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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/SBAC (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-f3 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, pIFN-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<<0.07; 1, 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 reactions, the
wells were washed with 150 mM NaCl and dried at room
temperature for 15 min. The wells were then washed with a
detection washing buffer (100 mM maleic acid, 150 mM NaCl
and 0.3% Tween 20, pH 7.5), incubated with a 10% BSA-
containing blocking solution (100 mM malcic acid and 150 mM

Luciferase Reporter Assay

Huh-7 cells cultured in a 24-well tissue culture plate were
transiently transfected with pSG5-NS3wt or each NS3 mutant
(0.25 pg), together with pSG5-NS4A (0.25 pug), plFN-B-Luc
(0.2 pg), pEFIA/N-RIG-I-FLAG  (0.05 pg) and pRL-TK
(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 ul of
alkaline phosphatasc-labeled anti-digoxygenin antibody solution
(Roche Applied Science, Germany; 1:10,000 dilution in the

was performed by using Dual-Luciferase Reporter Assay system
(Promega). Firefly and Renilla luciferase activities were measured
by using a 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 cach well was counted in a luminescence 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-Qd) 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/ ¢ mice were immunized with 200 pg of a
plasmid, 100 pg cach into both quadriceps, by intramuscular
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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 pug/ml) for 72 h. The amounts of [FN-y 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; 1, 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 caiculated. 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; , p<0.05, compared with the mock-immunized control.

doi:10.1371/journal.pone.0098877.g004

injection using a needle-free injector (Twin-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 pig) at 4 and 6 weceks after the first injection.
Control mice were injected with the empty pSG5 vector.

Splenocytes Culture

Eight wecks after the first immunization, spleens were resected
and crushed with the usc of a 22G needle. Splenocytes were
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% hceat
inactivated FCS, 50 U/ml penicillin, 50 U/ml streptomycin and
55 mM 2-mercaptoethanol.

IFN-y Secretion Assay

Splenocytes sceded 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 5 ug/ml for 72 h. The amounts of IFN-y in the culture
supernatants werc measurcd using an ELISA kit (Quantikine
Mouse IFN-y, R&D System, Minncapolis, MN, USA) according
to the manufacturer’s instructions.

Real-time Quantitative RT-PCR

Total RNA was extracted from GST-NS3-stimulated mousc
splenocytes using a ReliaPrep RNA cell miniprep system
(Promega) according to the manufacturer’s instructions. One pg
of total RNA was reverse transcribed using a GoScript Reverse
Transcription system (Promega) with random primers and was
subjected to quantitative rcal-time PCR analysis using SYBR
Premix Ex Taq (T'aKaRa 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 uwsed 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  mcasured  using  primers  5'-
CATCGCCTTCCGTGTTCCTA-3' (sense) and 5'-
GCGGCACGTCAGATCCA-3' (antisensce).

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 cffector 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% COy 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 spontaneous release)/(target maximum release —
target spontancous release)x 100.

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.
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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 N'TPase/RNA hcelicase activities to avoid
potential risks posed by those enzymes (Fig. 1). The NS3 mutants
were expressed ciliciently in Huh-7.5 cells, as demonstrated hy
immunofluorescence (Fig. 2A) and immunoblotting assays (Fig, 2B,
top pancl). Importantly, all the NS3 mutants, either protecasc-
deficient single-mutants or protease/helicase-deficient  double-
mutants, lacked the scrine protease activity, as shown by the
absence of the cleaved-off product of NS3A (Fig. 2B, middle
panel). Equal loading of the samples was verified by GAPDH
staining (Fig. 2B, bottom pancl). 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- gene expression
[44,45]. We confirmed that all the NS3 mutants lost their abilitics
to blockade the RIG-I-mediated IFN-B gene expression (Fig. 2C).

As for the NTPasc/RNA helicase activities of NS3, it has been
well documented that introduction of cither one of the K210N,
F444A, R461Q and W501A mutations severcly aflects 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, followed 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 #n vitro and the levels of IFN-y production in
the culture supernatants were measured. The results obtained
revealed that protease-deficient single-mutants, i.c., 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). Morcover, protease/helicase-deficient
double-mutants  with the backbone of NS3(S139A), iec.,
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
mRNA  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. Splenocytes obtained from the vaccinated mice two
weeks after the last immunization were stimulated with GST-NS3
and P815-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/W5014), 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 sufficient levels of cell-mediated immune responses against
the target viral epitope(s) and also must avoid concomitant risk
factors, including potential carcinogenic properties. The HCV
NS3 is considered to be 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/RINA
helicase activities, which are necessary for the viral polyprotein
processing and viral RNA replication, respectively [1,2]. In
addition to the essential role in the virus life cycle, the NS3 serine
protease interferes with normal cellular functions, such as blockade
of IFN-f 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 protease and N'TPase/RNA 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 NS3 serine protease (H57A, D81A 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" epitope [14,54], we decided not to
choose pNS3(H57A) as a vaccine candidate. We then introduced a
point mutation (K210N, F444A, R461Q and W501A) [34,35,36]
to pNS3(S139A) to impair NTPase/RINA helicase activities. All
the resultant DNA vaccine candidates, pNS3(S139A/K210N),
pINS3(S139A/F444A), pNS3(S139A/R461Q) and pNS3(S139A/
W501A), which express double-mutants lacking both serine
protease and N'TPase/RINA helicase activities, efficiently induced
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Received in revised form 24 February 2014
Accepted 6 March 2014
Available online 21 March 2014

tion of pegylated interferon-a with ribavirin, the standard treatment for HCV infection, has been effective
in fewer than 50% of patients infected with HCV genotype 1. A strong T cell response against the non-
structural protein 3 (NS3) is important for recovery from acute HCV infection, and an early multi-specific
CD4+ helper and CD8+ cytotoxic T cell response is critical for HCV clearance. In the present study, we

gz%%irium successfully constructed a genetically modified Bifidobacterium longum (B. longum) displaying recombi-
Mucosal vaccine nant HCV-NS3 peptides containing some CD4 and CD8 epitopes located in the HCV-NS3 region as an oral
HCV vaccine against chronic HCV infection. The oral administration of this vaccine could induce NS3-specific
NS3 immune responses in mice through intestinal mucosal immunity. Our findings suggest that this novel

oral vaccine has great potential as a novel oral vaccine against chronic HCV infection.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

It is estimated that more than 170 million people are infected
with the hepatitis C virus worldwide, and these chronic carri-
ers are at risk of developing liver cirrhosis and cancer [1]. HCV
is an enveloped, plus-strand RNA virus of the family Flaviviri-
dae and is classified into six major genotypes {2]. Genotype 1b
is the most prevalent in Japan and is widespread in the United
States and Europe. This genotype also has a high rate of resistance
to interferon-based treatments. The standard treatment for HCV
infection is based on a combination of pegylated (PEG)-interferon
(IFN) and an antiviral agent, such as ribavirin (RBV), although the
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virus eradication rates do not exceed approximately 50% with HCV
genotype 1b infection, while that for genotypes 2 and 3 approach
80% [3~5]. There are new anti-HCV drugs that directly target NS3,
including the drugs boceprevir (BOC) and telaprevir (TVR), which
block the NS3/4A protease of HCV. A triple therapy with BOCor TVR,
in combination with the standard treatment, PEG-IFN« and RBV,
has increased the rate of sustained virological response (SVR) from
under 50% to about 70% in patients with HCV genotype 1 {3,681
But approximately 30% of patients do not respond to this therapy
and some suffer serious side effects such as fatigue, flu-like symp-
toms, anemia, and severe depression. Since there is no effective
vaccine against HCV at present, it is still important to develop novel
vaccine strategies to prevent HCV infection, or to increase the cure
rate of the current interferon-based combinational therapy or to
otherwise establish an interferon-free treatment regimen {4}.
HCV genome RNA is constructed by four structural protein
regions (C-E1-E2-P7) and six non-structural protein regions (NS2-
NS3-NS4A-NS4B-NS5A-NS5B). The NS3 protein, which has a serine
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protease domain in its N-terminal first third and a helicase domain
in the C-terminal second third, is essential for viral replication [ 10].
NS3-specific immune responses are higher and more frequently
observed in patients with resolving infections than in chronically
infected patients. These facts suggest that the NS3 protein might
play a key role in HCV clearance {11]. In addition, numerous CTL
epitopes have been identified in NS3 region, it could be an ideal
target for the development of a novel vaccine {12,131

