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ARTICLE INFO ABSTRACT

Interferon regulatory factor-3 (IRF-3), a key transcriptional factor in the type I interferon system, is fre-
quently impaired by hepatitis C virus (HCV), in order to establish persistent infection. However, the exact
mechanism by which the virus establishes persistent infection has not been fully understood yet. The
present study aimed to investigate the effects of various HCV proteins on IRF-3 activation, and elucidate
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Keywords: the underlying mechanisms. To achieve this, full-length HCV and HCV subgenomic constructs corre-
i’l*{?gm's C virus sponding to structural and each of the nonstructural proteins were transiently transfected into HepG2

cells. IFN-B induction, plaque formation, and IRF-3 dimerization were elicited by Newcastle disease virus
(NDV) infection. The expressions of IRF-3 homodimer and its monomer, Ser386-phosphorylated IRF-3,
and HCV core protein were detected by immunofluorescence and western blotting. IFN-p mRNA expres-
sion was quantified by real-time PCR (RT-PCR), and IRF-3 activity was measured by the levels of IRF-3
dimerization and phosphorylation, induced by NDV infection or polyriboinosinic:polyribocytidylic acid
[poly(I:C)]. Switching of the expression of the complete HCV genome as well as the core proteins, E1,
E2, and NS2, suppressed IFN-B mRNA levels and IRF-3 dimerization, induced by NDV infection. Our study
revealed a crucial region of the HCV core protein, basic amino acid region 1 (BR1), to inhibit IRF-3 dimer-
ization as well as its phosphorylation induced by NDV infection and poly (1:C), thus interfering with IRF-3
activation. Therefore, our study suggests that rescue of the IRF-3 pathway impairment may be an effec-
tive treatment for HCV infection.

Core protein

Type I interferon signaling
Basic amino acid region 1
Interferon beta

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Hepatitis C virus (HCV), a flavivirus comprising a positive-sense,
single-stranded RNA (ssRNA) of approximately 9.6 kb [1], causes
persistent disease in infected individuals, possibly leading to
chronic liver injury [2]. Despite the approximately 170 million
individuals worldwide suffering from HCV infection that ranges
from chronic hepatitis to hepatocellular carcinoma (HCC) [3.4],
the exact mechanism by which the virus establishes persistent
infection is not fully resolved.

The innate immune system is activated immediately upon
infection as the first line of host defense against invading patho-
gens, with type I interferon (IFN) signaling being the crucial step

* Corresponding author. Fax: +81 3 5316 3137.
E-mail address: kohara-mc@igakuken.or.jp (M. Kohara).

0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2012.10.079

in the antiviral response [5]. The IFN system is, therefore, a prime
target of HCV and other viruses in order to establish persistent
infections [6], wherein the disruption of the type I IFN-activation
pathway forms the most efficient strategy for HCV. Studies on
HCV IFN-interference mechanisms have revealed that the HCV
proteins NS5A and E2 selectively inhibit the double-stranded
RNA-activated protein kinase (PKR) [7,8], an IFN-inducible antiviral
molecule that controls transcription and translation [6]. IFN-B, a
crucial molecule in type I IFN signaling, is regulated by several
cellular factors associated with the activation of interferon regula-
tory factor-3 (IRF-3), leading to its rapid induction following viral
infection [9,10]. However, IFN-B induction is impaired in HCV-
infected cells, thus resulting in the disruption of IFN downstream
signaling cascade [11].

IRF-3, a key constitutively expressed transcriptional factor
localized in the cytoplasm in its inactive form [9], is activated upon
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phosphorylation, whereby it translocates to the nucleus to act as a
transcriptional factor for positive regulatory domain (PRD) [ of the
IFN-B promoter. IRF-3 activation also induces phosphorylation of
Ser385 and Ser386 or the serine/threonine (Ser/Thr) cluster be-
tween amino acids (aa) 396 and 405 (located at the C-terminus
of IRF-3), a step that is essential for dimerization and nuclear
translocation.

A previous study by Foy et al. showed that the NS3/4A serine
protease derived from a subgenomic replicon participates in the
suppression of the cellular pathway that activates IRF-3 [12]. The
NS3/4A protein of HCV disrupts signaling of the double-stranded
RNA (dsRNA) receptors, retinoic acid-inducible gene-I (RIG-1), and
Toll-like receptor 3 (TLR3) by inducing proteolysis of interferon
promoter stimulator-1 (IPS-1) [13-15] and Toll/interleukin-1
receptor (TIR) domain-containing adaptor protein inducing IFN-B
(TRIF) [16], as well as by suppressing the downstream activation
of IFN-B [13].

In view of the above observations and the emerging data on the
role of HCV in regulating the IRF-3 pathway by additional

mechanisms, we aimed to investigate the effects of various HCV
proteins on IRF-3 activation, and further elucidate the underlying
novel mechanisms.

2. Material and methods
2.1. Transient expression of the HCV core proteins E1, E2, and NS3-4A

HepG2 cells were transfected to express E1, E2, or NS3-4A HCV
core protein under the control of EF promoter (Invitrogen). The
HCV core expression vectors were derived from HCR6G (genotype
1b), HCR24-12K (genotype 2a), or HCR24-12Q (genotype 2a). The
E1, E2, and NS3 clones derived from HCR6 contained either the
full-length cDNAs encoding the core protein or 1 of the 3 different
deletions (deletion mutants), each of which lacked 1 of the 3 basic
amino acid regions (BR), BR1 deletion (aa 4-14), BR2 deletion (aa
37-44), and BR3 deletion (aa 57-72) [17]. HepG2 cells were trans-
fected with 4 pg of the core cDNA (amino acids 1-191), E1 (amino
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Fig. 1. (A) Structures of the conditional expression vectors for HCV RNAs and proteins. The cDNA clones that displayed highest level of homology to the consensus sequences
among the 3 clones were used to construct HCR6-Rz (nt 1-9611). HCR6-Fse clone harbored a termination codon introduced at nucleotide 3606 and truncated HCR6-Age clone
lacked nucleotides 155-1967. They were flanked with ribozyme (Rz) and hepatitis D virus ribozyme (HDV-Rz) sequences under the control of the CAG promoter in the Cre/
loxP switching expression cassette, which consisted of the neomycin resistance gene, as a stuffer region flanked by the loxP sequence. (B) IFN-p mRNA levels in the cell lines
HCR6-Rz, HCR6-Fse, and HCR6-Age before and after the expression of the HCV protein. The results are expressed as copy numbers per microgram of total RNA, as quantified by
RT-PCR. (C) Efficiency of NDV plaque formation. Plaque assays were performed on Vero cells for NDV infectivity in HCR6-Rz, HCR6-Fse, or HCR6-Age before and after the
expression of the HCV protein. The plaque numbers were counted 3 days after NDV inoculation. The ratio indicates the plaque numbers after the expression of the HCV
genome divided by the plaque numbers before the expression of the HCV genome. (D) Suppression of IFN-p mRNA induction by HCV expression, 18 days after NDV
inoculation. Day 0, before the expression of the HCV genome; Day 48, after the expression of the HCV genome. The results are expressed relative to the levels on Day 0 (100%)

in each of the 3 HCV-expressing systems. p.i.h., post-inoculation hour.
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acids 192-383), E2 (amino acids 384~-809), NS3-4A (amino acids
1027-1711), or the core regions lacking the BR, in 35-mm dishes,
by using Lipofectamine 2000 (Invitrogen) at 37 °C for 6 h. The med-
ium was subsequently replaced with normal culture medium, and
the cells were harvested after 48 h.

2.2. Newcastle disease virus (NDV) infection and addition of
polyriboinosinic:polyribocytidylic acid [poly(I:C)]

NDV (Miyadera strain) was propagated from swabs by using the
embryonated egg culture method, as described in the Supplemen-
tary methods.

Poly(1:C) (20 pg/well; GE Healthcare) was added to HepG2 cells
in 35-mm dishes, 48 h after transfection with the core expression
vector derived from HCR6 (genotype 1b).

