed as de-
scribed previously (6, 7). In brief: )

1 HCV was mixed with each of the compounds and
the mixture was inoculated into the cells. After virus
adsorption for 2hr, the residual virus and test sample
were removed and the cells refed with fresh medium

“without the test sample for 46hr. This experiment
examines antiviral effect during the entry step.

2 HCV was inoculated into the cells in the absence of
test samples. After virus adsorption for 2 hr, the residual
virus was removed and the cells refed with fresh medium
containing the test samples for 46 hr. This experiment
examines the antiviral effect during the post-entry step.

3 As a positive control, HCV mixed with the test
sample was inoculated into the cells. After virus
adsorption for 2hr, the residual virus and test sample
were removed and the cells refed with fresh medium
containing the test samples for 46 hr.

~ WsT-1 assay for cytotoxicity

WST-1 assay was performed as described previously with
aslight modification (19). In brief, Huh7.5 cells in 96-well
plates were treated with serial dilutions of the plant
extracts or 0.1% DMSO as a control for 48 hr. After this
treatment, 10 pL of WST-1 reagent (Roche, Mannheim,
Germany) was added to each well and the cells cultured
for 4 hr. The WST-1 reagent is absorbed by the cells and
converted to formazan by mitochondrial dehydrogenases.
The amount of formazan, which correlates with the
number of living cells, was determined by measuring the
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absorbance of each well using a microplate reader at 450
and 630 nm. Peércent cell viability compared to the control
was calculated for each dilution of the plant extracts and
CCsq were determined.

Immunoblotting

Immunoblotting analysis was performed as described
previously (6, 7, 20). In brief, cells lysed with an SDS
sample buffer were subjected to SDS-PAGE and
transferred onto polyvinylidene difluoride membranes
(Millipore, Bedford, MA, USA). The membranes were
incubated with the respective primary antibody, such as
mouse monoclonal antibodies against HCV NS3 and
GAPDH (Millipore). Horseradish peroxidase-conjugat-
ed goat anti-mouse immunoglobulin (Invitrogen) was
used to visualize the respective proteins by means of an
enhanced chemiluminescence detection system (GE
Healthcare, Buckinghamshire, UK).

Real-time quantitative RT-PCR

Real-time quantitative RT-PCR was performed as
described previously (6, 7, 20). In brief, 1 pg of total
RNA extracted from the cells using a ReliaPrep RNA cell
miniprep system (Promega, Madison, WI, USA) was
reverse transcribed using a GoScript Reverse Transcrip-
tion system (Promega) with random primers. The
resultant cDNA was subjected to real-time quantitative
PCR analysis using SYBR Premix Ex Taq (TaKaRa,
Kyoto, Japan) in a MicroAmp 96-well reaction plate and
an ABI PRISM 7500 system (Applied Biosystems, Foster
City, CA, USA). The HCV NS5A-specific primers used
were 5'-AGACGTATTGAGGTCCATGC-3' (sense)
and 5'-CCGCAGCGACGGTGCTGATAG-3' (antisense).
Human GAPDH gene expression measured by using
primers 5-GCCATCAATGACCCCTTCATT-3' (sense)

. and 5-TCTCGCTCCTGGAAGATGG-3' (antisense)

served as internal controls. .

Statistical analysis

Results are expressed as mean 3- SEM. Statistical signifi-
cance was evaluated by Student’s t-test. P < 0.05 was
considered statistically significant.

RESULTS

Anti-HCV activities of methanol extracts of
M. citrifolia fruits, leaves, roots, and
branches

Methanol extracts of the fruits (ripe and frozen), leaves,

‘roots, and branches of M. citrifolia were examined for

antiviral activities against the HCV J6/JFH1-P47 strain.
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It was found that a methanol extract of M. citrifolia leaves
at a concentration of 30 pg/mL inhibits HCV infection
by 98.3%, whereas extracts of ripe fruits, frozen fruits,
roots and branches at the same concentration inhibit
HCV infection by 23.4%, 34.0%, 59.6%, and 27.7%,
respectively. The following analyses, therefore, focus on
the extract from M. citrifolia leaves.