Inthe present study, we focused on a vaccine development strat-
egy using genetically modified probiotic bacteria as an oral vaccine
for the treatment of HCV chronic infection. Bifidobacterium is one
of the principal probiotic bacteria and possesses many advantages
as a mucosal vaccine platform. Candela et al. demonstrated that
Bifidobacterium longum and Bifidobacterium lactis were strongly
adhesive to caco-2 cells and showed characteristics of human
intestinal cells {14]. In addition, B. longum strains induced large
amounts of IFN-y and TNF-« in vitro, suggesting that B. longum
induced high activation of Th1 cell-mediated immune responses
{151 These findings suggest that genetically modified B. longum
could be used as an antigen delivery vehicle for a vaccine against
many pathogens, including HCV. For antigen expression on the
cell surface, we used the galacto-N-bioseflacto-N-biose I-binding
protein (GLBP), the ABC transporter of B. longum, as an anchor
[16]. By inserting the antigen at the C-terminal end of GLBP, the
recombinant B. longum expressed the GLBP-antigen fusion protein
on its cell surface. Previously, we constructed a recombinant B.
longum displaying Salmonella-flagellin as an oral typhoid vaccine
and confirmed in a mouse experimental model that this oral vac-
cine could induce a flagellin-specific systemic immune-response
and could protect mice challenged with a lethal dose of Salmonella
Typhimurium [17].

In the present study, we constructed a genetically modified B.
longum displaying recombinant HCV-NS3 protein, containing CD4
and CD8 epitopes, and examined whether this novel oral vaccine
could induce an NS3-specific immune response using a mouse
experimental model.

2. Materials and methods
2.1. Strains and media

Escherichia coli DH5a was obtained from Toyobo Co., Ltd. (Tokyo,
Japan) and used as a host for routine genetic engineering. Bifidobac-
terium longum (B. longum) JCM1217 was obtained from the Japan
Collection of Microorganisms, RIKEN Bioresource Center. E. coli cells
were grown in Luria-Bertani (LB) medium at 37 °C. B. longum strains
JCM1217 and 105-A {18} were grown anaerobically in GAM broth
(Nissui, Tokyo, Japan)at 37°C.

2.2. Construction of a recombinant B. longum cell expressing the
GLBP-NS3 fusion protein

Proper folding of NS3 requires the presence of NS4A pep-
tide in trans {19] and, accordingly, the expression of an intact
NS3 protein in bacteria was considered to be difficult. In the
present study, we exploited one NS3 sub-domain (B-a--domain,
1216-1350 amino acid residues) and the preceding linker region
(1196-1215 aa) {783} as a “core structure” to express the specified
polypeptide at the cell surface of bifidobacteria (Fig. S1a). The core
region, i.e. 1196-1350 aa, contains two CD4 epitopes (1201-1220
and 1321-1340) {21! and one CD8 epitope (1291-1299) of NS3
{221, to which the other epitopes can be attached at either end.
Two variants were constructed: one consisting of 1073-1081 aa
(containing CD8 epitope) {%3}, the core region, and 1373-1380
aa (CD8 epitope) {24} in that order (Fig. S1b), and the other

consisting of 1073-1081 aa (containing CD8 epitope), the core
region, 1373-1380 aa (CD8 epitope), 1406-1415 aa (CD8 epi-
tope) [25], and 1436-1454 aa (CD8 epitope) [26,27] (Fig. S1c).
The former was designated NS3 short peptides containing two
CD4 epitopes and three CD8 epitopes, while the latter was des-
ignated NS3 long peptides containing two CD4 epitopes and five
CD8 epitopes. The genes for these polypeptides were synthesized
by GenScript (NJ, USA), by reference to the Codon Usage Database
(httpt/fwww kazusa.orjp/codon/). These synthetic variants were
fused to GLBP, and the corresponding genes were ligated with the
E. coli-B. longum shuttle vector, pJW241, as described previously
{17]. The resulting plasmids carrying GLBP-NS3 (short) and GLBP-
NS3(long)were introduced into B. longum 105-A by electroporation
[18] to generate strains 2164 and 2165, respectively. Strain 2012
with a plasmid carrying GLBP only was also constructed and used
asacontrol. Fig. S1b and c shows a schematic drawing of the antigen
surface displaying system of B. longum.

2.3. Western blotting

Western blotting was employed to determine whether the
recombinant B. longum successfully expressed the GLBP-NS3 pro-
tein. B. longum grown in GAM broth overnight was harvested by
centrifugation, washed in PBS three times, and resuspended in PBS.
An equal volume of 2x sample buffer and 10% 2-mercaptoethanol
(Wako, Tokyo, Japan) were added to the sample. The samples were
heated for 5min at 100°C just before the run. The gels were com-
posed of 12% acrylamide and 0.4% bisacrylamide containing 0.1%
(wt/vol) SDS. SDS-PAGE was carried out at 80V, 20 mA for 90 min
and the proteins were transferred onto a PYDF membrane. After
blocking with 3% BSA and 0.1% Tween 20 in PBS overnight at 4 °Cand
washing in PBS with Tween 20 (0.1%), the membrane was incubated
for 1 h at room temperature with the primary rabbit anti-HCV-NS3
antibody (Operon, Zaragoza, Spain) against the both short and long
NS3-peptides, 1:1000. After washing in PBS Tween, the membrane
was incubated with the secondary antibody, goat anti-rabbit IgG
HRP conjugated (Santa Cruz Biotechnology, Santa Cruz, CA), 1:1000
for 1h at room temperature. Antibody binding to proteins was
detected by enhanced chemiluminescence LAS 3000 mini, using
the ECL Western Blotting Analysis System (GE Healthcare Japan,
Tokyo, Japan).

2.4. Immunocytochemical study

Immunocytochemical staining was performed to examine the
surface expression of the GLBP-NS3 protein on the recombinant B.
longum. Bacterial cells were grown in GAM broth overnight, col-
lected, washed in PBS three times, and blocked with 1% BSA in
PBS for 30min at 37°C. After blocking, the cells were washed in
PBS twice and resuspended with the primary antibody (Operon,
Zaragoza, Spain) in 1% BSA PBS, 1:50. After 30 min of incubation at
37°C, they were washed in PBS twice and resuspended with the
secondary antibody (Alexa Fluor™ 594 goat anti-rabbit IgG anti-
body, Molecular Probes Inc., Eugene, OR)in 1% BSA PBS, 1:100. After
being washed in PBS twice, they were viewed under a fluorescent
microscope (KEYENCE, Osaka, Japan).