2.3. Native PAGE of IRF-3 and phosphorylated IRF-3

Cells were lysed in 30 pL of lysis buffer (50 mM Tris-HCl [pH
8.0], 1% NP-40, 150 mM NacCl, 100 pg/mL leupeptin, 1 mM PMSF,
5 mM NaszV0O,), mixed vigorously, and centrifuged at 15,000 rpm
for 10 min; the supernatant was isolated. Total protein samples
(10 pg) were electrophoresed on a 7.5% native PAGE gel (Bio-Rad
Laboratories) and transferred onto a PVDF membrane. IRF-3
homodimer and its monomer and Ser386-phosphorylated IRF-3
were detected by western blotting using polyclonal rabbit antibod-
ies, anti-human IRF-3 (1:1000) [18] and, anti-human Ser386-phos-
phorylated IRF-3 (1:10,000), respectively. Detection was achieved
by enhanced chemiluminescence (ECL; Amersham, UK) according
to the manufacturer’s instructions. The rabbit anti-human IRF-3
and anti-human Ser386-phosphorylated IRF-3 antibodies were de-
scribed previously [19].

2.4. Quantification of IFN-f gene expression

IFN-B mRNA expression was quantified by using real-time PCR
(RT-PCR) as described previously [20] and Supplementary methods
using the following primers and probes: sense (5-CCATCTATGA
GATGCTCCAGAA-3'), antisense (5'-TTTTCTTCCAGGACTGTCTTCA-
GA-3') and probe (5-AGCACTGGCTGGAATGAGACTATTGTTG-3').

3. Results
3.1. Induction of IFN and IRF-3 by HCV-Rz

To evaluate the effect of HCV gene persistent expression, cell
lines expressing the HCV genomes in a Cre/loxP expression system
[20] were established by transfecting the full-genome HCV (HCR6-
Rz); core, E1, E2, and NS2 (HCR6-Fse); and E2~NS5b (HCR6-Age)
(Fig. 1A) clones into HepG2 cells. Of the 3 HCV expression systems,
only HCR6-Rz transiently induced endogenous IFN-B expression
(Fig. 1B). No endogenous IFN-B was detected by RT-PCR on Day 0
or Day 48 (long culture; LC) [21] in any of the 3 systems (Fig. 1B).

3.2. Effect of HCV expression on NDV infection and IFN-p induction

Further, we examined whether the persistent expression of HCV
genome influenced the plaque formation activity of NDV in HCR6-
Rz-, HCR6-Fse-, and HCR6-Age-expressing cell lines. Prior to the
expression of HCV proteins, the plaque numbers were similar
across all the cell lines (Fig. 1C). Expression of HCV proteins for
more than 48 days [21] increased plaque numbers in the HCR6-
Rz- and HCR6-Fse-expressing cells from 7- to 8-fold (Fig. 1C); how-
ever, plaque numbers in the HCR6-Age-expressing cells remained
constant. These findings thus indicate that HCV structural proteins

interfered with the induction of IFN-p mRNA, after NDV infection
(18 h post-infection). Therefore, we measured IFN-B mRNA levels
in the 3 cell lines, HCR6-Rz, HCR6-Fse, and HCR6-Age, by RT-PCR be-
fore (Day 0) and after (Day 48) inoculation with NDV (Fig. 1D). The
mRNA expression of IFN- was not observed prior to NDV infection
in any of the 3 cell lines (Day 0). Notably, after 18 h of NDV
inoculation and prior to the expression of various HCV proteins
(Day 0), the levels of IFN-B8 mRNA transcription were similar
among HCR6-Rz-, HCR6-Fse-, and HCR6-Age-expressing cell lines
(Fig. 1D). Following HCV protein expression, the induced IFN-B
mRNA expression was reduced to 20% in both HCR6-Rz- and
HCR6-Fse-expressing cell lines. However, IFN-f mRNA expression
remained constant in the HCR6-Age-expressing cell line.
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Fig. 2. (A) HCV inhibition of IRF-3 nuclear translocation. IRF-3 is a constitutively
expressed transcriptional factor that localizes in the cytoplasm in a diffuse manner,
when inactive. After NDV inoculation and prior to the expression of the HCV
genome, IRF-3 translocated to the nucleus but was retained at a perinuclear site in
the HCR6-Rz-expressing cells (Day 48). IRF-3 colocalized with the HCV core protein.
(B-D) Suppression of IRF-3 dimerization by HCV expression. The dimeric and
monomeric forms of IRF-3 were detected by western blotting on native PAGE gels.
The influence of (B) HCR6-Rz expression, (C) HCR6-Fse expression, and (D) HCR6-Age
expression on IRF-3 dimerization is shown. NDV was used to induce IRF-3
dimerization.
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respectively, under the control of the EF1 promoter. (B) Left panel, IRF-3 dimerization induced by NDV before transfection with the expression vectors; right panel, IRF-3
dimerization induced by NDV after transfection with the expression vectors. (C) IFN-B mRNA induction levels at 12 and 18 h after NDV inoculation into HepG2 cells
transfected with the vector alone, core, E1, or E2 proteins. The results are expressed relative to the induction levels of IFN-8 in HepG2 cells transfected with the vector alone
(100%), for post-inoculation, each time. (D) IRF-3 dimerization on administration of 10 mg/mL poly(I:C) before the expression (Day 0), and at 2, 4, 8, and 12 h after the
expression of the HCV core (pEF-Core) or vector plasmid DNA. (E) Effects of the expression of vector (lane 1), R6 core (lane 2), R24 core (lane 3), R24 core (Q12K) (lane 4), R6-
NS3-4A (lane 5), N1-NS3-4A (lane 6), and mock control (lane 7) on IRF-3 dimerization (upper column a) and phosphorylation of serine residue at amino acid 386 in IRF-3
(lower column b), after infection with NDV for 18 h. F. Effects of the expressions of R6-C, R24-C, R24-C(Q12K), and R6-NS3 on IFN-B induction, 18 h after NDV inoculation. The
IFN-B mRNA levels were assayed by RT-PCR. The results are expressed relative to the induction levels of IFN-B in HepG2 cells transfected with the vector alone (100%).

3.3. Effect of HCV on IRF-3 localization, nuclear translocation, and
dimerization by NDV

The effect of HCV expression on cellular localization of IRF-3
was analyzed in HCR6-Rz-expressing cells infected with NDV

before (Day 0) and after LC (Fig. 2A). Prior to NDV infection, IRF-
3 was detected in the cytoplasm by immunofluorescence. Notably,
after 18 h of NDV inoculation and prior to HCR6-Rz protein expres-
sion, when IFN-B induction and IRF-3 dimerization were maximal,
a substantial amount of IRF-3 translocated to the nucleus.
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However, this nuclear translocation was suppressed in the pres-
ence of HCV proteins (Fig. 2A) and resulted in the co-localization
of the HCV core protein with IRF-3 at perinuclear sites (Fig. 2A,
superimposed image of IRF-3 and core protein immunostaining).

To elucidate the mechanism underlying the suppression of IFN-
B mRNA in HCR6-Rz- and HCR6-Fse-expressing cells, we examined
the effect of HCV expression on IRF-3 dimerization after NDV infec-
tion (Fig. 2B). Interestingly, the levels of IRF-3 dimerization peaked
at 12-18 h after NDV infection in the 3 cell lines lacking HCV
expression (Day O; Fig. 2). However, in the HCR6-Rz- and HCR6-
Fse-expressing cell lines, IRF-3 dimerization was found to be signif-
icantly reduced, (Fig. 2B and C) when compared to that in the
HCR6-Age-expressing cells (Fig. 2D).

3.4. Identification of the HCV genome region responsible for the
inhibition of IRF-3 dimerization and IFN-p induction

To identify the HCV genome region responsible for suppression
of IRF-3 dimerization, HepG2 cells were transfected to express the
HCV core regions derived from HCR6, E1, or E2 (genotype 1b;
Fig. 3A). Protein expression was confirmed by western blotting
(data not shown). The HCV core protein suppressed IRF-3 dimer-
ization, but E1 and E2 expressions had no effect on the dimeriza-
tion (Fig. 3B). Expression of E1, E2, or the vector alone did not
alter the levels of IFN-B mRNA induced by NDV infection in HepG2
cells (Fig. 3C), but significantly reduced IFN-B mRNA levels at both
12 and 18 h after infection (Fig. 3C).

