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ABSTRACT

It was recently reported by the present team that 3B-hydroxysterol . A2 eductase (DHCR24) is

induced by hepatitis C virus (HCV) infection. In addition, upregulatlo of DHCR24 impairs p53
activity. In human hepatoma HuH-7 cells, the degree of DHCR24 expression is higher than in normal
hepatic cell lines (WRL68) at the transcriptional level. The genomic promoter sequence of DHCR24 was
characterized and nucleotide substitutions were observed in HuH- “cells at nucleotide numbers —1453
(G to A), —1420 (G to T), —488 (A to C) and —200 (G to C). The utations of these sequences from
HuH-7 cell types to WRL68 cell types suppressed DHCR24‘géne promoter activity. The sequences were
further characterized in hepatocytes from patient tissues. Four tissues from HCV-positive patients with
cirrhosis or hepatocellular carcinoma (#1, 2, 3, 5) po: essed HuH-7 cell type sequences. Interestingly,
one patient with liver cirrhosis (#4) possessed WRL68 cell—type sequences; this patient had been
infected with HCV and was HCV negative for 17 years a er interferon therapy. Next, the effect of HCV
infection on these polymorphisms was examined in humanized chimeric mouse liver and HuH-7 cells.

The human hepatocytes possess WRL68 cell type and did not show the nucleotide substitution after
HCV infection. The HCV-replicon was removed by interferon treatment and established the cured K4

cells. These cells possess HuH-7
polymorphism in DHCR24 promote

Key words 3p-hydroxysterol A24—'i’éau’cta_

Liver cancer is one of the ‘mos prevalent forms of
cancer (1). More than 80% of cases occur in developing
countries; however, Japan: alsg has a remarkably high
incidence (2). Among the primary liver cancers, HCC is
the most common (3). Its incidence is increasing:
between 1975 and 2005, age-adjusted HCC rates
tripled (4).

Correspondence

| type “sequences. Thus, this study showed the genomic
is not directly influenced by HCV infection.

; hepatitis C virus, promoter.

One crucial cause of HCC is HCV infection (5).
DHCR24, which functions as an oxidoreductase during
cholesterol biosynthesis (6, 7), is linked to HCV-associated
hepatocarcinogenesis and development of HCC (8-10).
Infection of hepatocytes with HCV results in over-
expression of DHCR24. This enzyme protects cells from
oxidative stress and inhibits p53 activity (8), thus
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contributing to the development of HCC (5). These facts
prompted us to investigate whether the molecular features
of DHCR24 are linked to HCC development. To this end, we
characterized the promoter region of DHCR24 in HCC cell
lines and clinical samples.

MATERIALS AND METHODS

Cell lines and growth conditions

HuH-7 and HepG2 cells were cultured in (DMEM;
Sigma-Aldrich, St. Louis, MO, USA) supplemented with
10% FCS (Sigma-Aldrich). WRL68 cells were cultured in
DMEM supplemented with 1 mM sodium pyruvate
(Invitrogen, Carlsbad, CA, USA), 0.1 mM non-essential
amino acids (Invitrogen) and 10% FCS. HuH-7 cell-
based HCV replicon harboring cell lines (R6FLR-N) (11)
were cured off HCV by interferon treatment (12) and
designated as K4 cells.

Northern and western blotting
Northern and western blotting were performed as

previously described (8).

Sequencing of genomic DNA and reporter
plasmid construction

Genomic DNA was extracted from HuH-7 and WRL68
cells using standard methods. DNA from the promoter .

region of DHCR24 (~5 kb) was amplified using PCR
(sense primer: 5'-CACTCCTGCTCACCACTGAT-3; an-
tisense primer: 5'- GTAGTAGATATCGAAGA \(
GAGCGG-3'). These fragments were ;nd1v1 ually cloned
into the upstream region of the firefly luciferase gene in
the pGL3-Basic vector (Promega,- Machson, WI, USA) at
the Xhol and Ncol sites (as we had d ne prevmusly for the
HepG2 cell line) (6). DNA sequences were determined
using standard methods. Reporter plasmids that pos-
sessed chimeric promoters ‘were constructed using
restriction enzyme sites for- Tth1111 (position —2160)
and BssHII (position ~ \

Table 1. Summary of patients with HCC

Dual luciferase reporter assay

Using Lipofectamine ITX (Invitrogen), HepG2 cells
(1 x 10* cells/well in a 96-well plate) were transfected
with a reporter plasmid (0.25 pg/well) together with an
internal control plasmid (phRL-TK; 0.025 pg/well)
encoding Renilla luciferase (Promega). Forty-eight hours
after transfection, the cells were assayed with the Dual-
Glo Luciferase Assay System (Promega). Luminescence
was measured using a TriStar LB941 microplate reader
(Berthold Technologies GmbH, Bad Wildbad, Germany).