2.5. Animal experiment

2.5.1. Immunization and sampling for evaluation of immune
responses

Female BALB/C mice, 8-12 weeks of age, were purchased from
Clea Japan, Inc. (Tokyo, Japan). Forty mice were randomly assigned
to five experimental groups as follows: group 1, recombinant B.
longum 2164 displaying NS3 short peptides immunization (eight
mice); group 2, recombinant B. longum 2165 displaying NS3 long
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peptides immunization (eight mice); group 3, recombinant B.
longum 2012 expressing GLBP protein control (eight mice); group
4, parental B. longum 245 control (eight mice); group 5, PBS con-
trol (eight mice). The recombinant B. longum or parental B. longum
(5 x 107 colony-forming units/100 w! of PBS), or 100 .l of PBS, was
orally administered directly into the stomach using a feeding nee-
dle three times a week for 4 weeks (atday 1, 3,6, 8,10,13,15,17, 20,
22,24, and 27), the dose and period of immunization were deter-
mined by our previous study {171 Fecal samples were collected
on days 0, 14, and 28 and were freeze dried. The feces were vor-
texed in PBS containing 5% non-fat milk, 0.1 mg of soybean trypsin
inhibitor/ml, 2 mM phenylmethylsulphonyl fluoride, and 5 pl/mg
dry feces, and were then centrifuged at 13,000 rpm for 20 min at
4°C. We also collected blood samples from the tail vein on days
0, 14, and 28, incubated them overnight at 4°C, and centrifuged
them to obtain the serum samples. The supernatants were then
frozen until analysis. In addition, spleens were removed on day
29 for in vitro splenocyte stimulation with GST-NS3 peptide. All
aspects of the experimental design and procedure were reviewed
and approved by the institutional ethics and animal welfare com-
mittees of the Kobe University School of Medicine.

2.5.2. Enzyme-linked immunosorbent assay (ELISA) for
antibodies induction

Nunc-Immunoplate MaxiSorp F96 plates (Nalgae Nunc, Inc,
Rochester, NY, USA) were coated with GST-NS3 peptide (4 pwg/ml),
which was synthesized by the previously described method {28],
in PBS and incubated overnight at 4°C. The plates were blocked
with 1% bovine serum albumin (BSA) in PBS for 2h at room tem-
perature and washed three times with PBS Tween. The anti-sera or
extracts of feces were diluted to appropriate concentrations in PBS
and added to the plates. The plates were then incubated for 3 h and
washed. The secondary antibodies: Anti IgG Mouse Goat Poly-HRP
(1/1000) and Anti IgA Mouse Goat Poly-HRP (1/1000), were added
and incubated for 3h at room temperature. The absorbance was
measured at 450 nm in an Ultrospec Visible Plate Reader 1196 (GE
Healthcare Japan, Tokyo, Japan).

2.5.3. Invitro splenocyte stimulation with GST-NS3 peptide

The eight mice were sacrificed in each of five groups on day 29.
Their spleens were punctured with a cell scraper and then dispersed
through a 70 pm cell strainer to obtain single-cell suspensions.
After centrifugation (2000 rpm, 5 min), 5 ml of red blood cell lysis
buffer (0.83% [w/v] NH4Cl) was added to the pellet for 5 min. After
two washes in sterile PBS, the cells were resuspended in culture
medium (RPMI 1640 including 10% fetal bovine serum, penicillin
[100U/ml], streptomycin [100 wg/ml], and 5% MEM NEAA) and
counted. The cells were plated (4 x 10°/well) with a total volume of
200 pl/well into a sterile 96-well microplate and stimulated with
the GST-NS3 peptide (2 p.g/well) or the negative control (sterile
PBS). Cultures were incubated for 66 h at 37°Cin 5% CO,. Then the
cells were harvested for real-time PCR assay by centrifugation at
2000 x g for 5min, and the supernatants were collected for ELISA
and frozen at —20°C until use.

2.5.4. Expression level of cytokines mRNASs in splenocyte by
real-time PCR assay

Expression levels of cytokines, IFN-y, IL-12, and IL-4 mRNAs in
splenocytes were measured by real time RT-PCR. Total RNA was
isolated from the stimulated and non-stimulated splenocytes using
Trizol (Life Technologies Corporation, Carlsbad, CA). Real-time RT-
PCR was performed by using TaKaRa RNA PCR Kit (AMV) Ver.3.0
(Takara Bio, Ohtsu, Japan) and SYBR Green (Life Technologies Cor-
poration). The sets of primer sequences for IFN-y, IL-12, [L-4 and

B-actin were shown in Table S1. Results were normalized according
to B-actin mRNA expressions.

2.5.5. Expression level of IFN-y in splenocyte by ELISA assay

The productions of IFN-y in the supernatants of the cultiva-
tions of splenocytes stimulated and non-stimulated with GST-NS3
peptide were determined by using an ELISA Quantikine Mouse Kit
(R&D Systems, Minneapolis, MN) according to the manufacturer’s
instructions. Optical densities were measured at a wave length of

2.5.6. The frequency of CD4+ and CD8+ T cells producing IFN-y

In addition, the frequency of CD4+ and CD8+ T cells pro-
ducing IFN-y in splenocytes cultured with GST-NS3 peptide was
examined by the intracellular cytokine staining (ICCS). Twelve
mice were assigned to three experimental groups as follows:
group 1, recombinant B. longum 2164 displaying NS3 short pep-
tides immunization (four mice); group 2, recombinant B. longum
2165 displaying NS3 long peptides immunization (four mice);
group 3, recombinant B. longum 2012 expressing GLBP pro-
tein control (four mice), and they were vaccinated, and their
splenocytes were isolated and cultured as described above. ICCS
was performed by using the BD Cytofix/Cytoperm™ Plus Fixa-
tion/Permeabilization Kit (BD Biosciences, San Diego, CA) according
to the manufacturer’s instructions. In brief, 61 h after addition
of stimulants, Golgistop (0.8 wl) was added to each well and the
plates were incubated at 37°C in 5% CO, for an additional 5h.
Cells were washed twice with sterile PBS and aliquots of 1 x 108
cells were transferred to FACS tubes. Cells were incubated with
10 pg/ml Purified anti-mouse CD16/32 Antibody (BioLegend) for
20min on ice and washed. Cells were then stained with either
FITC-conjugated anti-mouse CD4 antibody (clone RM4-5; PharMin-
gen) or PE-conjugated anti-mouse CD8a antibody (clone 53-6.7;
PharMingen), at a concentration of 2 pg/ml in staining buffer (0.1%
(w/v) sodium azide, 1% heat-inactivated FCS in PBS) for 30 min
on ice in the dark. Cells were washed twice with staining buffer
and incubated with fixation/permeabilization solution (250 ul) for
20min on ice in the dark. Cells were washed twice and stained
with 5 pg/ml APC-conjugated anti-mouse IFN-y antibody (clone
XMG1.2; PharMingen) for 30 min on ice in the dark. Cells were
washed twice and resuspended in staining buffer. Staining was
assessed by FACSCalibur (BD Biosciences, San Jose, CA) and ana-
lyzed using CellQuest software.

2.6. Data analysis

‘Statistical comparisons between groups were performed using
a one-way ANOVA followed by the Tukey’s multiple comparison
test. Differences among means were considered significant when
p<0.05.

3. Results
3.1. The expression of the GLBP-NS3 fusion protein

We performed Western blotting to determine whether the
recombinant B. longum successfully expressed the GLBP-NS3 pro-
teins. As seen in Fig. S2, the whole cell lysates of both the
recombinant B. longum, 2164 and 2165, demonstrated production
of GLBP-NS3 fusion proteins with molecular masses similar to the
theoretical molecular masses of 66 kDa for strain 2164 and 69 kDa
for strain 2165. We also performed immunocytochemical staining
to confirm the cell surface display of NS3 proteins, as seen in Fig, 1,
and the fluorescences were observed in the recombinant B. longum,
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(b)

(d)

(©)]

Fig. 1. Immunocytochemical staining with anti-NS3 primary antibody of the recombinant B. longum, 2164 and 2165, and the parental B. longum. Bright-field images of the
parental B. longum (a) and the recombinant B. longum, 2164 and 2165 (b and c), and immunofluorescence images of the parental B. longum (d) and the recombinant B, longum,

2164 and 2165 (e and f).

2164 (Fig. 1e)and 2165 (Fig. if), and not in the parental B. longum
(Fig. 1d).