3.5. Effect of HCV core protein expression on IRF-3 dimerization
through TLR3

Among the synthetic dsRNAs, poly(I:C) is a potent inducer of
IFN-B through TLR3. Accordingly, HepG2 cells transfected with
poly(I:C) and the vector control (pEF1-vector) showed IRF-3 dimer-
ization (Fig. 3D). In contrast, IRF-3 dimerization was suppressed in
HepG2 cells expressing the HCV core protein albeit the induction of
[FN-B mRNA following poly(I:C) expression (data not shown).

3.6. Effect of the HCV core protein NS3 and core proteins derived from
genotype 2a on IRF-3 dimerization, compared to proteins derived from
genotype 1b

Further, we investigated whether the HCV core protein NS3 and
core proteins derived from other genotypes exerted the same ef-
fects on IRF-3 after 18 h of NDV infection. The core proteins derived
from genotypes 1b (R6) and 2a (R24-12Q and R24-12K) suppressed
IRF-3 dimerization in cells infected with NDV (Fig. 3E(a)). In con-
trast, IRF-3 dimerization remained unaltered in the presence of
R6 clone NS3 protein, but was suppressed by the N clone NS3 pro-
tein. Thus, NS3-4A protein of R6 clone suppressed IRF-3 dimeriza-
tion to a relatively lesser extent compared to that of the N1 strain.
Similar results were obtained for the phosphorylation at Ser386 in
IRF-3 (Fig. 3E(b)). The IFN-B mRNA transcription was quantified in
HepG2 cells by RT-PCR after transfection with these expression
vectors (Fig. 3F).

3.7. Identification of the HCV core region responsible for suppressing
IRF-3 dimerization

We sought to identify the region of the HCV core protein
responsible for suppressing IRF-3 dimerization. Expression vec-
tors encoding the entire HCV core or the core region lacking 1
of the 3 basic amino acid regions (BR) that influenced nuclear
translocation [17] were transfected into HepG2 cells, and the ef-
fects on IRF-3 dimerization were examined (Fig. 4A). Protein
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Fig. 4. (A) Structures of the HCR6 core, E1, and E2 expression vectors carrying the
complete core, BR1 deletion (aa 4-14), BR2 deletion (aa 37-44), and BR3 deletion
(aa 57-72). (B) Western blotting to confirmed the expression of the mutated core
proteins. (C) Effects of the expression of various mutated core proteins on IRF-3
dimerization and IRF-3 phosphorylation at Ser386, 18 h after NDV inoculation. (D)
Effects of the expression of each type of core protein region on IFN-f mRNA
synthesis, 18 h after NDV inoculation. The results are expressed relative to the
induction levels of IFN-B in HepG2 cells transfected with the vector alone (100%).
IFN-B mRNA levels were assayed by RT-PCR.

expression of the core and the deletion mutants (BR1, BR2, and
BR3) was confirmed by western blotting (Fig. 4B). IRF-3
dimerization, phosphorylation at Ser386 of IRF-3, and induction
of IFN-p mRNA were suppressed in HepG2 cells expressing the
entire core, a deletion of BR2, or a deletion of BR3 (Fig. 4C),
but not in cells expressing the BR1-deleted HCV core regions
(Fig. 4C and D).
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4. Discussion

The present study indicates that the HCV core protein inhibits
IRF-3 dimerization, IRF-3 phosphorylation at Ser386, and IFN-B
induction. In addition, our study showed that the effect of the core
protein derived from genotype 1b was similar to that of the core
protein derived from genotype 23, indicating that the inhibitory ef-
fect of the core protein might be effective in several genotypes of
HCV. These findings are corroborated by a previous study by Foy
et al. [12] who showed that HCV NS3/4 disrupts virus-associated-
kinase-mediated IRF-3 activation, which further results in the
suppression of IRF-3 phosphorylation, nuclear translocation, and
IRF-3-dependent ISRE/PRDI activation. These findings indicate that
attenuation of the IFN system was achieved through NS3/4A
proteins via the interference of IRF-3 activation, thus strengthening
our results, which show the potential of HCV core protein to
interfere with IRF-3 activation in promoting persistent infection.

Furthermore, the present study showed that the N-terminal
region of the core protein and BR-1 domain in particular are
responsible for inactivating IRF-3. The N-terminal region (amino
acids 1-59) of the HCV core protein has been identified as the
binding region for a DEAD box protein (DDX3) [22]. Human
DDX3, a putative RNA helicase, is a member of the highly con-
served DEAD box subclass that includes the expression of murine
PL10, Xenopus An3, and yeast Ded 1 proteins. Recently, expression
of DDX3 was found to enhance IFN-B promoter induction by TBK1/
IKKe, whereas silencing of DDX3 inhibited IFN-B promoter and
virus- or dsRNA-induced IRF-3 activation [23]. It was shown that
Vaccinia virus K7 protein also binds to DDX3 and inhibits pattern
recognition receptor-induced IFN-B induction by preventing
TBK1/IKKe-mediated IFN-B induction via impaired TBK1/IKKe-
induced activation of IRF-3 [23]. A previous study by Oshiumi
et al. showed that DDX3 C-terminal region (amino acids
622-662) directly binds to the IFN-beta promoter stimulator-1
(IPS-1) CARD-like domain [24] as well as the N-terminal HCV core
protein [36]. The present study demonstrated that the expression
of the core protein decreased the levels of DDX3 expression (data
not shown). This is in agreement with the result of a previous
study, which showed that DDX3 is downregulated in HCV-
associated hepatocellular carcinoma (HCC) and silencing of DDX3
accelerates cell growth [25]. Collectively, these findings suggest
that DDX3 may be the target of the core protein for inhibiting
IRF-3 activation.

In conclusion, our study revealed a crucial region of the HCV
core protein, basic amino acid region 1, to interfere with IRF-3
activation and thereby inhibit the IFN signaling cascades.
Therefore, the inhibitory effects that result in the IRF-3 pathway
impairment could be rescued by deleting the basic region 1 of core
protein, thus suggesting that it might be an effective treatment for
HCV infection. Future studies involving DDX3 modification by the
HCV core protein may be interesting to explore the cell
growth-dysregulation mechanisms.
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Abstract

Chl’OI’lIC hepatitis C, which is caused by mfectlon with the hepatitis C virus (HCV), is a global health problem Using a mouse
model of hepatitis C, we examined the therapeutic effects of a recombinant vaccinia virus (rVV) that encodes an HCV
protein. We generated immunocompetent mice that each expressed multiple HCV proteins via a Cre/loxP switching system
and established several distinct attenuated rVV strains. The HCV core protein was expressed consistently in the liver after
polyinosinic acid-polycytidylic ‘acid injection, and these mice showed chronic hepatitis C-related pathological findings
(hepatocyte abnormalities, accumulation of glycogen, steatosis), liver fibrosis, and hepatocellular carcinoma. Immunization
with one rVV strain (r'VV-N25), which encoded nonstructural HCV proteins, suppressed serum inflammatory cytokine levels
and alleviated. the symptoms of pathological chronic hepatitis C within.7 days after injection: Furthermore, HCV protein
levels in liver tissue also decreased in a CD4 and CD8 T-cell- dependent manner. Consistent with these results, we showed
that rVV-N25 immunization induced a robust CD8 T-cell immune response that was s ecxf'c to the HCV nonstructural
protein 2. We also demonstrated that the onset of chronic hepatitis in CN2-29%/~ )/MxCre ) mice was mainly attributable
to inflammatory cytokines, (tumor necrosis factor) TNF-a. and (interleukin) IL-6. Thus, our generated mice model should be
useful for further investigation of the immunological processes associated with persistent expression of HCV proteins
because these mice had not developed immune tolerance to the HCV antlgen In addmon, we propose that r'VV-N25 could
be developed as an effective therapeutic vaccine.
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these cases, the relevant transgenes is expressed during embryonic
development; therefore, the transgenic mice become immunoto-
lerant to the transgenic products, and consequently, the adult mice
are not useful for investigations of the pathogenesis of chronic
hepatitis C. To address this problem, we developed a system that
can drive conditional expression of an HCV transgene; our system
involves the Cre/loxP system and a recombinant adenovirus
capable of expressing Cre recombinase [5,6]. Concerns have been
expressed that an adenovirus and transient expression of HCV

Introduction

Hepatitis C virus (HCV) is a major public health problem;
approximately 170 million people are infected with HCV
worldwide [1]. HCV causes persistent infections that can lead to
chronic liver diseases such as chronic hepatitis, liver cirrhosis, and
hepatocellular carcinoma (HCC) [2]. Antiviral drugs are not
highly effective in individuals with a chronic infection; further-
more, an effective vaccine against HVC has not been developed. A

convenient animal model of HCV infection will greatly facilitate
the development of an effective HCV vaccine.