Liver tissue samples from chimeric mice or
patients infected W|th hepatitis C virus

Severely combined - 1mmunodeﬁc1ent mice carrying
human primary hepatocytes were purchased from BD
BioSciences (Frankhn ‘Lakes, NJ, USA) and African
American, male, 5-year-old, HCV negative mice from
PhoenixBio (Hiroshima, Japan) (13). These “human liver
chimeric” mice were inoculated or mock-inoculated with
llected from an HCV-positive (HCR6
strain G’(l4), GenBank accession #AY(045702) patient in
V»accordance with the requirements of the Declaration of
“H Isinki. HCV infection in the mice thus infected was

4 onfirmed by using quantitative PCR for HCV mRNA as

previously described (9). The protocols for the animal

“experiments were pre-approved by the local Ethics
Committee, and the animals were maintained in
accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals.

Informed consent for this clinical study was obtained
from five patients with HCV (Table 1) at the Kumamoto
University Hospital (Kumamoto, Japan), in accordance
with the Helsinki Declaration prior to 2003, and the
protocol was approved by the Regional Ethics Commit-
tee. LiverPool 20-donor pooled cryopreserved human
hepatocytes (Celsis IVT, Baltimore, MD, USA) were

purchased and used as the normal human liver tissue
control. HCV RNA was detected by the COBAS TaqMan
HCYV test (Hoffman—La Roche, Basel, Switzerland). Liver

Patient ID Sex Age (years) Diagnosis ALT (U/mL) Outcome of IFN treatment HCV RNA detection”
#1 F 60 LC 22 NR —+
#2 M 65 LC 31 NT +
#3 F 57 LC 24 NR +
#4 M 61 LC, HCC 12 SVR —*
#5 M 51 LC, HCC 91 NR +

*Serum was tested for HCV RNA using quantitative PCR; *in 1995, #4 was diagnosed with HCV-associated LC and HCC and HCV RNA was detected in
his serum. As a result, #4 was treated with IFN. Since then, no HCV RNA has been detected in this patient's serum (>17 years). ALT, alanine
aminotransferase; F, female; LC, liver cirrhosis; M, male; NR, no response; NT, not treated.
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tissue was obtained from either mice or patients and
processed for DNA sequencing. Two DNA fragments
(corresponding to positions —1600 to —1292 and —631
to —86) were amplified using PCR with Tth-Bss forward
and reverse primers (5'-ATTTCAACATGTCATTAACA-
3’ and 5-TTCTAGCACGGTGCTTTGTG-3') and Bss-
Nco forward and reverse primers (5-CCAGCCA-
TAGCCTTCCATG-3' and 5-AATGGCGAGCCGCGC
CGG-3'), respectively. The amplified fragments were
directly sequenced using the same set of primers.

Statistical analysis

Student's t-test was used to test the statistical significance
of the results. P values of < 0.05 were considered
statistically significant.

RESULTS

First, we measured DHCR24 expression in cell lines of
noncancerous hepatocytes (WRL68) and hepatoma cells
(HuH-7 and HepG2). Compared with noncancerous
hepatocytes, DHCR24 expression in the two hepatoma
cell lines was considerably increased with respect to both
mRNA and protein (Fig. 1a, b). In addition, the different
culture media used for the WRL68 and HuH-7 cells did

not significantly influence the degree of expression of .

DHCR24 protein (Fig. 1c).

To identify the genetic characteristic(s) that govern :

DHCR24 upregulation, we isolated genomic DNA from
these three cell lines and sequenced the DHCR24 promoter
region (nucleotide positions —4976 to +113, where +1
indicates the transcription start site). For this analy31s, we
sequenced three molecular clones from each cell line.
Alignments of WRL68 and HuH-7 sequences showed
different nucleotides at four positions: (i) an A to G
switch at —1453 (i.e., A in WRL68 and G in HuH-7); (i) a
T to G switch at —1420; (iii) a C to A switch at —488; and
(iv) a C to G switch at —200 (Flg 2). The two hepatoma
cell lines (HuH-7 and HepGZ) had no nucleotide
differences within these reglons