3.2. NS3-specific IgA in feces and IgG in sera from mice
immunized with the recombinant B. longum

We examined the production of NS3-specific secretory IgA in
murine feces to determine whether the recombinant B. longum,
2164 and 2165, could induce local humoral immune responses in
mice. We orally administered the recombinant B. longum 2164 dis-
playing NS3 short peptides (group 1), the recombinant B. longum
displaying NS3 long peptides (group 2), the recombinant B. longum
2012 expressing only GLBP protein (group 3), parental B. longum
245 (group 4), and PBS control (group 5) directly into the stom-
ach every other day for 4 weeks and measured NS3-specific IgA in
feces on days 0, 14, and 28. Group 2 showed significantly higher
levels of NS3-specific secretory IgA on day 28 as compared with

0.06 5 =&~ B.longum 2164
-0~ B. longum 2165 *
. 0051 - B longum 2012
S oos | B longum245
s = PBS
2 0.03 4
o]
O 0.02 1
0.01 4
0 : i .
Q NS )
o o &

Fig. 2. Anti-NS3 IgA antibody levels in feces following oral administration (n=8
in each group) of the recombinant B. longum 2164 displaying NS3 short peptides
(group 1), the recombinant B. longum 2165 displaying NS3 long peptides (group 2),
the recombinant B. longum 2012 expressing only GLBP protein (group 3), parental
B. longum 245 (group 4), and PBS control (group 5). Fecal samples were collected on
days 0, 14, and 28. Each data point represents the average of each group; bars, +SE.
A significantly higher level of anti-NS3 IgA antibody was observed in vaccine group
2 at day 28 (*p <0.05).

the other groups (Fig. 7). We also examined the production of NS3-
specific IgG in sera to determine the induction of systemic immune
responses with the recombinant B. longum 2164 and 2165. Signifi-
cantly higher levels of NS3-specific IgG were observed in groups
1 and 2 on days 14 and 28 as compared with the other groups
(Fig. 3).

3.3. The expressions of IFN-y, IL-12, and IL-4 mRNASs in
splenocytes isolated from the vaccinated mice

To determine if mice vaccinated with the recombinant B. longum
2164 and 2165, induced Th1 and Th2 cell-mediated response in
vivo, we isolated the splenocytes from the mice and measured the
mRNA expression levels of Th1 cytokine, IFN-y and IL-12, and Th2
cytokine, IL-4, in the splenocytes with or without the pulsation
of GST-NS3 peptide by real-time RT PCR. As in Th1 cytokines of

=& B. longum 2164

0.5 2 O~ B.longum 2165
-o- B. longum 2012 ok
04 4 - B. longum 245
) - PBS ok
=03
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2
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Fig.3. Anti-NS3 IgG antibody levelsinblood sera following oral administration(n=8
in each group) of the recombinant B. longum 2164 displaying NS3 short peptides
(group 1), the recombinant B. longum 2165 displaying NS3 long peptides (group 2),
the recombinant B. longum 2012 expressing only GLBP protein (group 3), parental
B. longum 245 (group 4), and PBS control (group 5). Blood samples were collected
on days 0, 14, and 28. Each data point represents the average of each group; bars,
+SE. A significantly higher level of anti-NS3 IgG antibody was observed in vaccine
groups 1 and 2 at days 14 and 28 (**p <0.01).
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Fig. 4. Relative mRNA levels of IFN-y (a), IL-12 (b) and IL-4 (c) in splenocytes of mice at day 29 after oral administration (n=6 in each group) of the recombinant B. longum
2164 displaying NS3 short peptides (group 1), the recombinant B. longum 2165 displaying NS3 long peptides (group 2), the recombinant B. longum 2012 expressing only GLBP
protein (group 3), parental B. longum 245 (group 4), and PBS control (group 5). The splenocytes were cultured with GST-NS3 (GST-NS3 peptide pulsing) or without GST-NS3
(no pulsing). Each data point represents the relative values of each group's average. A significant increase of IL-12 expression by NS3-pulsing compared with each level of no
pulsing was detected only in group 2 (**p<0.01) (b), which was vaccinated with the recombinant B. longum 2165 with NS3 long peptides. The significantly higher expression
of IFN-y, IL-12 and IL-4 was observed in splenocytes pulsing with GST-NS3 peptide isolated from group 2 compared with that from group 5 (*p <0.05) (a—c).
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Fig. 5. IFN-y production in splenocytes of mice at day 29 after oral administration (n=8 in each group) of the recombinant B. longum 2164 displaying NS3 short peptides
(group 1), the recombinant B. longum 2165 displaying NS3 long peptides (group 2), the recombinant B. longum 2012 expressing only GLBP protein (group 3), parental B.
longum 245 (group 4), and PBS control (group 5). The splenocytes were cultured with GST-NS3 (GST-NS3 peptide pulsing) or without GST-NS3 (no pulsing). Each data point
represents the average of each group; bars, £SE. A significant increase in IFNy by NS3-pulsing compared with each level of no pulsing was detected only in group 2 (**p <0.01),

which was vaccinated with the recombinant B. longum 2165 with NS3 long peptides.

IFN-y, and IL-12, mRNA levels of IFN-y, and IL-12 were significantly
increased in the splenocytes pulsed with the GST-NS3 in vitro iso-
lated from the group 2 mice vaccinated with the recombinant B.
longum 2165 (long NS3 peptides) compared with the splenocytes
pulsed with the GST-NS3 isolated from the PBS control mice, group
5 (Fig. 4a and b). Also in group 2 mice, the expression level of IL-12
mRNA in the splenocytes pulsed with the GST-NS3 was significantly
increased compared with that in the splenocytes without pulsation
(Fig.4b). Asin Th2 cytokine of IL-4, mRNA level of IL-4 in the spleno-
cytes pulsed with the GST-NS3 was significantly increased in group
2 compared with that in group 5 (Fig. 4c).

3.4. The production of IFN-y in splenocytes by NS3 stimulation

To determine if mice vaccinated with the recombinant B.
longum, 2164 and 2165, induced a robust Th1l cell-mediated
response in vivo, we harvested splenocytes from mice and mea-
sured their IFN-y secretion in response to the GST-NS3 peptide
using an ELISA in vitro. As seen in Fig. 5, the splenocytes from group
2 mice secreted significantly higher IFN-y following pulsation with
the GST-NS3 peptide as compared with the other groups. Addition-
ally, the splenocytes from group 1 mice secreted higher levels of
IFN-y, but the difference was not significant.

3.5. The frequency of CD4+ and CD8+ T cells producing IFN-y

We performed ICCS to investigate the frequencies of CD4+ and
CD8+ T cells producing IFN-y in splenocytes isolated from the
mice vaccinated with the recombinant B. longum, 2164 or 2165.
The representative flow cytometric dot plots of each group of the
recombinant B. longum 2164 displaying NS3 short peptides, the
recombinant B. longum 2165 displaying NS3 long peptides, and the
recombinant B. longum 2012 expressing only GLBP protein, were
shown in Fig. $a. The frequency of CD4+and CD8+ T cells producing
IEN-y in B. longum 2165 group were significantly higher than that
in B. longum 2164 and B. longum 2012 groups (p <0.001) (Fig. &b).
Also the frequency of CD4+ and CD8+ T cells producing IFN-y in B.
longum 2164 group were significantly higher than that in B. longum
2012 groups (**p <0.01, **p <0.001) (Fig. &b).

4. Discussion

The majority of vaccines in use today are delivered by injec-
tion to the intramuscular, subcutaneous, or intradermal spaces,

although this practice is painful, requires a needle and syringe, and
poses a risk of transmission of infections among patients, health
workers, and the community, especially in developing countries
{32]. The initial infection with most human pathogens occurs at the
gastrointestinal, respiratory, or genital mucosa. Theoretically, oral
vaccines could induce effective mucosal and/or systemic immu-
nity, and could be easily and safely administered without a needle
and syringe to a large number of people in a short period of
time. Despite these advantages, oral vaccines have been used rela-
tively infrequently againstinfectious diseases such as poliomyelitis,
typhoid, rotavirus, and adenovirus infections. In most cases, oral
vaccines are employed against enteric infections using attenuated
live pathogens. These facts suggest the difficulty of inducing sys-
temic immunity using oral vaccines.