Transgenic mice that express HCV proteins have been
generated to study HCV expression [3,4]; however, in each of

PLOS ONE | www.plosone.org

proteins could induce immune responses [5] and, therefore,
obscure any evidence of the effect of the host immune responses on
chronic liver pathology. Therefore, here, we used a Cre/loxP
switching system to generate an immunocompetent mouse model
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of HCV protein expression; with this system, we could study the
host immune responses against HCV proteins.

Folgori et al. (2006) reported effective vaccination of chimpan-
zees with an adenoviral vector and plasmid DNA encoding the
HCV nonstructural region. This technique protected the liver
tissues from acute hepatitis, which results when whole animals are
challenged with virus [7]. However, this vaccine has not yet been
shown to be effective against chronic HCV infection.

Here, we aimed to address how HCV expression causes chronic
liver diseases and to provide new options for HCV vaccine
development. Using LC16m8, a highly attenuated strain of
vaccinia virus (VV), we generated three recombinant vaccinia
viruses (rVVs) that each encoded one of three different HCV
proteins and found that one recombinant virus (rVV-N25), which
encoded nonstructural HCV proteins, resolved pathological
chronic hepatitis C symptoms in the liver. We also found that
immunization with rVV-N25 suppressed HCV core protein levels
in the livers of transgenic mice; moreover, this suppression was
mediated by CD4 and CD8 T cells, as has been previously
reported [8].

Results

Generation of a Model of Persistent HCV Protein

Expression

To produce adult mice that express an HCV transgene, we
bred CN2-29 transgenic mice, which carry an HCV transgene,
[5,6,9] with Mx1-Cre transgenic mice [10], which express Cre
recombinase in response to interferon (IFN)-a¢ or a chemical
inducer of IFN-o, poly(I:C) (Figure 1A). Following poly(I:C)
injection, the HCV transgene was rearranged, and HCV
sequences were expressed in the livers of F1 progeny (CN2-
29%/ ) /MxCre™ ™) mice) within 7 days after poly(I:C) injection
(Figure 1B).

To evaluate the characteristic features of these CN2-29¢7)/
MxCre™ ™ mice, we analyzed serum alanine aminotransferase
(ALT) and liver HCV core protein levels after poly(l:C)
injection. As illustrated in Figure 1C, serum ALT levels
increased and reached a peak at 24 h after the first poly(l:C)
injection; this elevation appeared to be a direct result of the
poly(:C) treatment, which causes liver injury [11]. After this
peak, serum ALT levels dropped continuously until day 4, and
then ALT levels began to increase, as did HCV core protein
levels. Thereafter, the HCV core protein was expressed
consistently for at least 600 days.

Histological analysis showed HCV core protein expression in
most hepatocytes of the transgenic mice; these mice showed
evidence of lymphocytic infiltration that was caused by the HCV
core proteins (Figure 1D and E). These observations, in addition to
the modified histology activity index (HAI) scores, indicated that
expression of HCV proteins caused chronic hepatitis in the CN2-
29%/7)/MxCre™’ ™) mice because a weak, though persistent,
immune response followed an initial bout of acute hepatitis (Figure
S1). Moreover, we observed a number of other pathological
changes in these mice — including swelling of hepatocytes,
abnormal architecture of liver-cell cords, abnormal accumulation
of glycogen, steatosis, fibrosis, and HCC (Figures 1E and F, Table
S1). Steatosis was mild in the younger mice (day 21) and became
increasingly severe over time (days 120 and 180; Figure S2).
Importantly, none of the pathological changes were observed in
the CN2-29%/7/MxCre™’™) mice after poly(I:C) injection
(Figure 1F).
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Recombinant Vaccinia Virus Immunization in HCV
Transgenic Mice

To determine whether activation of the host immune response
caused the reduction with HCV protein levels in the livers of CN2-
29/ /MxCre™ ™) mice, we used a highly attenuated VV strain,
LC16m8, to generate three rVVs [12]. Each rVV encoded
a different HCV protein; rVV-CN2 encoded mainly structural
proteins, rVV-N25 encoded nonstructural proteins, and rVV-CIN5
encoded the entire HCV protein region (Figure 2A). Because rVVs
can express a variety of proteins and induce strong and long-term
immunity, they have been evaluated as potential prophylactic
vaccines [13].

We used western blots to confirm that each HCV protein was
expressed in cell lines. Each of seven proteins — the core, El, E2,
NS3-4A, NS4B, NS5A, and NS5B — was recognized and labeled
by a separate cognate antibody directed (Figure S3). To induce
effective immune responses against HCV proteins in transgenic
mice, we injected an rVV-HCV (VV-CN2, rVV-CN5, or rVV-
N25) or LC16m8 (as the control) intradermally into CN2-29% 7/
MxCre® ™) mice 90 days after poly(I:C) injection (Figure 2B).
Analysis of liver sections 7 days after immunization with rVV-N25
revealed dramatic improvement in a variety of pathological
findings associated with chronic hepatitis — including piecemeal
necrosis, hepatocyte swelling, abnormal architecture of liver-cell
cords, abnormal accumulation of glycogen, and steatosis
(Figures 2C-E). Collectively, these results demonstrated that only
the rVV-N25 treatment resulted in histological changes indicative
of improvement in the chronic hepatitis suffered by the transgenic
mice.

To determine whether rVV-N25 treatment induced the same
effect in other strains of HCV transgenic mice, we analyzed
RzCN5-15%7/MxCre™ ™) mice, which express all HCV pro-
teins; in these mice, chronic hepatitis was resolved within 28 days
of immunization with rVV-N25. Taken together, these findings
indicated that r'VV-N25 had a dramatic therapeutic effect on both
types of HCV transgenic mice (Figure S4).

Treatment with rVV-N25 Reduced the HCV Core Protein

Levels in the Livers

To assess in detail the effects of rVV-HCV immunization on
HCV protein clearance from the livers of CN2-29%/7)/ MxCret*/
~) mice, we monitored the levels of HCV core protein in liver
samples via ELISA. We found that within 28 days after
immunization the HCV core protein levels were significantly
lower in livers of rVV-N25-treated mice than in those of control
mice (Figure 3A). Immunohistochemical analysis indicated that,
within 28 days after immunization, levels of HCV core protein
were substantially lower in the livers of CN2-29%7)/MxCre™ ™)
mice than in those of control mice (Figure 3B). Importantly,
neither resolution of chronic hepatitis nor reduction in the HCV
protein levels was observed in the mice treated with LC16m8,
rVV-CN2, or rVV-CN5. These results indicated that HCV non-
structural proteins might be important for effects of therapeutic
vaccines. In contrast, r'VV-CN5 which encoded HCV structural
and non-structural proteins did not show any significant effects.
These results indicated that HCV structural proteins might have
inhibited the therapeutic effects of the non-structural proteins.
Therefore, it may be important to exclude the HCV structural
proteins (aa 1-541) as antigenic proteins when developing
therapeutic vaccines against chronic hepatitis C.