Anti-HCV activities of further purified
samples of M. citrifolia leaves

The methanol extract of M. citrifolia leaves was
further partitioned with different solvents, comprising
n-hexane, ethyl acetate, 1-butanol and water, and their
Icsg, CCso, and SIs (SI. CCSQ/ICSQ) determined. The ICSO
values of the partitions with n-hexane and ethyl acetate
were 6.1 and 6.6 ug/mL, respectively; both of these
showed stronger anti-HCV activities than did the
methanol extract, which had an ICs, of 20.6 pg/mL
(Table 1). The n-hexane-partitioned sample was frac-
tionated into a further five fractions by a recycling
preparative HPLC method; of these fractions, only Fr. 5
showed anti-HCV activity, the ICsy being 7.8 ug/mL
(Table 2). Fr. 5 was therefore further purified by HPLC,
ODS column chromatography and another HPLC and
Fr. 5-1-3-2 identified as the most potent and purified
fraction, having an ICsq of 4.6 pg/mL.

On TLC analysis (detection: UV irradiation 366 nm)
of Fr. 5-1-3-2, a red-fluorescent spot was detected,
suggesting that Fr. 5-1-3-2 consists almost solely of
chlorophyll a and its degraded products. The presence of
pheophorbide a, which is reportedly the major catabolite
of chlorophyll a (21, 22), was confirmed by direct
comparison with a standard sample by TLC analysis.
Structural analyses using HPLC and NMR identified the
purified compound as pheophorbide a (23).

Anti-HCV activities of pheophorbide a and
pyropheophorbide a

Pheophorbide a is a breakdown product of chlorophyll.
In its breakdown process, chlorophyll loses the Mg** ion

Table 1. Anti-HCV activity (ICso), cytotoxicity (CCsp) and selectivity
index (SI) of a methanol extract and solvent partitions obtained from
of M. citrifolia leaves

Table 2. Anti-HCV activity (ICsp), cytotoxicity (CCsg), and selectivity
index (Sl) of fractions from M. citrifolia leaves obtained by recycling
preparative HPLC and ODS column chromatography

Sample 1Cs0 (pg/ml)  CCsq (ug/ml) N|
Fr. 1 >30 >30* na
Fr.2 >30 >30% na
fr. 3 >30" =30 na
Fr. 4 >30" >30* na
Fr. 5 7.8 >30* >3.8
0ODS column chromatography

Fr. 5-1-1 ) 8.6 >30* >3.5

Fr, 5-1-2 5.2 >30F >5.8

Fr. 5-1-3 4.6 >30* >6.5
HPLC

Fr. 5-1-3-1 >30 >30 na

Fr. 5-1-3-2 4.6 >30 >6.5

"no detectable HCV inhibition at 30 wg/mL. *no detectable cytotoxicity
at 30 pg/mL; na, not applicable.

through demetallation to generate pheophytin a in
senescent leaves (21, 22). Pheophytin a is catabolized to
pheophorbide a through dephytylation. In fruits,
dephytylation of chlorophyll takes place first to generate
chlorophyllide, which is then catabolized to pheophor-
bide a through demetallation. Pheophorbide a is further
catabolized to generate pyropheophorbide a. On the
other hand, sodium copper chlorophyllin is a semi-
synthetic compound in which the Cu*" ion replaces the
Mg** ion.

Anti-HCV activities of commercially available, re-
agent-grade chlorophyll a and its-related compounds
were examined. It was found that chlorophyll a barely,
and sodium copper chlorophyllin and pheophytin a only

“weakly, exhibit anti-HCV activities (ICsq =220, 32.0,

and 54.5pg/mL, respectively). On the other hand,
pheophorbide a and pyropheophorbide a showed potent
anti-HCV activities with ICsy of 0.3 and 0.2 pg/mL,
respectively (Table 3).

Table 3. Anti-HCV activity (ICsq), cytotoxicity (CCsg), and selectivity
index (SI) of commercially available chlorophyll a, sodium copper
chlorophyllin, pheophytin a, pheophorbide a, and pyropheophorbide a

Sample 1Csq (mg/mL) CCsp (ng/mb) S| Sample ICsq (ng/ml)  CCsp (ug/ml) N
Methanol extract . 206 >30* >1.5

n-Hexane partition 6.1 >30% >4.9 Chlorophyll a 220 >300 na
Ethyl acetate partition 6.6 ) >30% >4.5 Sodium copper chlorophyliin 32.0 158 49

n-Butanol partition 20.8 >30% >1.5 Pheophytin a 54.5 . 328 6.0

Water partition >30° >30* na Pheophorbide a 0.3 " 100 33

7 — — Pyropheoborbide a 0.2 7.2 36
no detectable HCV inhibition at 30 wg/mL. *no detectable cytotoxicity .