We previously developed a genetically modified B. longum dis-
playing Salmonella-flagellin for use as an oral typhoid vaccine,
and demonstrated that this vaccine could induce both humoral
and cellular immunity, and protected immunized mice against a
lethal challenge of Salmonella Typhimurium {17]. In the intestinal
immune system, the vaccine using bifidobacteria platform admin-
istered orally is recognized by microfold cells (M cells) that are
responsible for antigen up-take into mucosa-associated lymphoid
tissue (MALT), such as Peyer's patches. Dendritic cells present the
antigen to lymphocytes, such as T cells and B cells, and also activate
them. Moreover, an oral vaccine can induce not only local mucosal
immunity, but also effective systemic cell-mediated immunity {33 .
Based on these benefits, we developed a genetically modified B.
longum displaying HCV-NS3 peptides for use as an oral therapeu-
tic vaccine for the treatment of chronic HCV hepatitis. Although
the NS3 protein could be an ideal antigen for a therapeutic vac-
cine to treat chronic HCV infection, it has been considered difficult
for bacteria such as bifidobacteria to express the whole intact NS3
protein. Therefore, we constructed two variants of recombinant
peptides from the NS3 protein, which can be expressed by bifi-
dobacteria and contain two CD4 epitopes and three CD8 epitopes,
or two CD4 epitopes and five CD8 epitopes, as described in Section
Z.Inthe present study, we confirmed that the two recombinant bifi-
dobacteria, 2164 (short peptides) and 2165 (long peptides), could
produce the NS3 peptides and display them on the cell surface,
using Western blotting (Fig. 52) and immunocytochemical staining
(Fg. 1)

As in the present experiments to evaluate the induction of NS3-
specific antibodies for mucosal and systemic humoral immunity,
the recombinant B. longum displaying NS3 long peptides induced
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Fig. 6. Intracellular cytokine staining of splenocytes isolated from the mice at day 29 after oral administration (n=4 in each group) of the recombinant B. longum 2164
displaying NS3 short peptides (group 1), the recombinant B. longum 2165 displaying NS3 long peptides (group 2), and the recombinant B. longum 2012 expressing only GLBP
protein (group 3). Cells were stimulated with GST-NS3 peptide for 66 h, and the frequency of IFN-y producing CD4+ or CD8+ T cells was flow detected by flow cytometry. The
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the highest levels of NS3-specific IgA antibody in stool samples and
IgG antibody in blood samples (Figs. 2 and 3). In addition, we found
that the mRNA level of IL-4, considered as Th2 cytokine, was sig-
nificantly increased in the splenocytes pulsed with the GST-NS3
peptide isolated from the mice vaccinated with the recombinant B.
longum displaying NS3 long peptides compared with that isolated
from PBS control mice (Fiz. 4c). Nevertheless, the most important
object of treatment of chronic HCV infection is the elimination
of the HCV virus from the hepatocytes of patients in order to
inhibit the advance of liver cirrhosis and hepatocarcinoma. Dur-
ing viral clearance, adaptive cellular immunity plays a central
role in eliminating the HCV virus by recognizing and injuring

antigen-expressing hepatocytes. Any therapeutic vaccine for
chronic HCV infection must induce cell-mediated immunity, espe-
cially an NS3-specific CTL response {4,341, In the present study,
we confirmed the induction of an NS3-specific Th1 response by
immunization with recombinant B. longum 2165 displaying long
NS3 peptides. We observed that the mRNA levels of [FN-y and IL-
12, considered as Th1 cytokines, were significantly increased in the
splenocytes pulsed with the GST-NS3 peptide isolated from the
mice vaccinated with the recombinant B. longum displaying NS3
long peptides compared with that isolated from PBS control mice
(Fig. 4a and b). Furthermore we observed that the secretion level
of IFN-y in splenocytes isolated from B. longum 2165-immunized
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mice was significantly increased by pulsation with the NS3 pro-
tein, and also the intracellular cytokine staining (ICCS) revealed
that after the pulsation of the splenocytes with the NS3 protein,
the frequencies of CD4+ and CD8+ T cells producing IFN-y from
B. longum 2165-immunized mice were significantly higher than
those from B. longum 2164-immunized mice (p <0.001, Fig. Ba
and b). Interestingly, the recombinant B. longum 2165 display-
ing long NS3 peptides, which is added two more CD8 epitopes to
short NS3 peptides, showed significant Th1 and Th2 responses in
the present study. These additional two CD8 epitopes may play
important role in the induction of NS3-specific adaptive immunity.
Bifidobacteria contain DNA with a high GC content and hence a
high fraction of unmethylated CpG motifs that affect the immune
system by interacting with Toll-like-receptor (TLR) 9, triggering
the production of proinflammatory cytokines and promoting the
Th-1 response [35,26]. These features of bifidobacteria could be
exploited to advantages for antigen delivery vehicle system supe-
rior to other types of vehicles such as adenovirus {37}, vaccine virus
{381, and DNA vaccine [39].

In summary, we developed recombinant bifidobacteria display-
ing NS3 peptides containing several CD4 and CD8 epitopes for use
as an oral vaccine against chronic HCV infection, and confirmed this
novel vaccine could induce both humoral and cellular immunity in
amouse experimental model. In the future, this needle/syringe-free
and cold-chain-free oral vaccine could be applied to the large num-
ber of patients with chronic HCV infection to markedly improve the
cure rate of the current interferon-based combinational therapy
and, further, may help establish interferon-free treatment regi-
mens.
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Abstract

Hepatitis C virus (HCV) is a major cause of liver disease
worldwide. HCV is able to evade host defense mecha-
nisms, including both innate and acquired immune re-
sponses, to establish persistent infection, which results
in a broad spectrum of pathogenicity, such as lipid and
glucose metabolism disorders and hepatocellular carci-
noma development. The HCV genome is characterized
by a high degree of genetic diversity, which can be as-
sociated with viral sensitivity or resistance (reflected by
different virological responses) to interferon (IFN)-based
therapy. In this regard, it is of importance to note that
polymorphisms in certain HCV genomic regions have
shown a close correlation with treatment outcome. In
particular, among the HCV proteins, the core and non-
structural proteins (NS) 5A have been extensively stud-
ied for their correlation with responses to IFN-based

Raissidmge  WJG | www.wijgnet.com

treatment. This review aims to cover updated informa-
tion on the impact of major HCV genetic factors, includ-
ing HCV genotype, mutations in amino acids 70 and
91 of the core protein and sequence heterogeneity in
the IFN sensitivity-determining region and IFN/ribavirin
resistance-determining region of NS5A, on virological
responses to IFN-based therapy.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Hepatitis C virus; Interferon; Genotype; Core
protein; Nonstructural proteins 5A; Interferon sensitiv-
ity-determining region; Interferon/ribavirin resistance-
determining region

Core tip: This review aims to cover recent updates on
the impact of major hepatitis C virus (HCV) genetic fac-
tors, including HCV genotype, mutations in amino acids
70 and 91 of the core protein and sequence heteroge-
neity in interferon (IFN) sensitivity-determining region
and IFN/ribavirin resistance-determining region of Non-
structural proteins 5A, on virological responses to IFN-
based therapy.