In addition, we measured serum ALT levels in CN2-29¢7)/
MxCre®™ ™) mice from all four treatment groups 28 days after
rVV-HCV immunization. Serum ALT levels were not significant-
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Figure 1. Pathogenesis in immunocompetent mice with persistent HCV expression. (A) Structure of CN2-29%"/MxCre® ™ and the Cre-
mediated activation of the transgene unit. RGCN2 HCV cDNA was cloned downstream of the CAG promoter, neomycin-resistant gene (neo), and poly
A (pA) signal flanked by two loxP sequences. This cDNA contains the core, E1, E2, and-NS2 regions. (B) Cre-mediated genomic DNA recombination.
After poly(l:C) injection, genomic DNA was extracted from liver tissues and analyzed by quantitative RTD-PCR for Cre-mediated transgenic
recombination. The transgene was almost fully recombined in transgenic mouse livers 7 days after the injection. In all cases, n =3 mice per group. (C)
HCV core protein expression was sustained for at least 600 days after poly(l:C) injection. (D) Immunohistochemical analysis revealed that most
hepatocytes expressed the HCV core protein within 6 days after injection. (E) Liver sections from CN2-297/MxCre®™) mice after the poly(l:C)
injection. Infiltrating lymphocytes (arrows) were observed on days 6 and 180; Hepatocellular carcinoma (HCC) was observed on day 360. In contrast,
these pathological changes were not observed in CN2-29%7/MxCre'™~ mice after the injection. The inset image shows abnormal mitosis in a tumor
cell. (F) Hepatocyte swelling and abnormal architecture of liver-cell cords (silver staining), as well as abnormal glycogen accumulation (PAS staining)
were observed on day 90 in CN2-29%"7/MxCre™ ) mice. We observed steatosis (oil-red-O staining) on day 180 and, subsequently, fibrosis {(Azan
staining) on day 480. The scale bars indicate 50 pm.

doi:10.1371/journal.pone.0051656.g001
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doi:10.1371/journal.pone.0051656.g002
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Figure 3. Effects of HCV core protein expression on the livers of CN2-29%/7)/MxCre"’™) mice inoculated with rVV-HCV. (A) Expression

of the HCV core protein in the four treatment groups of CN2-29%/7)/MxCre™ ™ mice 28 days after the inoculation. Significant relationships are
indicated by a P-value. (B) H&E staining and immunohistochemical analysis for HCV core protein in the LC16m8-, r'VWW-CN2-, r'VV-CN5-, or rVV-N25-
treated CN2-29%"7)/MxCre’~ mice 28 days after the inoculation. Liver sections were stained with the anti-core monoclonal antibody. The scale bars
indicate 50 um. (C) Effects of HCV core protein expression on serum ALT levels in the four treatment groups of CN2-29%/7/MxCre®' ™) mice 28 days
after immunization. (D) Cre-mediated genomic DNA recombination in the four treatment groups 28 days after immunization. (E) Expression of HCV

mMRNA in the LC16m8- or r'WW-N25-treated CN2-29""/MxCre®™ mice 28 days after immunization. In all cases, n=6 mice per group.

doi:10.1371/journal.pone.0051656.g003

ly different in the rVV-N25-treated mice and control mice
(Figure 3C); this finding indicated that rVV-N25 treatment did
not cause liver injury and that the antiviral effect was independent
of hepatocyte destruction.

We hypothesized that the reduction in the levels of HCV core
protein in rVV-HCV-treated mice was not caused by cytolytic
elimination of hepatocytes that expressed HCV proteins. To
investigate this hypothesis, we conducted an RTD-PCR analysis of
genomic DNA from liver samples of CN2-29%/7)/MxCre®/ ™)
mice. The recombined transgene was similar in rVV-N25-treated
and control mice 28 days after immunization (Figure 3D). We also
measured the expression of HCV mRNA in LC16m8-treated
CN2-29%/7)/MxCre® ™) mice with that in rVV-N25-treated
CN2-29%7)/MxCre® ™) mice 28 days after immunization; the
HCV mRNA levels did not differ between rVV-N25-treated CN2-
29%/7)/MxCre®™ ™) and control mice (Figure 3E). These results
indicated that rVV-N25-induced suppression of HCV core protein
expression could be controlled at a posttranscriptional level.

Role of CD4 and CD8 T cells in rVV-N25-treated Mice
Viral clearance is usually associated with CD4 and CD8 T-cell
activity that is regulated by cytolytic or noncytolytic antiviral
mechanism [14]. To determine whether CD4 or CD8 T-cell
activity was required for the reduction in HCV core protein levels

PLOS ONE | www.plosone.org

in the livers of transgenic mice, we analyzed the core protein levels
in CN2-29%7)/MxCre™™ ™ mice immunized with rVV-N25 in
the absence of CD4 or CD8 T cells (Figure 4A). As expected, the
mice lacking CD4 or CD8 T cells failed to show a reduction in
HCYV core protein levels (Figure 4B).

However, in mice lacking either CD4 or CD8 T-cells, the
pathological changes associated with chronic hepatitis were
resolved following rVV-N25 immunization, and the steatosis score
of rVV-N25-treated mice was significantly lower than that of
contro] mice (Figures 4C—E). These results indicated that CD4 and
CD8 T cells were not responsible for the rVV-N25-induced
amelioration of histological findings and that other inflammatory
cell types may play an as-yet-unidentified role in the resolution of
the pathological changes in these mice.

rVV-N25 Immunization Induced an NS2-specific Activated
CD8 T cells Response

Because we found that HCV protein reduction in the liver
required CD8 T cells, we tested whether HCV-specific CD8 T
cells were present in splenocytes 28 days after immunization. To
determine the functional reactivity of HCV-specific GD8" T cells,
we performed a CD107a mobilization assay and intracellular IFN-
v staining. CN2-29 transgenic mice expressed the HGV structural
protein and the NS2 region. However, rVV-N25 comprised only
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28 days after immunization with LC16m8 or r'VV-N25. The scale bars indicate 100 um (C) and 50 um (D). (E) Histological evaluation of steatosis in liver
samples from CD4-depleted or CD8-depleted CN2-29"7)/MxCre"’™) mice 28 days after immunization with LC16m8 or rVV-N25. Significant

relationships are indicated by a P-value.
doi:10.1371/journal.pone.0051656.g004

a HCV nonstructural protein. Thus, we focused on the role of the
NS2 region as the target for CD8 T cells and generated EL-4 cell
lines that expressed the NS2 antigen or the CN2 antigen.

Isolated splenocytes from immunized mice were co-cultured
with EL-4CN2 or EL-4NS2 cell lines for 2 weeks and analyzed.

Cytolytic cell activation can be measured using CD107a,
a marker of degranulation [15]. The ratio of CD8"CD107a" cells
to all CD8 T cells significantly increased in rVV-N25-treated
splenocytes after co-culture with EL-4CN2 or EL-4NS2 (P<0.05),
whereas splenocytes that had been treated with any other rVV
were not detected (Figure 5A, B and C). These results indicated
that rVV-N25 treatment increased the frequency of HCV NS2-
specific activated CD8 T cells. Consistent with these results, the
ratio of CD8 TIFN-v" cells to all CD8 T cells for rVV-N25-treated
mice was also significantly higher than that for mice treated with
any other rVV (P<0.05). Taken together, these findings indicated
that rVV-N25 induced an effective CD8 T-cell immune response
and that NS2 is an important epitope for CD8 T cells.

A

rVV-N25 Immunization Suppressed Inflammatory
Cytokines Production

To determine whether rVV-N25 treatment affected inflamma-
tory cytokine production, we measured serum levels of in-
flammatory cytokines after rVV immunization. The serum levels
of these inflammatory cytokines increased in the CN2-29%/7)/
MxCre® ™) mice (Figure 6A, Figure S5). Immunization with rVV-
N25 affected serum levels of inflammatory cytokines in CN2-29¢
“)/MxCre™ ™) mice and caused a return to the cytokine levels
observed in wild-type untreated mice (Figure 6A). In wild-type
mice, the cytokine levels remained unchanged after immunization
(Figure 6A). These results indicated that inflammatory cytokines
were responsible for liver pathogenesis in the transgenic mice.