at 30 pg/mL; na, not applicable. na, not applicable.
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Table 4. Time-of-addition analysis of pheophorbide a and
pyropheophorbide a against HCV

Anti-HCV activity”

During virus  After virus  During & after

Compound (g/mL) inoculation inoculation virus inoculation

Pheophorbide a (1.0) 64.0 95.3 98.7
Pyropheophorbide a (0.5) 53.0 98.1 99.7

% inhibition when tested by time-of-addition analysis.

Mode-of-action of pheophorbide a and
pyropheophorbide a

'To determine whether the anti-HCV effects of pheo-
phorbide a and pyropheophorbide a are exerted during
the entry or post-entry step, time-of-addition experi-
ments were performed. It was found that, when added to
the culture only during virus adsorption followed by
virus entry, pheophorbide a (1.0 wg/mL) and pyropheo-
phorbide a (0.5 pg/mL) inhibit HCV infection by 64.0%

and 53.0%, respectively (Table 4). On the other hand, -

when added to the culture only after virus inoculation,
they inhibited HCV replication by 95.3% and 98.1%,
respectively. These results suggest that pheophorbide a
and pyropheophorbide a act during both the entry and
post-entry steps.

Inhibition of HCV RNA replication and HCV
protein synthesis by pheophorbide a and
pyropheophorbide a V

To further confirm that pheophorbide a and pyropheo-
phorbide a exert their anti-HCV activities not only
during the virus entry step but also during the post-entry
step (after the virus has entered the cells), Huh7.5 cells
were inoculated with HCV for 2 hr in the absence of the
test samples, and then treated with either one of the
compounds for 1-2 days. Real-time quantitative RT-
PCR and immunoblotting analyses demonstrated that
both pheophorbide a and pyropheophorbide a inhibit
HCV RNA replication in a dose-dependent manner
(Fig. 1a) and, consequently, inhibit HCV protein
synthesis in the cells (Fig. 1b).

DISCUSSION

1t has been reported that methanol and ethanol extracts
of M. citrifolia fruits show anti-HCV activities in a HCV
subgenomic replicon system (12). In the present study,
we found that a methanol extract of M. citrifolia leaves
inhibits HCV replication in an HCV cell culture system
more efficiently than do M. citrifolia fruits extracts (98%
vs. ca. 30% inhibition at 30 pg/mL), the ICsy of the
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Pheophorbide a

Relative HCV RNA (arbitrary units) @y

(mg/ml)0 05 1 2 4
1 dpi 2 dpi

Pyropheophorbide a

Relative HCV RNA (arbitrary units)

(g/ml)0 05 1 2 4 0 05 1 2 4

1 dpi 2 dpi
b Pyropheophorbide a
1 dpi 2 dpi
(g/ml) o0 05 1 2 4 0 05 1 2 4
HCV NS3

GAPDH

Fig. 1. Effects of pheophorbide a and pyropheophorbide a on
HCV RNA replication and protein synthesis. (a) Huh 7.5 cells were
inoculated with HCV J6/IFH1 at an MOI of 2.0. After 2 hr, the cells
were washed with medium to remove residual virus and treated with
either pheophorbide a or pyropheophorbide a (both at 0.5, 1.0, 2.0,
and 4pg/ml) or left untreated, and then subjected to real-time
quantitative RT-PCR analysis 1 and 2 dpi. The HCV RNA amounts in
the cells are normalized to degree of GAPDH mRNA expression. Data
represent means & SEMs of data from two independent experiments.
The value for the untreated control at 1 dpi is arbitrarily expressed as
1.0. *, P<0.0001. (b) Amounts of the HCV NS3 protein in the
pyropheophorbide a-treated cells described in (a) were measured by
western blot analysis using monoclonal antibody against the NS3
protein. GAPDH served as an internal control to verify equal amounts
of sample loading.