Next, we investigated whether these small changes in
the promoter sequence affect gene expression in a
heterologous context. We constructed reporter plasmids
that placed the firefly luciferase gene under the control of
DHCR24 promoter sequences (either from HuH-7 or
WRL68 cells) (Fig. 3a). We measured the promoter
activity of each construct in HepG2 cells with dual-
luciferase assays. The DHCR24 promoter derived from
HuH-7 cells showed significantly greater activity (i.e.,
induced greater expression) than the WRL68 promoter
(Fig. 3b). We also constructed two reporter plasmids that
contained chimeric promoters. In each of these chimeras,

© 2012 The Societies and Wiley Publishing Asia Pty Ltd
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Fig. 1. Expression of DHCR24 in hepatoma cell lines. (a) Lysatés
from WRLE8, HuH-7 and HepG2 cells were subjected to western blot
analyéis using antibodies directed against DHCR24 (upper panel) and
B-actin (Ibwer panel). (b) RNA was extracted from WRL68, HepG2 and
HuH-7. cells and subjected to northern blot analysis using probes

. speciﬁc for DHCR24 (upper panel) and B-actin (lower panel). Band
intensities were quantified with a densitometer. Relative band intensity

ratios (DHCR24/B-actin) are indicated below the gel images (the ratio for
HuH-7 cells was set at 1). () DHCR24 protein (upper panel) and B-actin
(lower panel) were detected in WRL 68 or HuH-7 cells with culture
media for WRL68 cells (DMEM, 1 mM sodium pyruvate and 1 mM
nonessential amino acids) or HuH-7 cells (DMEM alone).

we replaced HuH-7 fragments containing two poly-
morphisms with wild-type WRL68 sequences (Fig. 3a).
These chimeric promoters had less activity than did intact
promoters from both HuH-7 and WRL68 cells (Fig. 3b).
These results indicate that the DHCR24 promoter from
HuH-7 cells contributes to the strong degree of DHCR24
expression. In addition, all four nucleotide sequences of
HuH-7 cell type in promoter fragments might be
important for strong promoter activity.

Thereafter, we examined whether polymorphisms
within the DHCR24 promoter could be detected in clinical
samples. We collected samples of liver tissue from five
patients infected with HCV (Table 1) and sequenced the
DHCR24 promoter region (Table 2). Of the five samples
tested, four (#1-3 and #5) showed all four of the
polymorphisms associated with strong promoter activity
(ie., G, G, A and G nucdleotides at positions —1453,
—1420, —488, and —200). In contrast, promoter
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Reglon 1
1625 Tth Bss F primer 1586
HiuH-7 colls ATTTTACETAATATATCAMATGTTATTTCARCATOTCATT ANCA TAARAATTACTAATG
WRLES colls ATTTTACTTAATATATCAAMTGTTATTTCAACATOTCATTAACATAMAMTTACTAATS
-1565 -1505
HuH-7 cells CTATTTIOCATTT T TCT TG TACTAAGICTTIGAMTCCAGTGTG TG TTTTACTCTT
WRLES cslis AOCTATTITGEATTTITICTT T TACTAMTCITTGAA TCCAGTC TG T TTTTACTCTT
-1505 : . 1446
HUH-7 cells AAAGOOCATTTCAGTTTGOACTAGCCACATACCAG TAGCTCATASC T TTU - TAAGACA
WRLES colis AAAGGOCATTTCAGTHTGOACT AL CACATACCAG TAGE TCATAGE TG TTGT ATAKGACA
1445 -1386
HuH.7 colls. TACAGITCCAGGCTATITAT T T AMGTCCASTECAMACAN CICTCATTCTHECAC
WRLBS colis mmmmnmammmrrm«m&\mmc
135 1326
Hut-7 cells TIIGATACTTGAATATTTGACCCTACAATCTTCA TTCATTEATTOC TEACAGECEETG
WRLES celis TITCAT AL TTCAATATTTEAGCTACAATCTTCA TICATTEATTOCTCAACABEESETG
-1326 o B R primer 1286
HUH-T colly CATGTTEACTO O AN O TOC R M CTOGAACOACAMETEMCAAGAL
WRLES colis GASTOTTTACTO T AMAGCACKO TEC TAGAN CTORAAGOACARMAT TRUKAASAC
Reglon 2
665 _Bas-NooFprimor g
HuH-7 colls TETOOCTCATGMCTOGMAMGACGAATGEEAGCCRTACCETTCCATECTICCA
WRLSS calis TCTOOCTCAGTOANCTOCAAAGAGGAMAG TROCAGCCATAGOCTTCOATOC TICCA
-0
FHuH-7 calls TO6OLTCTGGAG TTCAUGACAGATCTTCACCTT TCTORACTUCTTOCAMG TTACACAA
WRLES oslls TCHCCTCTORAGTTCACOAACAGO TCTTCACC T TCTROGCTOCTTOCANGTET AACHA
545 . 485
HUH-7 cells TOEAGCTCALCACTOCCCACTOCCCATGACTOCTE TET AGCTCAK TAATTOSTGGAAA
WRLES celis TORABCTCACCALTOCCCACTOOOC AGCACTOCTLTOT AGCTCARM TGARTTOGTOEC AL
-
-455
HuH-7 colls GTHC000CTAAMATGAAGYTGECTET B SACCTTOCGCACACOGAG TEOLICGACE
WRLES oslis GITCONCTAAMATGAMAGATCOCTUTBAGACTTOCOCACACLGAL THCACGALT
425 346
HUH-? calls TOCAGSGETTACTGC K TTTOCA T O CONTOGARCOUOCTG TOCRCAMAG
WRLES celis TOCAGMGETTACORICAGG TTTOCA T TN GOO0GGRARCORCCTE TOCROCAAG
-365 06