To test the hypothesis that inflammatory cytokines were
responsible for liver pathogenesis in CN2-29%7)/MxCre®™ ™)
mice, we administered transgenic mouse serum intravenously into
nontransgenic mice. We observed the development of chronic
hepatitis in the nontransgenic mice within 7 days after the serum
transfer (Figures 6B and C). This finding was consistent with the

B

EL-4 EL-4NS2 EL-4 EL-4NS2 Target EL-4NS2
T CD107a mobilization assay IFN staining
P<0.05
No treatment
45 P<0.08 35 P<0.08
I — f .05 |
40 P<0.05 R (L2005
35 P<0.05 LI
% [ —— 25 P<0.05
s ® [
’5 25 P<0.05 2
VV-LC16m8 2 15
<3 :
5
& 1
0.5
+ [}
5 NT m8 CN2 CN§ N25 NT m8 CN2 CN5 N25
2
VV-CN2 S
C Target EL-4CN2
CD107a mobilization assay IFN staining
<0,
10 P<0.05 I P<0.05
VV-CN5 8 <0.05 s P<0.05
8 P<0,08
% P<0.05
3 7 40
] 1
Z s
o
w g
3
IVV-N25 @ 08 )
1w 27 i 1
. & [
Yo v v e w v W Yo w e w e @ © NT m8 CN2 CN5 N25 NT m8 CN2 CN5 N2§
CD8+ cos+

Figure 5. Immunization with rVV-N25 induced CD8 T-cell degranulation, a marker for cytotoxicity, and IFN-y production. (A) The
numbers represent the percentage of CD107a positive cells and negative cells (left two columns) and IFN-y-positive cells and negative cells (right two
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doi:10.1371/journal.pone.0051656.g005

PLOS ONE | www.plosone.org December 2012 | Volume 7 | Issue 12 | 51656

- 188 -



Therapeutic Vaccine for Chronic Hepatitis C

A @ LC16mM8 - FVV-CN2 == rVV-CN5 rVV-N25
300 400 300 400
' TNF-a IL-6 | 1IL-12p70 IFN-y
- | 300 | 300 {
2 200 . I . 200 ‘
= | ;
©9 2001 | }
o ] i
B2 100 . | b=k 1003
2§ 100 £ i
2 [ i w
3 & 1 S
07234567 %1234567 01234567 % 12345867
days after inoculation
B donor recipient C
e
= ]
» £ =
e £
T
serum 2
£
transfer g
o
Lry
- 5 a b c d
< ————— te—————
donor  recipient
P =0.037
E
5, P =0.028 ‘
a5y T
o 4 P = 0.047
§ 39 P =0.037
2 3 S
% 25
g 21
. . £ 15
anti-IL-6R anti-TNFa + IL-6R 3
E o5
"o & &
S L & &
& & ¥
o & &
%:\Q > 'b«xg
& &
S
F G
CN2-29(+/-MxCre{-I) CN2-29(+/-)MxCre(+/-) F4/80+CD11b+  F4/80+IL-6+  FA4/80+TNFa+
_ _ g LC16m8
< = =4u. = Q.
R g s, P=0087,, P=0046 ;;, P=0089 T
0.19 3.87 —— g 10
2
5 E 8
= 6
8
, £ 4
> 3
F4/80 S 2
A b 0 -
v
=
—

PLOS ONE | www.plosone.org

- 189 -

December 2012 | Volume 7 | Issue 12 | e51656



Therapeutic Vaccine for Chronic Hepatitis C

Figure 6. Immunization with rVV-N25 suppresses serum inflammatory cytokine levels. (A) Daily cytokine levels in the serum of CN2-29%/
/MxCre™*’ ™) mice during the week following immunization with LC16m8, rVV-CN2, rVV-N25, or rVV-CN5. Values represent means = SD (n =3) and
reflect the concentrations relative to those measured on day 0. The broken lines indicate the baseline data from wild-type mice. In all cases, n
=6 mice per group. (B) Liver sections from CN2-29"7/MxCre™”’™ and CN2-29%~)/MxCre™’™ mice. (C) Histology activity index (HAI) scores of liver
samples taken from CN2-29%")/MxCre™ ™ or CN2-29%/~)/MxCre'™~) mice. (D) Liver sections from CN2-29"/~/MxCre™ ™) mice in which TNF-a was

neutralized and the IL-6 receptor was blocked. The scale bars indicate 50 um. (E) HAI scores of liver samples taken from CN2-29/")/MxCre

“) i

which TNF-o. was neutralized and the IL-6 receptor was blocked. Tg and non-Tg indicate CN2-29°/~)/MxCre®”’™) and CN2-29%'7)/MxCre!~""),
respectively. (F) Macrophages were the main producers of TNF-o and IL-6 in CN2-29%/~/MxCre™~) mice following poly(:C) injection. (G)
Immunization with r'VV-N25 reduced the number of macrophages in liver samples from CN2-29%7)/MxCre™ ™) mice and suppressed TNF-o and IL-6
production from macrophages (Figure 6G). Significant relationships are indicated by a P-value.

doi:10.1371/journal.pone.0051656.9006

hypothesis that inflammatory mediators played a key role in
inducing hepatitis. Furthermore, to investigate whether TNF-o and
IL-6 played particularly critical roles in the pathogenesis of
chronic hepatitis in the transgenic mice, we neutralized TNF-o and
blocked the IL-6 receptor in the livers of these mice. As expected,
chronic hepatitis did not develop in these mice. (Figure 6D and E).

Next, to determine which cell population(s) produced TNF-a,
IL-6, or both during continuous HCV expression in CN2-29¢/7)/
MxCre™ ™ mice, we isolated intrahepatic lymphocytes (IHLs) and
labeled the macrophages (the F4/80% cells) with anti-TNF-o and
anti-IL-6 antibodies using an intracellular cytokine detection
method. Macrophages in CN2-29%/7)/MxCre™ ™ mice pro-
duced small amounts of TNF-o0 and IL-6, while those in CN2-
29/ 7) /MxCre™ ™) mice produced much larger amounts of these
cytokines (Figure 6F).

Finally, we evaluated whether rVV-N25 treatment affected the
number of macrophages, cytokine production by macrophages, or
both; specifically, we isolated IHLs from CN2-29%7)/MxCre™*’ ™
mice 7 days after immunization with rVV-N25 or with LC16m8.
The percentage of macrophages (CD11b*F4/80%) among IHLs
and IL-6 production from these macrophages were significantly
lower in rVV-N25-treated mice than in control mice (Figure 6G).
Though the percentage of TNF-o-producing macrophages was
not significantly different in rVV-N25-treated and control mice
(P=0.099), rVV-N25 treatment appeared to suppress these
macrophages. These results demonstrated that rVV-N25 had
a suppressive effect on activated macrophages, and they indicated
that this suppression ameliorated the histological indicators of
chronic hepatitis.

Discussion

Various HCV transgenic mouse models have been developed
and used to examine immune response to HCV expression and
the effects of pathogenic HCV protein on hepatocytes [4,16,17].
However, these transgenic mice develop tolerance to the HCV
protein; therefore, examining immune response to HCV protein
has been difficult.

To overcome the problem of immune tolerance in mouse
models of HCV expression, we developed an HGV model in mice
that relies on conditional expression of the core, E1, E2, and NS2
proteins and the Cre/loxP switching system [5,6]; we showed that
the injection of an Ad-Cre vector enhanced the frequency of
HCV-specific activated CD8 T cells in the liver of these mice and
caused liver injury. However, the Ad-Cre adenovirus vector alone
causes acute hepatitis in wild-type mice. Nevertheless, the
transgenic model was useful for evaluating interactions between
the host immune system and viral protein (serum ALT level over
2,000 IU/L) [5]; HCV core protein levels were reduced and
expression of this protein was transient (about 2 weeks). Therefore,
this Ad-Cre-dependent model cannot be used to effectively
investigate immune responses to chronic HCV hepatitis.