M. citrifolia leaves extract being 20.6 pg/mL (Table 1).
Subsequent bioactivity-guided purification and struc-
tural analysis demonstrated that pheophorbide a, known
to be the major catabolite of chlorophyll a (21, 22), and
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its related catabolite, pyropheophorbide a, have potent
anti-HCV activities (Table 3). A time-of-addition study
suggested that pheophorbide a and pyropheophorbide a
act during both the entry and post-entry steps (Table 4).
It should be noted that, although Fr. 5-1-3-2 purified
from the M. citrifolia leaves extract consists almost
entirely of pheophorbide a, its anti-HCV activity is much
weaker than that of reagent-grade. pheophorbide a
(Tables 2, 3). One possible explanation for this apparent
discrepancy is that a copurified small molecule(s) in the
fraction interfered with the anti-HCV activity of
pheophorbide a. Further studies are needed to clarify
this issue. L

Pheophorbide a reportedly inhibits influenza A virus
infection (24). Pheophorbide a and pyropheophorbide a
also reportedly show antiviral activities against herpes
simplex virus type 2 and influenza A virus, but not
poliovirus (25). Given that herpes simplex virus type 2
and influenza A virus are envelope viruses whereas
poliovirus is a non-envelope virus, Bouslama et al.
speculate that pheophorbide a and pyropheophorbide a
inhibit envelope viruses, targeting specific envelope
proteins and thereby interfering with viral binding to the
host cell receptors (25). On the other hand, our present
results suggest that pheophorbide a and pyropheophor-
bide a inhibit HCV infection not only during the viral
binding/entry step but also during the post-entry step
(Table 4, Fig. 1). The post-entry step can be further
divided into the following stages of the HCV lifecycle: (i)
uncoating of the viral particles and capsid; (ii) synthesis
and processing of the viral proteins and replication of the
viral genome; and (iii) assembly, intracellular transport,
and release of the viral particles (1, 26, 27). Now that we
have shown that pheophorbide a and pyropheophorbide
a inhibit HCV infection during the post-entry step,
it is important to elucidate the specific molecular

mechanism(s) in the viral lifecycle targeted by those

compounds.

Pheophorbide a and pyropheophorbide a are known to
induce photosensitivity: the resultant photo-activated
characteristics  play important anti-tumor roles in
photodynamic therapy using pheophorbide a and its

derivatives (28-30). Pheophorbide a also reportedly

induces apoptosis of cancer cells and potentiates
immunostimulating functions of macrophages (31, 32).
However, photosensitivity can cause serious adverse
effects when these agents are used to treat cancer and viral
infections. Importantly, the photosensitizing effect can be
separated from anti-tumor effect (28). It is therefore
tempting to speculate that a new derivative(s) with more
potent anti-HCV activities and less capacity to induce
photosensitivity could be synthesized from the seed
compounds of pheophorbide a and pyropheophorbide a.

© 2014 The Societies and Wiley Publishing Asia Pty Ltd

It has previously been reported that pheophytin a
shows anti-HCV activities with ICsy of 4.97 uM
(equivalent to 4.3 wg/mL) (33). Also chlorophyllin, a
semi-synthetic derivative of chlorophyll, reportedly has
antiviral activities against poliovirus and bovine herpes-
virus, with ICso of 19.8 and 8.6 jug/mL, respectively (34).
However, in our study, compared with the more potent
anti-HCV activities of pheophorbide a and pyropheo-
phorbide a, pheophytin a and sodium copper chlor-
ophyllin exhibited only marginal anti-HCV activity, the
ICsp being 54.5 and 32.0 pg/mL, respectively (Table 3).

In this study, we demonstrated anti-HCV activities of
pheophorbide a and pyropheophorbide a using the J6/
JRH1 strain of HCV genotype 2a (13, 14). Whether these
compounds inhibit replication of other HCV strains of
different genotypes is an important question to answer.
Currently, some other HCV genotypes, such as
genotypes la, 1b and 3a to 7a, are available for drug
screening tests (2, 35). Such in vitro cell culture systems
would help in determining the possible anti-HCV
activities of pheophorbide a and.pyropheophorbide a
against different genotypes of HCV.