FuH-7 calls. GETCACTOALTCURGHCCROGOH CTOCCAGCOCTOORGCHEARAGCCACTOCARAA LY
WRLES calis GATCACTGACTCAGOLLCRORUH LTI AGCCOTODGACTCAAAGCCACTCCAMALT

-306 246
HuH7 cells SCTTANGHLOCETTTGOAGAGGGOC000CAGEO0DGACO00CTOIGC00CTAARTOD
WRLES calls COTTAMIGCOO0TTTCRAMGMOCOOCTCOUCAGECORAELLOCTGOGECOCTOAG TOL

~348 * ~185
HuH-7 cells CAATROCCACCODCAG TAT TG AL IMOCOLADGCAL TR TCCUTROCACCOOC
WRLES calis CAACTEOOCADCODCAG TATTORCAGCCRACOCCADDGOCALCACTCUCTRRU AL

~185 ~126
HuH-7 calls GLCTOROGOGHOGOATAMAARGCE TORAGIGCTOOGACTODOGCACCCARTGAMAG
WRLES celis GELTORGCEEORNOGHGARAARCCETCRAGCCCTODGACTONDNCAGOTALTCANAG

125 _Dss-Hoo R peimer -66
HuH-7 colls CHAGEGTTCCTOGTOORA TODCHGCLORKCTCOODAT IO TOOCHUIOGG TCTONG
WRLES celils CTHLGOTTCCTRGTCCGATOUO UGG OSGC TCROUAT TOH TORCOGCEULLCTC TURG

66 -6
HuH-7 cells DA TG COOG G AN OCGAG G EL OGN TCOOETCETDS
YRGS calls CCCADDGAACCTONGCGADOORMA CAATOROGAGGORGCGGG DM TCLOGLACTCL000

o

Fig. 2. Alignment of DHCR24 promoter sequences. Nucleotide
sequences from DHCR24 promoter regions obtained from HuH-7 and
WRLE8 cells are shown. Cell-type-specific differences between these
sequences (at positions —1453, —1420, —488, and —200) are indicated
by asterisks and colors (red and blue represent nuclectides in HuH-7 and
WRL68 cells, respectively). Positions of primer sequences are indicated.

a Tthil BssHl TSS
5 | *% | * k 3

: Luciferase

HuH | I |
WRL
HWH
HHW

-2982 -2160 -1030 +113

b £=0.04
140 P00z

120

100 |

80|

60—

40

20

Relative luciferase activity {Ratio}

WRL  HWH HuH

Fig. 3. Effect of nucleotide changes on DHCR24 promoter
activity. (a) Schematic diagrams of reporter constructs. Intact or
chimeric DHCR24 promoter sequences were used to drive the
expression of firefly luciferase. Fragments of DNA derived from HuH-7

‘and WRL68 cells are colored white and grey, respectively. The
o asterisks indicate the position of each nucleotide polymorphism.

Restriction enzyme sites (Tth7771 and BssHIl) and transcription start
sites are indicated. (b) Promoter activity of reporter constructs. HepG2
cells were transfected with the indicated reporter construct together
with a control plasmid encoding Renilla luciferase. The relative ratio of
firefly/Renilla luciferase activity is shown. Error bars indicate the
standard deviation of two independent experiments. Each experiment
was performed in triplicate. TSS, transcription start sites.