PLOS ONE | www.plosone.org

Here, we used poly (I:C)-induced expression of Cre recombi-
nase to generate HCV transgenic mice in order to study the effect
of HCV protein and confirmed that these mice developed chronic
active hepatitis-including steatosis, lipid deposition, and hepato-
cellular carcinoma. These pathological findings in the transgenic
mice were very similar to those in humans with chronic hepatitis
C; therefore, this mouse model of HCV may be useful for
analyzing the immune response to chronic hepatitis. However,
experimental results obtained with this mouse model may not
directly translate to clinical findings from patients with HCV
infection because the expression of HCV proteins was not liver
specific in these mice. Furthermore, poly(I:C) injection can
activate innate immune responses and, consequently, might induce
temporary liver injury [18]. Additionally, poly(I:C) injection has an
adjuvant effect; specifically, it stimulates TLR3 signaling [19].

To evaluate whether poly(I:C) injection caused hepatitis in
CN2-29%/7)/MxCrel™’™) mice, we examined serum ALT levels
and liver histology following poly(I:C) injection. We found that,
following poly(I:C) injection, serum ALT levels in CN2-29¢ 7/
MxCre™"") mice increased, reached a peak one day after
injection, declined from day 1 to day 6, and were not elevated
thereafter; this time-course indicated that poly(I:C) injection alone
did not induced continuous liver injury (figure S6). Based on these
findings, we believe that the effects of poly(I:C) injection in these
mice did not confound our analysis of chronic hepatitis.

Immunization with rVV-N25 suppressed HCV protein levels in
the liver, and this suppression was associated with ameliorated
pathological chronic hepatitis findings (see Figure 3). Importantly,
rVV-N25 treatment did not cause liver injury based on the serum
ALT levels; therefore, this treatment was unlikely to have
cytopathic effects on infected hepatocytes. These findings provided
strong evidence that rVV-N25 treatment effectively halted the
progression of chronic hepatitis. Immunization with plasmid DNA
or with recombinant vaccinia virus can effectively induce cellular
and humoral immune responses and exert a protective effect
against challenge with HCV infection [20,21]. However, findings
from these previous studies revealed HCV immunization of both
uninfected, naive animals and immune-tolerant animals induced
a HCV-specific immune response. In the model describe here; the
animals were immune competent for HCV; therefore, our findings
provided further important evidence that rVV-N25 was effective
in the treatment of chronic hepatitis.

In addition, we demonstrated that rVV-N25 treatment in the
absence of CD4 and CD8 T cells had no effect on HCV clearance.
This important observation indicated that rVV-N25-induced
HCV clearance was mediated by CD4 and CD8 T cells. Many
studies have shown that spontaneous viral clearance during acute
HCYV infection is characterized by a vigorous, broadly reactive
CD4 and CD8 T-cell response. [8,22] HCV clearance and
hepatocellular cytotoxicity are both mediated by CD8 antigen-
specific (cytotoxic T lymphocyte) CTLs [23]. Consistent with these
observations, rVV-N25 treatment effectively induced the accumu-
lation of NS2-specific CD8 T cells, which express high levels of
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CD107a and IFN-yin the spleen. Notably, even with rVV-N25
immunization, the frequency of activated CD8 T cells was very
low, and a minimum of 2-weeks incubation was required to
distinguish the difference between rVV treatments. Even if a small
population of specific CD8+ T cells played a relevant role in the
reduction of core protein, it is difficult to assert that the only NS2-
specific CD8+ T cells were important to this reduction. However,
based on the results presented in Figure 4B, we are able to
conclude that at least CD8+ and/or CD4+ T cells were important
to the reduction in HCV core protein. Therefore, to elucidate the
mechanism of HCV protein clearance, further investigation of not
only the other T cell epitopes but also other immunocompetent
cells is required.

Interestingly, rVV-N25 treatment—but not the rVV-CN2 or
rVV-CN5 treatment—efficiently induced a HCV-specific activated
CD8 T cells response; this difference in efficacy could have one or
more possible causes. The HCV structural proteins (core, E1, and
E2 proteins) in the rVV-CN construct may cause the difference;
Saito et al. reported that injection with plasmid constructs
encoding the core protein induced a specific CTL response in
BALB/c mice [24]. Reportedly, CTL activity against core or
envelope protein is completely absent from transgenic mice
immunized with a plasmid encoding the HCV structural proteins,
but core-specific CTL activity is present in transgenic mice that
were immunized with a plasmid encoding the HCV core [21]. In
contrast, when recombinant vaccinia virus expressing different
regions of the HCV polyprotein were injected into BALB/c mice,
only the HCV core protein markedly suppressed vaccinia-specific
CTL responses [25]. Thus, the HCV core protein may have an
immunomodulatory function [26]. Based on these reports and our
results, we hypothesize that the causes underlying the effectiveness
of rVV-N25 treatment were as follows: 1) this rVV construct
included the core and envelope proteins and 2) the core protein
had an immune-suppressive effect on CTL induction. Therefore,
we suggest that exclusion of the core and envelope antigen as
immunogen is one important factor in HCV vaccine design.

Interestingly, immunization with rVV-N25 rapidly suppressed
the inflammatory response; however, immunization with either of
the other rVVs did not (see Figure 6A). This result indicated that
rVV-N25 may modulate inflammation via innate immunity, as
well as via acquired immunity. Reportedly, Toll-like receptor
(TLR)-dependent recognition pathways play a role in the
recognition of poxviruses [27]. TLR2 and TLR9 have also been
implicated in the recognition of the vaccinia virus [28,29]. These
findings indicate that TLR on dendritic cells may modulate the
immunosuppressive effect of rVV-N25 in our model of HCV
infection; however, further examination of this hypothesis is
required. The finding that pathological symptoms in the HCV
transgenic mice were completely blocked by intravenous injection
of TNF-o0 and IL-6 neutralizing antibodies indicated that the
progression of chronic hepatitis depended on inflammatory
cytokines in serum, rather than the HCV protein levels in
hepatocytes. Lymphocytes, macrophages, hepatocytes, and adipo-
cytes each produce TNF-a and IL-6 [30,31], and HCV-infected
patients have elevated levels of TNF-o0 and IL-6 [32,33]. Both
cytokines also contribute to the maintenance of hepatosteatosis in
mice fed a high-fat diet [34], and production of TNF-o and IL-6 is
elevated in obese mice due to the low grade inflammatory response
that is caused by lipid accumulation [35]. These findings indicate
that both cytokines are responsible for HCV-triggered hepatos-
teatosis, and anti-cytokine neutralization is a potential treatment
for chronic hepatitis if antiviral therapy is not successful.

The reduction of macrophages in number might be due to the
induction of apoptosis by vaccinia virus i vifro infection as

PLOS ONE | www.plosone.org
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previous reported [36]. To understand the mechanisms respon-
sible for the reduction of the number of macrophage, we
performed another experiment to confirm whether the macro-
phages were infected with vaccinia virus inoculation. However,
based on PCR analyses; vaccinia virus DNA was not present in
liver tissue that contained macrophages (Figure S7). Furthermore,
apoptosis of macrophages was not detected in liver samples (Data
not shown). Based on these results, it is unlikely that the reduction
in the number of macrophages was due to apoptosis induced by
vaccinia virus infection. Although rVV-N25 reduced the number
of macrophage, precise mechanism is still unknown. Further
examination to elucidate the mechanism is required.

In conclusion, our findings demonstrated that rVV-N25 is
a promising candidate for an HCV vaccine therapy. Additionally,
the findings of this study indicate that rVV-N25 immunization can
be used for prevention of HCV infection and as an antiviral
therapy against ongoing HCV infection.

Materials and Methods

Ethics Statement

All animal care and experimental procedures were performed
according to the guidelines established by the Tokyo Metropolitan
Institute of Medical Science Subcommittee on Laboratory Animal
Care; these guidelines conform to the Fundamental Guidelines for
Proper Conduct of Animal Experiment and Related Activities in
Academic Research Institutions under the jurisdiction of the
Ministry of Education, Culture, Sports, Science and Technology,
Japan, 2006. All protocols were approved by the Committee on
the Ethics of Animal Experiments of the Tokyo Metropolitan
Institute of Medical Science (Permit Number: 11-078). All efforts
were made to minimize the suffering of the animals.