In conclusion, we have demonstrated that a methanol
extract of M. citrifolia leaves and certain chlorophyll-
derived compounds, such as pheophorbide a and
pyropheophorbide a, possess anti-HCV activities. These
compounds would be good candidates for seed com-
pounds for developing novel antivirals against HCV.
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ABSTRACT

Development of complementary and/or alternative drugs for treatment of hepatitis C virus (HCV)
infection is still much needed from clinical and economic points of view. Antiviral substances
obtained from medicinal plants are potentially good targets to study. Glycyrrhiza uralensis and
G. glabra have been commonly used in both traditional and modern medicine. In this study, extracts
of G. uralensis roots and their components were examined for anti-HCV activity using an HCV cell
culture system. It was found that a methanol extract of G. uralensis roots and its chloroform fraction
possess anti-HCV activity with 50%-inhibitory concentrations (ICsp) of 20.0 and 8.0 png/mlL,
respectively. Through bioactivity-guided purification and structural analysis, glycycoumarin,
glycyrin, glycyrol and liquiritigenin were isolated and identified as anti-HCV compounds, their
ICs, being 8.8, 7.2, 4.6 and 16.4 pg/mL, respectively. However, glycyrrhizin, the major constituent of
G. uralensis, and its monoammonium salt, showed only marginal anti-HCV activity. It was also found
that licochalcone A and glabridin, known to be exclusive constituents of G. inflata and G. glabra,
respectively, did have anti-HCV activity, their IC5, being 2.5 and 6.2 pg/mL, respectively. Another
chalcone, isoliquiritigenin, also showed anti-HCV activity, with an ICse of 3.7 pg/mL. Time-of-
addition analysis revealed that all Glycyrrhiza-derived anti-HCV compounds tested in this study act at
the post-entry step. In conclusion, the present results suggest that glycycoumarin, glycyrin, glycyrol
and liquiritigenin isolated from G. uralensis, as well as isoliquiritigenin, licochalcone A and glabridin,
would be good candidates for seed compounds to develop antivirals against HCV.

Key words antiviral substance, coumarin, Glycyrrhiza uralensis, hepatitis C virus.

Hepatitis C virus is a member of the genus Hepacivirus

and the family Flaviviridae. Based on the heterogeneity
of the viral genome, HCV is currently classified into
seven genotypes (1-7) and more than 67 subtypes (la,
1b, 2a, 2b etc.) (1, 2). The viral genome, a single-
stranded, positive-sense RNA of 9.6 kb, encodes a
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polyprotein precursor consisting of about 3000 amino
acid residues that is cleaved by host and viral proteases to
generate 10 mature proteins, namely core, E1, E2, a
putative ion channel p7, and nonstructural proteins NS2,
NS3, NS4A, NS4B, NS5A and NS5B (3). Core, E1 and E2
are components of the infectious virus particle together
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with the viral genome; however, the nonstructural
proteins constitute the viral replication complex, where
replication of the viral genome takes place. The HCV
proteins also play essential roles in the pathological
processes associated with HCV infection, such as
carcinogenesis and glucose and lipid metabolic disor-
ders (4, 5).

Hepatitis C virus is among the major causative agents
of chronic hepatitis, hepatic circhosis and hepatocellular
carcinoma (5-7). The global prevalence of HCV is
>2.5%; thus, about 180 million people are chronically
infected with this virus worldwide. A variety of standard
treatment regimens using combinations of pegylated
interferon, ribavirin and other direct-acting agents, such
as HCV-specific inhibitors against NS3 protease and
NS5A, have been adopted with considerable success.
However, some clinically important issues remain
unsolved, such as the emergence of drug-resistant virus
and the cost of these drugs. Therefore, development of
complementary and/or alternative drugs, especially
those from medicinal plants, for treating HCV infection
is still much needed from both clinical and economic
points of view (8, 9).

Glycyrrhiza uralensis and G. glabra have been widely
used as supplementary treatments in both traditional
herbal medicine and modern medicine (10, 11). The
radix of Glycyrrhiza spp. is commonly known as “gan
cao” in Chinese and licorice in English. Bioactive
constituents of Glycyrrhiza species can be classified
into triterpenoids (such as glycyrrhizic acid), coumarins
(such as glycycoumarin, glycyrin and glycyrol), flavones
(such as liquiritin and liquiritigenin), chalcones (such as
isoliquiritigenin and licochalcone A), isoflavans (such as
glabridin), stilbenoids and other miscellaneous com-
pounds (11). Glycyrrhizic acid, also known as glycyr-
rhizin and considered the principal component of
Glycyrrhiza spp., is a glycosylated triterpenoid saponin
that consists of one molecule of glycyrrhetinic acid and
two molecules of p-glucuronic acid. Upon hydrolysis,
the aglycone, 18B-glycyrrhetinic acid (simply called
glycyrrhetinic acid), and two molecules of p-glucuronic
acid are released. Glycyrrhizin and other compounds
isolated from Glycyrrhiza species reportedly have
antiviral activity against a variety of viruses, including
HIV, herpes simplex virus, influenza virus, severe acute