El-Shamy A, Hotta H. Impact of hepatitis C virus heterogeneity
on interferon sensitivity: An overview. World J Gastroenterol
2014; 20(24): 7555-7569 Available from: URL: http://www.wjg-
net.com/1007-9327/full/v20/i24/7555.htm DOTI: http://dx.doi.
org/10.3748/wjg.v20.i24.7555

INTRODUCTION

Since its discovery in 1989™%, hepatitis C virus (HCV) has
been the subject of intense research and clinical invest-
gations as its major role in human disease has emerged.
Globally, HCV is estimated to infect 180 million people,
who represent about 3% of the world’s population. HCV
is a major cause of chronic liver disease, such as chronic

June 28,2014 | Volume 20 § Issue 24 {
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hepatitis, liver cirrhosis and hepatocellular carcinoma
(HCC)PI, HCC is the third most common cause of can-
cer-related mortality worldwide!”. In particular, HCV in-
fection accounts for 30%-90% of HCC cases in Western
Europe, United States and Asia®. Although the treatment
of HCV infection is available, it is costly and requires
long-term medical support and follow-up. Moreover, cur-
rent therapies are still impractical for a substantial pro-
portion of HCV-infected patients. The development of a
protective vaccine remains a distant prospect.

HCYV is an enveloped virus with a positive-strand
RNA molecule of approximately 9600 nucleotides. HCV
lacks 2 DNA intermediate; thus, it is incapable of inte-
grating into host chromosomal DNA. Despite this, unlike
most RNA viruses, HCV is capable of establishing per-
sistent infection. This ability is central to HCV pathogen-
esis because it allows chronic infection to occur in 60%
to 90% of infected individuals, and virtually all clinically
significant HCV-related liver damage takes place during
the chronic phase of infection™".

The HCV genome encodes a single open reading
frame that encodes a large polyprotein of approximately
3000 amino acids (aa). The polyprotein is processed by
host cell peptidases and viral proteases to generate three
structural (core, E1, E2) and seven non-structural (p7,
NS2 to NS5B) proteins' . Both ends of the HCV ge-
nome contain highly conserved untranslated regions (5>-
and 3’-UTRs) that are critical for genome replication and
viral protein translation". The 5-UTR contains the
HCV internal ribosome entry site IRES), an RNA struc-
tural element that mediates ribosome binding for transla-
tion in a cap-independent manner, while the 3>-UTR is
required for HCV RNA replication™",

HCV displays a high nucleotide mutation rate that is
estimated to be 1.44 X 10” nucleotide changes per site
per year over the whole genome™"”, This mainly arises
from the error-prone nature of its RNA-dependent RNA
polymerase, which lacks 3’-to-5’ exonuclease proofread-
ing acdvity. This has resulted in diversification of HCV
into distinct genotypes and subtypes. HCV exists in the
host as quasispecies, which are a dynamic distribution
of non-identical but closely related genomesm’m. This
genetic diversity plays a vital role in HCV’s ability to es-
tablish persistent infection and to evade the various selec-
tive pressures exerted by immune responses and antiviral
therapy. Also, different HCV genotypes exhibit different
treatment responses and different pathogenicity. Con-
sequently, the impact of sequence heterogeneity within
patticular regions of the HCV genome, such as the core,
E2, NS3 and NS5A, on treatment responses has been a
subject of interest for many researchers. In this review,
we will discuss the updated information about major
HCV genetic factors, including viral genotype and se-
quence heterogeneity within certain regions of the HCV
genome, in particular the core and NS5A regions, that
influence the outcome of interferon (IFN)-based therapy.

Zeishidmge  WIG | www.wijgnet.com

HCV GENOTYPE AND SUSCEPTIBILITY

TO IFN-BASED THERAPY

HCYV exhibits genetic variability at several different levels.
Most obvious is the genetic divergence of the main geno-
types of HCV. Phylogenetic analysis of nucleotide se-
quences recovered from infected individuals in different
geographical regions has classified HCV into seven major
genotypes and series of subtypes™. HCV genotypes
differ in 30%-35% of nucleotide sites over the whole
genome, while the subtypes within a given genotype dif-
fer in 20%-25% of their nucleotide sites, with more se-
quence variability concentrated in such regions as the E1
and E2 glycoproteins, while more sequence conservation
is found in the 5- and 3-UTR, the core gene and some
of the nonstructural protein genes, such as NS3¥.

HCV genotypes differ in three major properties that
highlight the importance of genetic diversity among the
different HCV genotypes: (1) the prevalence of certain
HCV genotype is frequently associated with certain geo-
graphical ranges; for example, HCV genotype 1 is preva-

* lent in North Ametica and Japan, genotype 3 is most

common on the Indian subcontinent, genotype 4 is the
most common genotype in Africa and the Middle East,
genotype 5 can be found in South Africa and genotype 6
in Southeast Asia®; (2) the pathogenicity of HCV infec-
tion varies among the different genotypes; for example,
HCV genotype 3 infection is associated with a higher de-
gree of liver steatosis® " and genotype 1 infection asso-
ciated with a higher risk of HCC development™®; and (3) -
the response rates to IFN-based therapy vary significantly
between the different HCV genotypes®™ "

To date, IFN represents the backbone of HCV thera-
peutic options. Pegylated-IFN and ribavirin (PEG-IFN/
RBV) combination therapy is the standard of care for
the treatment of chronic hepatitis C infection of differ-
ent HCV genotypes. Recently, new direct-acting antivirals
(DAAs) have been introduced to the treatment of HCV
genotype 1 infection®™%. HCV genotype is an important
determinant of both treatment strategy and outcome.
HCV genotype 1 and genotype 4 infections need lon-
ger (48 wk) treatment period than genotypes 2 and 3
(24 wk); HCV genotypes 1 and 4 are less responsive to
PEG-IFN/RBV treatment, with a sustained virological
response (SVR) rate hovering around 50%P%74 wwhile
the SVR rate in HCV genotype 2 and genotype 3 infec-
tions approaches 80%*". These differences in the SVR
rates observed among different HCV genotypes (Figure
1) have suggested that viral genome variability could play
a role in determining treatment outcome. However, it is
still unclear which genetic element(s) within the HCV ge-
nome accounts for the difference in treatment response
rates among different HCV genotypes. Interestingly, a
series of detailed phylogenetic analyses have shown that
there is a significant correlation between the relative
evolutionary age of HCV genotypes and the response
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Figure 1 Average values of sustained virological response to pegylated-
interferon and ribavirin combination therapy in patients infected with
different hepatitis C virus genotypes. Average of sustained virological
response {SVR) rates were calculated based on SVR rates achieved in clini-
cal studies cited in references for genotype 1 (GT1)Fo21¥ 1521848 gpoliatesed
GTS‘SU“.W&‘SOI, GT4(30A3840,161-163]‘ GTSUEAJ&S) aﬂd GTGHW”H‘ m thOSe StUdieS,
standard 48-wk treatment regimens were used for GT1 and GT4, and 24-wk
treatment regimens were used for GT2 and GT3. Since the treatment regimens
for GT5 and GT6 have not been established yet, the treatment duration varied
among different studies where it ranged from 24 to 52 wk, HCV: Hepatitis C
virus.

rates to [FN-based therapy™. In these analyses, HCV
genotype 2 branched first, genotypes 1 and 4 branched
last, and genotypes 3, 5 and 6 branched in between. Thus,
it has been hypothesized that genotypes that emerged
earlier exhibit better treatment outcomes, while newly-
emerged genotypes have higher rates of resistance to
IFN-based therapy than their ancestors. This correlation
might be attributable to selective pressures generated by
the host immune system, which the IFN-based therapy
relies on to a latge extent.

MUTATIONS IN GENOMIC REGIONS OF
HCV AND RESISTANCE TO IFN-BASED
THERAPY

As stated above, the response rates to IFN-based therapy
vary between different HCV genotypes. More impor-
tantly, the sensitivity to IFN also vaties between different
HCYV isolates of a given genotype and subtype. This has
further highlighted a possible role for certain viral genetic
factors in determining IFN responsiveness. In this con-
text, genetic variations within two genomic regions, the
core and NS5A, have been widely discussed for their cor-
relation with treatment outcome. We will cover updated
information regarding the impact of sequence heteroge-
neity within the core and NS5A regions of different HCV
genotypes on treatment outcome, as desctibed below.