Animals

R6CN2 HCV cDNA (nt 294-3435) [37] and full genomic HCV
cDNA (nt 1-9611) [38,39] were cloned from a blood sample taken
from a patient (#R6) with chronic active hepatitis (Text S1). The
infectious titer of this blood sample has been previously reported
[40]. R6CN2HCV and R6CNSHCV transgenic mice were bred
with Mx1-Cre transgenic mice (purchased from Jackson Labora-
tory) to produce R6CN2HCV-MxCre and R6CN5HCV-MxCre
transgenic mice, which were designated CN2-29%/7)/MxCret*/ ™
and RzCN5-15%7/MxCre™ ™) mice, respectively. Cre expres-
sion in the livers of these mice was induced by intraperitoneal
injection of polyinosinic acid-polycytidylic acid [polyI:C)] (GE
Healthcare UK Ltd., Buckinghamshire, England); 300 pL of
a poly(I:C) solution (I mg/mL in phosphate-buffered saline [PBS])
was injected three times at 48-h intervals. All animal care and
experimental procedures were performed according to the guide-
lines established by the Tokyo Metropolitan Institute of Medical
Science Subcommittee on Laboratory Animal Care.

Histology and Immunohistochemical Staining

Tissue samples were fixed in 4% paraformaldehyde in PBS,
embedded in paraffin, sectioned (4-im thickness), and stained with
hematoxylin and eosin (H&E). Staining with periodic acid-Schiff
stain, Azan stain, silver, or Oil-red-O was also performed to
visualize glycogen degeneration, fibrillization, reticular fiber
degeneration, or lipid degeneration, respectively.

For immunohistochemical staining, unfixed frozen liver sections
were fixed in 4% paraformaldehyde for 10 min and then
incubated with blocking buffer (1% bovine serum albumin in
PBS) for 30 min at room temperature. Subsequently, the sections
were incubated with biotinylated mouse anti-HCV core mono-
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clonal antibody (5E3) for 2 h at room temperature. After being
washed with PBS, the sections were incubated with streptavidin—
Alexa Fluor 488 (Invitrogen). The nuclei were stained with 4°,6-
diamidino-2-phenylindole (DAPI). Fluorescence was observed
using a confocal laser microscope (Laser scanning microscope

510, Carl Zeiss).

Generation of rVVs

The pBR322-based plasmid vector pPBMSF7C contained the
ATI1/p7.5 hybrid promoter within the hemagglutinin gene region
of the vaccinia virus, which was reconstructed from the pSEJ1-10
plasmid and pBM vector [41,42]. Separate full-length cDNAs
encoding either the HCV structural protein, nonstructural protein,
or all HCV proteins were cloned from HCV R6 strain (genotype
1b) RNA by RT-PCR. Each ¢cDNA was inserted into a separate
pBMSF7C vector downstream of the pBMSF7C ATI/p7.5 hybrid
promoter; the final designation of each recombinant plasmid was
pBMSF7C-CN2, pBMSF7C-N25, or pBMSF-CN5 (Figure 2).
They were then transfected into primary rabbit kidney cells
infected with LC16m8 (multiplicity of infection = 10). The virus—
cell mixture was harvested 24 h after the initial transfection by
scrapping; the mixture was then frozen at —80°C until use. The
hemagglutinin-negative recombinant viruses were cloned as pre-
viously described [42] and named rVV-CN2, rVV-N25, or rVV-
CN5. Insertion of the HCV protein genes into the LCI16m8
genome was confirmed by direct PCR, and expression of each
protein from the recombinant viruses was confirmed by western
blot analysis. The titers of rVV-CN2, rVV-N25, and rVV-CN5
were determined using a standard plaque assay and RK13 cells.

Statistical Analysis

Data are shown as mean = SD. Data were analyzed using the
nonparametric Mann-Whitney or Kruskal-Wallis tests or AN-
OVA as appropriate; GraphPad Prism 5 for Macintosh (Graph-
Pad) was used for all analyses. P values <<0.05 were considered
statistically significant.

Supporting Information

Figure S1 HAI score of liver samples taken from CN2-
29%/7) /MxCre™ ™) mice.
(EPS)

Figure 82 Lipid degeneration in samples of liver taken
from CN2-29%/7)/MxCre"™/ ) mice.
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Ribosomal production and in vitro selection of natural
product-like peptidomimetics: The FIT and RaPID systems
Christopher J Hipolito and Hiroaki Suga

Bioactive natural product peptides have diverse architectures
such as non-standard sidechains and a macrocyclic backbone
bearing modifications. In vitro translation of peptides bearing
these features would provide the research community with a
diverse collection of natural product peptide-like molecules
with a potential for drug development. The ordinary in vitro
{ranslation system, however, is not amenable to the
incorporation of non-proteinogenic amino acids or genetic
encoding of macrocyclic backbones. To circumvent this
problem, flexible tRNA-acylation ribozymes (flexizymes) were
combined with a custom-made reconstituted translation
system to produce the flexible in vitro translation (FIT) system.
The FIT system was integrated with mRNA display to devise an
in vitro selection technique, referred to as the random non-
standard peptide integrated discovery (RaPID) system. It has
recently yielded an N-methylated macrocyclic peptide having
high affinity (Kq = 0.60 nM) for its target protein, EGAP.
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Introduction

Bioactive natural product peptides are biosynthesized by
either ribosomal translation machinery or nonribosomal
peptide synthetases (NRPSs) and derivatized by post-
translational modification enzymes or tailoring NRPS
enzymes, respectively [1]. Unlike ordinary peptides, these
‘non-standard’ peptides are chemically diversified with D-
amino acids, unique sidechains, N-methylation, and macro-
cyclic backbones (Figure 1). In the case of NRPSs, this
diversity is largely attributed to the multidomain NRPSs’
ability to activate and modify amino acids before conden-
sation. Domains are grouped into modules, and each
module is in general responsible for the activation, modi-
fication and condensation of a single amino acid. Nature
arranges these modules into an assembly line so that an

exact peptide sequence can be produced in an NRPS-
templated manner. The idea of producing custom non-
standard peptides or their de novo libraries has attracted
many researchers and driven efforts toward engineering
NRPSs, but manipulating the modular NRPS components
to create tailored non-standard peptides has thus far met
limited success owing to their mechanistic and functional
complexities. Presumably, directed evolution of NRPSs,
similar to the recent work reported by Fischbach ez a/. [2] as
well as Evans ¢ «/. [3], may lead to a solution of this
herculean challenge in order to achieve the goal of con-
structing de novo libraries in the future.

Biosynthetic pathways involving post-translational modi-
fication enzymes are less complex than those involving
NRPSs. In fact, genetic and mechanistic studies on such
enzymes have increased our knowledge of essential
recognition elements in substrates, enabling us to design
non-natural substrates. Moreover, recent studies using
synthetic peptides as well as coupling with 7z vive incorp-
oration of an artificial amino acid has allowed for the
expansion of substrate repertoires [4-7]. Thus, continuing
such efforts will lead us to the goal of synthesis of & 7ovo
libraries and, ultimately, discovering bioactive com-
pounds with new chemical scaffolds against therapeutic
targets of interest.

As a completely different technology, recent advances in
artificial manipulation of the genetic code have shown the
potential to produce natural product-like non-standard
peptides by using translation machinery (vide infra). In
this technology, unlike the above two biosynthetic pro-
cesses, the sequences of such non-standard peptides are
encoded in messenger RNA (mRNA) or its parental
DNA. This feature facilitates the construction of their
de novo libraries with high sequence complexities and,
moreover, enables us to devise a one-pot screening (or
selection) system to discover active non-standard pep-
tides. In this review, we shall focus on discussing this
emerging new technology.

Genetic code reprogramming as a distinct
alternative approach

Genetic code reprogramming, which allows for a variety
of non-standard amino acids to be incorporated by using
sense codon suppressions, is a technique that was intro-
duced within the last decade [8,9]. Genetic code repro-
gramming in general requires the use of a reconstituted iz
vitro translation system [10]. For instance, Forster e al.
demonstrated in 2003 that reconstitution of only limited
members of Escherichia coli translation factors (initiation

Current Opinion in Chemical Biology 2012, 16:196-203

www.sciencedirect.com

- 194 -