respiratory syndrome coronavirus, hepatitis viruses and

enteroviruses (11-15). As for hepatitis viruses, glycyr-
rhizin has been used to treat liver diseases, including
chronic hepatitis B and C (10). Although glycyrrhizin
decreases serum alanine aminotransferase concentra-
tions in HCV-infected patients, it does not significantly
reduce amounts of HCV RNA (16, 17). It has been
reported that a glycyrrhizin-containing preparation

© 2014 The Societies and Wiley Publishing Asia Pty Ltd

reduces hepatic steatosis in transgenic mice expressing
the full-length HCV polyprotein (18). Recently, anti-
HCV activity of glycyrrhizin in vitro was reported (19,
20). However, clear evidence for it still appears to be
lacking.

In this study, we used an HCV cell culture system to
examine a methanol extract and a chloroform sub-
fraction of G. uralensis and certain isolated compounds,
as well as commercially available purified compounds,
such as glycyrrhizin and glycyrrhetinic acid, for their
anti-HCV activity. We report here that glycycoumarin,
glycyrin, glycyrol and liquiritigenin isolated from
G. uralensis showed anti-HCV activity whereas glycyr-
rhizin showed only a marginal anti-HCV activity. We
also found that some other constituents of G. uralensis or
of G. inflata and G. glabra, such as isoliquiritigenin,
licochalcone A and glabridin, showed anti-HCV activity.

MATERIALS AND METHODS
Cells and viruses

Huh7.5 cells and the plasmid pFL-J6/JFH1 (21) were
kindly provided by Dr. C. M. Rice (Rockefeller
University, New York, NY, USA). Huh7.5 cells were
cultured in Dulbecco’s modified Eagle’s medium
supplemented with FBS (Biowest, Nuaillé, France),
non-essential amino acids (Invitrogen, Carlsbad, CA,
USA), penicillin (100 TU/mL) and streptomycin (100 pg/
mL) (Invitrogen) at 37 °C in a 5% CO, incubator. A cell
culture-adapted strain of HCV genotype 2a (J6/JFH1-
P47) was prepared as described previously (22) and used
in this study at an MOI of 2.0.

Extraction, sub-fractionation and
purification of G. uralensis roots

G. uralensis roots were purchased from Tochimoto
Tenkaido (Osaka, Japan). A methanol extract of
G. uralensis roots was prepared and subjected to
purification procedures, as described previously (23-
26). In brief, G. uralensis roots were dried at room
temperature and pulverized. They were then extracted
with methanol at 50 °C for 6 hr. The extracts were filtered
and the filtrates concentrated by using an evaporator at
temperatures not exceeding 40 °C. The residues obtained
were re-suspended in water and successively partitioned
between chloroform and n-butanol. The chloroform
extract was subjected to recycling preparative HPLC
(solvent system, 100% methanol; column, GS-320 + GS-
310, 21.5mm ID x 1000 mm, flow rate; 5.0 mL/min;
detection, UV 210 nm: Condition A) to afford 10
fractions (Fr.l to Fr.10). Fr.7 was subjected to HPLC
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separation (solvent system, acetonitrile-water; column,
Imtakt Unison UK-C18C (Kyoto, Japan), 4.6mm
ID x 250 mm; flow rate, 2.0mL/min; detection, UV
254nm) to give 12 fractions (Fr.7-1 to 7-12) and
glycyrin (2.5mg; Fr.7-9). Fr.7-6 was purified by
recycling HPLC (Condition A) to afford glycycoumarin
(0.7 mg). Fr.8- to Fr.10 were combined and then re-
chromatographed by HPLC {solvent system, acetoni-
trile—water; column, Imtakt Unison UK-C18C, 4.6 mm
ID x 250 mm; flow rate, 2.0mL/min; detection, UV
254 nm) to give 15 fractions (Fr.8-1 to Fr.8-15). Fr.8-3
was subjected to recycling HPLC (Condition A) to give
liquiritigenin (1.2 mg). Fr.8-9 was purified by recycling
HPLC (Condition A) to afford glycyrol (1.1 mg). The 'H-
and ?C-NMR spectra were measured with a Jeol ECA
500 spectrometer (500 MHz; Tokyo, Japan). HPLC was
performed on a JASCOLC-2000 plus system (Tokyo