CORE PROTEIN

At both the RNA and protein levels, HCV cote plays a
critical role in the virus life cycle. At the RNA level, a

s
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limited region of the first 45 to 60 nucleotides of the
core gene, together with the 5-UTR, is required for IRES
function that initiates translation of the HCV polyprot-
ein! """ At the protein level, the HCV core is an RNA-
binding protein that forms the capsid shell to protect
the HCV genome while the virus passes from one cell
to another or from one person to another. Furthermore,
the core protein plays an important role(s) in the patho-
genicity of HCV by modulating host cellular signaling
pathways through interaction with a variety of cellular
proteins. The core protein has been implicated in IFN
resistance, liver steatosis, insulin resistance and hepatocel-
lular carcinoma™*,

The HCV core protein shares high homology among
different HCV genotypes. There are, however, certain
polymorphisms, which are closely associated with the
clinical outcome of IFN-based therapy. Akuta ef al™ first
reported that aa mutations at positons 70 and 91 of the
HCV genotype 1b (HCV-1b) core protein were associ-
ated with virological responses to PEG-IFN/RBV treat-
ment. They found a significant correlaton between core
mutations at aa 70 (Arg" to Gln™/His™") and/or aa 91
(Leug1 to Met‘“) and poor treatment response. Gln™/His™
and/or Met” were found in 100% of ultimate resistance
cases, who tested positive for HCV RNA at the end of
48-wk PEG-IFN/RBV treatment, but in only 42% of
responders. Subsequently, several clinical studies were
conducted by the same investigators and others, includ-
ing our group, on Japanese patients infected with HCV-
1b to follow up this observation. Most of these studies
corroborate the initial observation that identified the aa
mutation at position 70 of the core protein as a negative
predictive matker for resistance to PEG-IFN/RBV treat-
ment® . The polymorphism at aa 70 is also a useful de-
terminant for the virologic response to extended 72-wk
PEG-IFN/RBV treatment®". However, it is worth not-
ing that although the significance of the point mutation
at aa 70 (Gln™) in prediction of poor treatment response
is consistent among most clinical studies, the possible sig-
nificance of the mutation at aa 91 is contradictory.

Since the discovery of theit importance in IFN resis-
tance, mutations at aa 70 and 91 have been the subject
of intensive investigation for different aspects of chronic
HCYV infection including disease progression and patho-
genesis. In HCV-1b infection, Gln/His™ and/or Met™
were significantly associated with severe insulin resis-
tance!™, the severity of liver disease, elevated gamma-
glutamyl transpeptidase (]/—GTP) levels, low platelet count
and low albumin levels’™, More importantly, Gln™/His™
and/or Met”' (non-wild core) are significantly associated
with an increased risk of HCC development™®. Nota-
bly, Glo™ is the only HCV point mutation associated with
both an increased risk of HCC and IFN treatment failure
in multiple studies. Because increased HCC risk and IFN
treatment failure are associated with the same viral point
mutation, it is possible that both adverse outcomes result
from disruption of the same cellular pathway, specifically,
the IFN signaling pathway that is involved in both anti-
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Figure 2 Probability of different aa residues at positions 70 (A) and 91 (B) of the core protein of different hepatitis C virus subtypes. The probability was
estimated based on the core protein sequences available in hepatitis C virus (HCV) database (http://hcv.lanl.govicontent/index). The length of an aa symbol-letter rep-
resents its probability for a given HCV subtype. R: Arginine; Q: Glutamine; H: Histidine; L: Leucine; C: Cysteine; M: Methionine.

proliferative and antiviral functions.

It is important to note that the majority of the studies
that demonstrated the importance of aa 70 and 91 muta-
tions of the core protein were carried out on Japanese
patients infected with HCV-1b. This raised two important
questions: (1) is the significance of these viral mutations
commonly observed among other HCV genotypes/sub-
types; and (2) is the significance of these viral mutations
commonly observed among other host ethnicities? To
answer the first question, the correlation between the
core protein mutations and IFN treatment outcome was
investigated in non-HCV-1b infections, such as HCV-1a,
-2a, -2b and 42" There was no significant correlation
between these mutations and IFN treatment outcome in
non-HCV-1b infections, where sequence patterns were
quite conserved at these positions. The probability with
different aa residues appear at positions 70 and 91 of the
core protein of different HCV genotypes is shown in
Figure 2. In contrast, point mutations at positions 4 and
110 of the core protein of HCV-2a were significantly
associated with responses to PEG-IFN/RBV treat-
ment”". As for the second question regarding host eth-
nicity, to the best of our knowledge, thete are only three

independent studies that were carried out on American?”,

7
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Swedish" and Saudi patients™ infected with HCV-1b
to investigate the possible correlation between mutations
at aa 70 and 91 and IFN treatment outcome. In those
studies, the point mutation at aa 70, but not at aa 91, was
significantly associated with PEG-IFN/RBV treatment
outcome. Overall, the results thus far obtained suggest
that the mutadon at codon 70 of the HCV core protein
can be used as a predictive marker of IFN treatment out-
come in only HCV-1b (and possibly HCV-5a) infection,
regardless of host ethnicity.

As observed with the standard PEG-IFN/RBV
combination therapy, Gln' of the cote protein is also
significantly correlated with poor response to the recently
approved triple therapy of PEG-IFN/RBV/protease
inhibitor (telaprevir) for HCV-1b infection”*®". Interest-
ingly, Gln™ showed significant linkage disequilibrium
with minor genotypes (T/G and G/G) of the 58099917
single nucleotide polymorphism (SNP) near the IL28B
gene, which has recently been proposed as the strongest
host genetic factor that is associated with poor response
to PEG-IFN/RBV combination therapy in HCV geno-
type 1 infection”***,

Despite accumulated clinical evidence that strongly
supports the correlation between HCV-1b core protein
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Figure 3 Sequence alignment of interferon sensitivity-determining region
of major hepatitis C virus subtypes. References of aligned sequences are:
hepatitis C virus (HCV)-1b, Enomoto ef af*”; HCV-1a, AF009606; HCV-2a and
-2b, Murakami et af"™; HCV-3a, GUB14263; HCV-4a, El-Shamy et af™ HCV-
5a, AF064490; HCV-6a, DQ480512. ISDR: Interferon sensitivity-determining
region.

mutations and responses to IFN-based treatment, the
molecular mechanism underlying this correlation is still
obscure. Three experimental attempts aimed primarily to
investigate this issue; however these studies produced con-
flicting results. In two of the studies, there was no signifi-
cant difference in IFN resistance between the wild-type
core protein and mutants at aa 70 and 91%¥ While in the
third study, there was a strong association between the
core protein polymorphisms and IFN resistance via 1L~
6-induced and SOCS3-mediated suppression of IFN sig-
naling®. These contradictions may, in patt, be attributable
to the different experimental models used by each study.
Furthermore, Eng ef al* identified a novel family of HCV
cote isotypes, referred to as minicores, which contain the
C-terminal portion of the classical core protein, but lack
the N-terminal portion. Interestingly, the N-termini of
two major minicore proteins are at or near aa 70 and 91,
and importantly, mutations in aa 70 and 91 regulate the
expression levels of 70 and 91 minicores. Accordingly, it
was hypothesized that these clinically important mutatons
at aa 70 and 91 of the cotre protein alter HCV function
through altered expression levels of minicores, which
might lead to IFN resistance. Further investigations using
biologically relevant experimental models ate needed to
elucidate the molecular mechanism(s) underlying the role
for the core protein mutations in FHCV pathogenesis.