Table 2. Summary of nucleotide substitutions within the DHCR24
promoter region

Nucleotide position

Origin of DNA sample —1453 -1420 —488 -200
HuH-7 cells (high)* G G A G
WRL68 cells (low)* A T C C
Patient #1 G G A G
Patient #2 G G A G
Patient #3 G G A G
Patient #4 A T C C
Patient #5 (NC) G G A G
Patient #5 (C) G G A G
20-donor pool® A T C C

"DHCR24 was expressed strongly in HuH-7 cells (Fig. 1), *DHCR24 was
expressed weakly in WRL68 cells (Fig. 1), SPooled normal human
hepatocytes from a 20-donor pool. C, cancerous region; NC, non-
cancerous region.
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Table 3. Summary of nucleotide substitutions within the DHCR24
promoter region with or without HCV infection

Nucleotide position

Origin of DNA sample HCV —1453 —1420 —488 —200

HuH-7 cells (high) - G G A G
WRL68 cells (low) - A T C C
Chimeric mouse liver - A T C C
HCV infected chimeric mouse liver +' A T C C
HCV replicon cells (R6FLR-N) + G G A G
Cured K4 cells + G G A G

7.5 x 108 copies/mL of HCV in patient plasma was inoculated.

sequences from patient 4 (#4) had nucleotides associated
with weak activity at these positions (i.e., A, T, C, and C).
Intriguingly, only #4 exhibited an SVR, which is
characterized by the absence of detectable HCV RNA
in serum for >24 weeks following IFN treatment. The
SVR status of #4 has persisted since 1995. In #5, promoter
sequences were the same in cancerous and non-cancerous
regions of the liver. These results suggest that the four
polymorphisms within the DHCR24 promoter region may
influence the susceptibility to malignancy and IFN
responsiveness of hepatoma cells and thus influence
the fate of patients with HCC.

To assess the impact of HCV infection on genomic -

polymorphism in DHCR24 promoter sequences, we
determined the sequences in human hepatocytes that had

been transplanted into severely combined 1mmunode—j_,

ficient mice that we infected or mock-infected with HCV
We detected markedly high titers of HCV only in. t
infected mice (Table 3). Sequencing revealed that all four
polymorphic nucleotide positions were Qf ‘the weak
activity type. Notably, we detected no’ nuclebtlde differ-
ences between HCV- and mock—lnfected mice in the
targeted regions (Table 3). We'a]so estabhshed cured K4
cells by treating HCV rephcon'k:ells( R6FLR-N with IFN.
Analysis of the genomic sequence of these cell lines
showed no nucleotide differences in R6-FLR-N and K4
cells (Table 3). These results ggest that the differences in
the DHCR24 promoter sequence are ingenerate rather
than induced by HCV: infection.

DISCUSSION

In this study, we analyzed the promoter sequences
associated with DHCR24 in hepatocytes and identified
polymorphisms that regulate the degree of expression of
downstream genes (Figs. 1-3). #4 had an SVR in response
to IFN treatment; thus these DHCR24 promoter sequence
polymorphisms are potential biomarkers for predicting
patients' responsiveness to IFN treatment.

© 2012 The Societies and Wiley Publishing Asia Pty Ltd

Genomic polymorphisms within the DHCR24 promot-
er region may influence binding of transcription factors
(Supplementary Fig. S1). In fact, a T-to-G nucleotide
substitution at position —1420 generates a potential
binding site for the protein encoded by the caudal
homeobox gene (CdxA), a homeobox transcription factor
responsible for gastrointestinal tract development and
epithelial differentiation (15). A C-to-A substitution at
position —488 generates potential binding sites for
nuclear factor kappa-light-chain enhancer of activated
B cells and STATx (16), as well as a low-affinity binding
site for Nkx-2 (17). Finally, a C-to-G substitution at
position ~200 potentially abolishes a p300 binding

- site (18). These changes in transcription factor binding

affinities could upregulate DHCR24 expression, thereby
promote carcinogenesis. .

Previously, we dlscovered that DHCR24 is a host factor
involved in HCV- assoaated development of HCC (8, 9).
This protein is upregulated by HCV infection (8), and
reduced degrees of expression (via siRNA knockdown)
inhibit HCV“rl‘épl‘i‘"c‘ation (9). These findings are consistent
with the r'blq of DHCR24 in cholesterol biosynthesis (6,
7), which is important for HCV replication (19). Also,
because the efficiency of HCV replication might have
been lower in #4 than in other patients with strongly

“activi DHCR24 promoter, the weak DHCR24 expression
__in this patient (Supplementary Fig. S2) might have
- contributed to the efficacy of IFN treatment.