Japan). :

Chemicals

Glycyrrhizic acid (cat. no. 074-03481), glycyrrhizic acid
mono-ammonium salt #-hydrate (cat. no. 075-02171),
glycyrrhetinic acid (cat. no. 072-02181) and glabridin
(cat. no. 070-04821) were purchased from Wako Pure
Chemical Industries (Osaka, Japan). Liquiritin (cat. no.
L8045), liquiritigenin (cat. no. 78825) and licochalcone
A (cat. no. 68783) were purchased from Sigma-Aldrich
(Tokyo, Japan) and isoliquiritigenin (cat. no. 10822)
from Tokyo Chemical Industry (Tokyo, Japan). Licorice-
saponins G2 (cat. no. P2502) and H2 (cat. no. P2503),
and glycyrrhetic acid = 3-O-glucuronide (cat. no.
NHO080502) were purchased from Funakoshi (Tokyo,
Japan). Glycycoumarin, glycyrol, glycyrin and liquir-
itigenin were isolated from G. uralensis extracts in this
study, as described above.

Analysis of anti-HCV activity of plant
extracts and purified compounds

Test samples were weighed and dissolved in DMSO to
obtain stock solutions at 10 or 30 mg/mL. The stock
solutions were stored at =20 °C until used. Huh7.5 cells
were seeded in 24-well plates (1.6 X 10° cells/well). HCV
was mixed with serial dilutions of the test samples (100,
30, 10, 3 and 1 pg/mL) and inoculated into the cells.
After 2 hr, the cells were washed with medium to remove

residual virus and further incubated in medium

containing the same concentrations of the samples as
those during virus inoculation. In time-of-addition
experiments, treatment with the samples was performed
only during or after virus inoculation in order to assess
the mode of action of the samples examined. Culture
supernatants were collected 1 and 2 days post-infection
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and titrated for virus infectivity, as described below.
Virus and cells treated with medium containing 0.1%
DMSO served as controls. Percent inhibition of the virus
infectivity for each dilution of the samples was calculated
by comparison with mock-treated controls and ICs,
determined.

Virus titration

Virus samples were diluted serially 10-fold in complete
medium and inoculated onto Huh7.5 cells seeded on
glass coverslips in a 24-well plate. After virus adsorption
for 2 hr, the cells were washed with medium to remove
residual virus and cultured for 24 hr. The virus-infected
cells were stained with an indirect immunofluorescence -
method as reported previously (27). In brief, the virus-
infected cells were washed with PBS, fixed with 4%
paraformaldehyde for 15min and permeabilized with
0.1% Triton X-100 in PBS for 15min at room
temperature. After being washed three times with PBS,
the cells were incubated with HCV-infected patient’s
serum for 1hr, followed by incubation with FITC-
conjugated goat anti-human IgG (MBL, Nagoya, Japan).
The cells were counterstained with Hoechst 33342
{(Molecular Probes, Eugene, OR, USA) for 5min and
HCV-infected cells were counted under a BZ-9000
fluorescence microscope (Keyence, Osaka, Japan).

Cytotoxicity assay

The cytotoxicity of the samples was assessed by WST-1
assay as described previously with a slight modifica-
tion (27). In brief, Huh7.5 cells in 96-well plates were
treated with serial dilutions of the samples or 0.1%
DMSO as a control for 48 hr. At the end of the treatment,
10 wL of WST-1 reagent (Roche, Mannheim, Germany)
was added to each well and the cells cultured for 1hr.
The WST-1 reagent is absorbed by the cells and
converted to formazan by mitochondrial dehydrogen-
ases. The amount of formazan, which correlates with the
number of living cells, was determined by measuring the
absorbance of each well using a microplate reader at 450
and 630nm. Percent cell viability compared to the
control was calculated for each dilution of the samples
and CCsy were determined.

Iimmunoblotting

Cells were lysed with an SDS sample buffer, after which
equal amounts of protein were subjected to SDS-
polyacrylamide gel electrophoresis and transferred onto
a polyvinylidene difluoride membrane (Millipore, Bed-
ford, MA, USA), as described previously (28, 29). The
membranes were incubated with the respective primary
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