NS5A

The NS5A protein has generated a wide range of inter-
est in HCV research because of its ability to modulate
host cell functions, including responses to IFN. NS5A
is multifunctional phosphoprotein that is found in a ba-
sally phosphorylated form of 56 kDa and a hyperphos-
phorylated form of 58 kDa®"*¥, NS5A modulates HCV
replication through interaction with other viral proteins
and certain host proteins to form the HCV replication
complex. Moreover, NS5A has been implicated in various
forms of viral pathogenesis through interactions with
a wide variety of cellular proteins. Thus, NS5A cleatly
plays multiple roles in mediating viral replication, host-
cell interactions, and viral pathogenesis™. NS5A is most
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extensively studied among all the HCV proteins for its
relationship with IFN responsiveness. We review recent
information regarding the clinical implication of NS5A
sequence heterogeneity in predicting treatment outcome
of IFN-based therapy.

IFN SENSITIVITY-DETERMINING REGION
OF NSH5A

Initially, in the era of IFN monotherapy, Enomoto ez a”*"
gained a key insight into the clinical influence of NS5A
sequence heterogeneity on responses to IFN treatment.
In their study, they amplified an NS5A fragment by RT-
PCR from sera of HCV-infected patients, determined
their sequences at both the nucleotide and amino acid
levels, and compared them with a standard (reference)
sequence of a given HCV subtype (Figure 3) to deter-
mine the number of amino acid substitutions in a sample
of a given patient. By comparing the data obtained from
patients who successfully responded to IFN therapy
and those who did not, the authors identified a region
called the IFN sensitivity-determining region (ISDR)
spanning from aa 2209 to 2248 of NS5A of HCV-1b,
whose sequence heterogeneity was closely associated
with IFN treatment outcome. They found that Japanese
patients infected with HCV-1b isolates having four or
more mutations in the ISDR (ISDR = 4) compared to
that of the HCV-1b prototype (HCV-]) successfully re-
sponded to IFN therapy whereas patients infected with
viral isolates having ISDR < 3 were non-responders.
Since this discovery, the ISDR has been the subject of
intense clinical and experimental investigations. Although
subsequent studies conducted in Japan were consistent
with the initial ISDR report”™™ results obtained from
studies conducted in Burope and North America were
quite controversial®®”. This might be explained in part
by the fact that HCV isolates in western countries have
lower overall degree of sequence heterogeneity, particu-
latly in the ISDR, than HCV isolates circulating in Japan,
the prevalence of HCV isolates with ISDR 2= 4 is lower
in western countries than in Japan. Host genetic differ-
ences between western and Japanese populations and the
difference in treatment regimens may also contribute, at
least partially, to the appatent discrepancy. Despite this, a
meta-analysis conducted by Pascu ¢ a#'™ on 1230 ISDR
sequences obtained from European and Japanese patients
infected with HCV-1b cleatly confirmed the importance
of the ISDR in determining IFN treatment outcome. In
this connection, it should be noted that, in the majority
of studies dealing with the ISDR heterogeneity, nested
RT-PCR followed by direct sequencing of the ampli-
fied fragments, without subcloning each sequence of
quasispecies, was adopted to obtain the ISDR sequences,
which, in general, identifies the most dominant popula-
tion of quasispecies but may miss minor populations of
quasispecies present in the patients.

The predictive value of ISDR initially described in the
era of IFN monotherapy continues to be significant also
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Figure 4 Sequence alignment of interferon/ribavirin resistance-determining region and its vicinity of major hepatitis C virus subtypes. The residues in inter-
feron/ribavirin resistance-determining region (IRRDR) are written in bold face letters. References of aligned sequences are: hepatitis C virus (HCV)-1b, EI-Shamy et
al™®: HCV-1a, AF009606; HCV-2a and -2b, Murakami et af"™ HCV-3a, GU814263; HCV-4a, EI-Shamy et af”; HCV-5a, AF064490; HCV-6a, DQ480512.

in the era of PEG-IFN/RBV therapy®**'""'*. However,
the original criterion of ISDR 2 4 to predict SVR was
substituted by ISDR = 2. This might result from the se-
lective impact of IFN monotherapy, whereby the preva-
lence of sensitive isolates with ISDR = 4 was decreased
while that of HCV isolates of ISDR < 3 was increased.
Subsequently, those IFN monotherapy-resistant isolates
with ISDR = 2 were selected by PEG-IFN/RBV as
sensitive isolates and those with ISDR < 1 as resistant

esPHH121% A for the different genotypes, the degree
of sequence heterogeneity in ISDR was significantly
correlated with SVR rate in Japanese patients infected
with HCV-2a, the second most prevalent genotype in
Japan™™"**'®. In contrast, ISDR sequence heterogeneity
did not associate with treatment outcome in patients in-
fected with HCV-2b, -3a or -4a™'*'*?, Whether the value
of ISDR varies with different HCV genotypes and host
ethnicity needs further iavestigation.

The molecular mechanism of ISDR-mediated IFN
resistance is still unclear. Some studies have revealed that
NS5A binds to and suppresses the function of the IFN-
induced double-stranded RNA-activated protein kinase
(PKR)"™, PKR is known to inhibit viral replication by
inhibiting viral protein synthesis through phosphoryla-
tion of eukaryotic initiation factor (eIF)-2. The PKR-
binding domain (PKR-BD) of NS5A, spanning from aa
2209 to 2274, consists of the ISDR and its downstream
region of 26 aa. The NS5A-PKR interaction was shown
to be weakened by the ISDR mutations observed with
IFN-sensitive HCV isolates, which would result in weaker
suppression of PKR activity. In this context, a signifi-
cant cortelation between sequence vatiation in PKR-BD
and IFN responsiveness was also reported”’”"'?, On the
other hand, we and other investigators have proposed
that NS5A may also play a role(s) in IFN-resistance in
an ISDR-independent manner. We have reported that
an N-terminal portion of NS5A (aa 1-148) that lacks the
ISDR and PKR-BD physically interacts with and inhibits
the antiviral activity of 2°,5’-oligoadenylate synthetase
in cultured cells""”. It has also been demonstrated 7z
vitro that NS5A induces the expression of IL-8 at both
the mRNA and protein levels. IL-8 is known to inhibit
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IFN-q signaling pathway. In agreement with this experi-
mental observation, clinical data were teported that IL-8
levels in pretreatment sera were significantly higher in
non-responders than in SVR patients”'*'*?.

IFN/RBV RESISTANCE-DETERMINING
REGION OF NS5A

Despite the controversy about the ISDR concept in the
era of IFN monotherapy, correlation between NS5A se-
quence heterogeneity and IFN responsiveness continued
to be the subject of interest for many researchers. In this
context, by using the same methodology as that for the
ISDR analysis, a correlation between sequence hetero-
geneity of variable region 3 (V3) in a C-terminal portion
of NS5A (aa 2356-2379) and responses to IFN-based
therapy was also reported” """, Our group further
expanded this observation and gained a key insight when
we identified a new region near the C-terminus of NS5A
of HCV-1b spanning from aa 2334 to 2379, which we te-
ferred to as the IFN/RBV resistance-determining region
(IRRDR)™"'* The IRRDR consists of the V3 region
and its flanking upstream region, pre-V3 (aa 2334-2354).
The reference sequences of different HCV subtypes are
shown in Figure 4. In our initial study carried out on
47 Japanese patients infected with HCV-1b, we found
that a higher degree of IRRDR sequence heterogeneity
was closely associated with an eatly virological response
(EVR) at week 16 of the 48-wk PEG-IFN/RBV treat-
ment course''%. Most importantly, in a follow-up study,
the degree of sequence heterogeneity of the IRRDR was
significandy associated with SVR. In particular, 16 (76%)
of 21 SVR, but only 2 (8%) of 24 Non-SVR, had HCV
with 6 or more mutations in the IRRDR (IRRDR = 6).
Accordingly, IRRDR = 6 could predict SVR with a posi-
tive predictive value of 89% (16/18), while IRRDR < 5
could predict non-SVR with a negative predictive value
of 81% (22/27). Thus, we proposed that the degree of
sequence heterogeneity of the IRRDR would be 2 useful
positive and negative predictive marker for PEG-IFN/
RBV treatment outcomes in HCV-1b infection*"'*%,
Following this report, several reports were published by
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