In conclusion, we have discovered polymorphisms in
the promoter region of DHCR24 gene that have not been
induced by HCV infection. Future study will clarify their
biological significance.
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Abstract

Chronlc hepatitis C, whlch is caused by mfectlon wnth the hepatms C virus (HCV), is a global health problem Usmg a mouse
model of hepatitis C, we examined the therapeutic effects of a recombinant vaccinia virus (rVV) that encodes an HCV
protein. We generated 1mmunocompetent 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 |n)ect|on, and these mice showed chronic hepatitis C-related pathological findings
(hepatocyte abnormalities, accumulation of glycogen, steatosis), liver fi bl’OSlS and hepatocellular carcinoma. Immunization
with one rVV strain (rVV-N25), which encoded nonstructural HCV proteins, suppressed serum inflammatory cytokine levels
and alleviated the symptoms of pathologlcal 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 sPeaf‘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-o and (interleukin) IL-6. Thus, our generated mice model should be
useful for further investigation of the |mmunolog|cal processes associated with persistent expression of HCV proteins
because these mice had not developed immune tolerance to the HCV antlgen In addition, we propose that rVV-N25 could
be developed as an eﬁ’ectlve therapeutlc vaccine. ;
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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 cach of
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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
proteins could induce immune responses [5] and, therefore,
obscure any evidence of the effect of the host immune responses on
chronic liver pathology. Thercfore, 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 cach 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; morcover, this suppression was
mediated by CD4 and CD8 T cclls, 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)-ot 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%/7)/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(I: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(l: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 CIN2-
29/ /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)/MxCret™’™) 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%/ 7 /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-CN5
encoded the entire HCV protein region (Figure 2A). Because rVVs
can express a varicty 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 cach HCV protein was
expressed in cell lines. Each of seven proteins — the core, E1, E2,
NS3-4A, NS4B, NS5A, and NS5B — was recognizcd and labeled
by a separate cognate antibody directed (Figure S3). To induce
cffective immune responses against HCV proteins in transgenic
mice, we injected an rVV-HCV (rVV-CN2, rVV-CN5, or rVV-
N25) or LC16m8 (as the control) intradermally into CN2-29%7)/
MxCre™ ™) mice 90 days after poly(l: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 r'VV-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
cffect in other strains of HCV transgenic mice, we analyzed
RzCN35-15%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-N23 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 r'VV-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-CNS5. These results indicated that HCV non-
structural proteins might be important for effects of therapeutic
vaccines. In contrast, rVV-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 protcins 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%"7/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 CN2-29% ~/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%~/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 CN2-297)/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 um.

doi:10.1371/journal.pone.0051656.9001
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Figure 2. Effects of rVV-HCV treatment on the CN2-29'7)/MxCre"'™ mice. (A) HCV gene structure in the CN2-29"7)/MxCre"’™ mice and
recombinant vaccinia viruses (rVV-HCV). MxCre/CN2-29 cDNA contains the core, E1, E2, and NS2 regions. The rVV-CN2 cDNA contains the core, E1, E2,
and NS2 regions. The rVV-N25 cDNA contains the NS2, NS3, NS4A, NS4B, NS5A, and NS5B regions. The r'VV-CN5 ¢cDNA contains the entire HCV region.
(B) Four groups of CN2-297)/MxCre®’ ™) mice were inoculated intradermally with rWW-CN2, rVV-N25, r'VV-CN5, or LC16m8 90 'days after the poly(l:C)
injection. Blood, liver, and spleen tissue samples were collected 7 and 28 days after the inoculation. (C) Liver sections from the four groups of CN2-
2987 MxCre™ ™) mice 7 days after the inoculation. The sections were stained with H&E, silver, oil-red-O, or PAS. The scale bars indicate 50 um. (D)
Histological evaluation of piecemeal necrosis in the four groups of CN2-29%7)/MxCre®’ ™) mice 7 days after inoculation. (E) Histological evaluation of
steatosis in the four groups of CN2-29%/~)/MxCre®’™ mice 7 days after inoculation. Significant relationships are indicated by a P-value.
doi:10.1371/journal.pone.0051656.g002
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indicated by a P-value. (B) H&E staining and immunohistochemical analysis for HCV core protein in the LC16m8-, r'VV-CN2-, rVV-CN5-, or rVV-N25-
treated CN2-29"~)/MxCre™’ ™) mice 28 days after the inoculation. Liver sections were stained with the anti-core monocional antibody. The scale bars
indicate 50 pm. (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

mRNA in the LC16m8- or rWW-N25-treated CN2-29%"7)/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)/MxCret’ )
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 CIN2-
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
HCV 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
control 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-yct-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 I 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 CD8* T cells,
we performed a CD107a mobilization assay and intracellular IFN-
v staining. CN2-29 transgenic mice expressed the HCV structural
protein and the NS2 region. However, rVV-N25 comprised only
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Figure 4. Role of CD4 and CD8 T cells in rVV-N25-treated mice. (A) Schematic diagram depicts depletion of CD4 and CD8 T cells via treatment
with monoclonal antibodies. (B) Comparison of HCV core protein expression in control, CD4-depleted, and CD8-depleted mice 28 da)/s after
immunization with LC16m8 or r'VV-N25. (C, D) Histological analysis of liver samples from CD4-depleted or CD8-depleted CN2-29%~/MxCre™'™ mice
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28 days after immunization with LC16m8 or rVV-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 weceks and analyzed.

Cytolytic cell activation can be measured using CDI107a,
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<0.03),
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'IFN-y* 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.

EL-4NS2

EL-4NS2

r'VV-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). Inmunization with rVV-
N25 affected serum levels of inflammatory cytokines in CN2-29¢/
/MxCre™’ ™) mice and caused a return to the cytokine levels
obscrved in wild-type untrcated 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%/ )/ MxCret’ ™)
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
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numbers represent the percentage of CD107a positive cells and negative cells (left two columns) and IFN-y-positive cells and negative cells (right two
columns). (B, €) The ratio of CD8*IFN-y* cells to all CD8 T cells for rVV-N25-treated mice was significantly higher than that for mice treated with any
other rvV. Splenocytes (4 x 10° per well) were cultured with EL-4CN2 or EL-4NS2 cell lines in RPMI 1640 complete medium including 3% T-STIM™
with ConA for 2 weeks. Harvested cells were incubated for 4 h with EL-4, EL-4CN2, or EL-4NS2 in combination with PE-labeled anti-CD107a mAb and
monensin in RPMI 1640 complete medium with 50 IU/mL IL-2, according to the manufacturer’s instruction. After incubation, cell suspensions were
washed with PBS, and the cells were further stained with APC-labeled anti-IFN-y mAb and Pacific blue-labeled anti-CD8 mAb. Harvested cells were
stained with anti-CD107a-PE, anti-IFN-y-APC, or anti-CD8-Pacific blue. Results that are representative of three independent experiments are shown.
Significant relationships are indicated by P-value.

doi:10.1371/journal.pone.0051656.g005
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Figure 6. Immunization with rVV-N25 suppresses serum inflammatory cytokine levels. (A) Daily cytokine levels in the serum of CN2-29%/
“YMxCre®’ ™) mice during the week following immunization with LC16m8, rVV-CN2, rVV-N25, or rVV-CNS. 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%""/MxCre® ™) and CN2-297~)/MxCre"™’~) mice. (C) Histology activity index (HAI) scores of liver
samples taken from CN2-29%7)/MxCre"™ ™) or CN2-29%"~)/MxCre™’ =" mice. (D) Liver sections from CN2-29%'7)/MxCre™ ™) mice in which TNF-x 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®’ ™) in
which TNF-o was neutralized and the IL-6 receptor was blocked. Tg and non-Tg indicate CN2-29%")/MxCre™™ and CN2-29%/~)/MxCre!=/7,
respectively. (F) Macrophages were the main producers of TNF-a and IL-6 in CN2-29%7)/MxCre™ ™ mice following poly(l:C) injection. (G)

Immunization with rVV-N25 reduced the number of macrophages in liver samples from CN2-29%~)/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.g006

hypothesis that inflammatory mediators played a key role in
inducing hepatitis. Furthermore, to investigate whether TNF-ot 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,
1L-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-a 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 CIN2-
29%/ )/ 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
modecls of HCV expression, we developed an HCV model in mice
that relies on conditional expression of the core, E1, E2, and NS2
proteins and the Cre/loxP switching systemn [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 acutc 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 wecks). 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}/ MxCre™" ™) 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%7/7)/
MxCre™" ™) mice increased, reached a peak one day after
injection, declined from day 1 to day 6, and were not clevated
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 scrum
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 cffective
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 obscrvation indicated that rVV-N23-induced
HCV clearance was mediated by CD4 and CD8 T cells. Many
studies have shown that spontancous 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
obscrvations, rVV-N25 treatment cffectively 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 clucidate 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/¢ 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 effectivencss
of rVV-N25 trecatment were as follows: 1) this rVV construct
included the core and envelope proteins and 2) the core protein
had an immune-suppressive effect on C'TL 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 (sce Figure 6A). This result indicated that
rVV-N25 may modulate inflammation via innate immunity, as
well as via acquired immunity. Reportedly, Toll-like receptor
(I'LR)-dependent recognition pathways play a role in the
recognition of poxviruses [27]. TLR2 and TLRY 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 cffect 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-oo and IL-6 ncutralizing 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 cach produce TNF-o and IL-6 [30,31], and HCV-infected
patients have elevated levels of TNF-a0 and IL-6 [32,33]. Both
cytokines also contribute to the maintenance of hepatosteatosis in
mice fed a high-fat dict [34], and production of TNF-0. and I1L-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 vitro infection as
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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
cxamination to clucidate 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 cxperimental procedures were performed
according to the guidelines established by the Tokyo Metropolitan
Institute of Medical Science Subcommittce 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 R6CNSHCYV 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)/MxCre™ ™)
and RzCN5-15%7)/MxCre®’ ™) mice, respectively. Cre expres-
sion in the livers of these mice was induced by intraperitoncal
injection of polyinosinic acid—polycytidylic acid [poly(L:C)] (GE
Healthcare UK Ltd., Buckinghamshire, England); 300 uL of
a poly(I:C) solution (1 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-ptm 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
ATI/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
pBMSEF7C vector downstream of the pPBMSF7C 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-
CNS5. Insertion of the HCV protein genes into the LC16m8
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 S2 Lipid degeneration in samples of liver taken
from CN2-29"/7)/MxCre"/ ™) mice.

References

1. Lauer GM, Walker BD (2001) Hepatitis C virus infection. N Engl J Med 345:
41-52.

2. Alter MJ (1995) Epidemiology of hepatitis C in the West. Semin Liver Dis 15: 5~
14.

3. Kawamura T, Furusaka A, Koziel MJ, Chung RT, Wang TG, et al. (1997)
Transgenic expression of hepatitis C virus structural proteins in the mouse.
Hepatology 25: 1014-1021.

4. Moriya K, Fujie H, Shintani Y, Yotsuyanagi H, Tsutsumi T, et al. (1998) The
core protein of hepatitis C virus induces hepatocellular carcinoma in transgenic
mice. Nat Med 4: 1065-1067.

. Wakita T, Katsume A, Kato J, Taya C, Yonekawa H, et al. (2000) Possible role
of cytotoxic T cells in acute liver injury in hepatitis G virus cDNA transgenic
mice mediated by Cre/loxP system. J Med Virol 62: 308-317.

6. Wakita T, Taya C, Katsume A, Kato J, Yonekawa H, et al. (1998) Efficient
conditional transgene expression in hepatitis C virus ¢DNA transgenic mice
mediated by the Cre/loxP system. J Biol Chem 273: 9001-9006.

7. Folgori A, Capone S, Ruggeri L, Meola A, Sporeno E, et al. (2006) A T-cell
HCV vaccine eliciting effective immunity against heterologous virus challenge in
chimpanzees. Nat Med 12: 190-197.

8. Chisari FV, Ferrari C (1995) Hepatitis B virus immunopathology. Springer
Semin Immunopathol 17: 261-281.

(&

PLOS ONE | www.plosone.org

1

Therapeutic Vaccine for Chronic Hepatitis C

(EPS)

Figure 83 HCV protein expression after infection of
LC16m8, rVV-CN2, rVV-N25, or rVV-CN5 into HepG2
cells.
(EPS)

Figure S4 Effects of treatment with rVV-N25 in RzCN5-
1547 /MxCre™’ ™) mice.
(EPS)

Figure S5 Daily cytokine profiles of the serum from
CN2-29%/7)/MxCre™’ ) mice during the week following
inoculation with LC16m8, rVV-CN2, rVV-N25, or rVV-
CNG5.
(EPS)

Figure S6 The immune response following poly(I:C)
injection in the acute phase.

(EPS)

Figure S7 Detection of vaccinia virus DNA in the skin,
liver, and spleen after inoculation with attenuated
vaccinia virus (Lister strain) or highly attenuated
vaccinia virus (LC16m38 strain).

(EPS)

Table S1 Incidence of hepatocellular carcinoma in male
and female transgenic mice at 360, 480, and 600 days
after poly(I:C) injection.

(EPS)

Text S1 Supporting information including material and
methods, and references.
DOCX)

Acknowledgments

We thank Dr. Fukashi Murai for supporting this study. We also thank Dr.
Keiji Tanaka for providing the MxCre mice, Dr. Shigeo Koyasu for
providing the GK1.5 (anti-CD4) and 53-6.72 (anti-CD8) monoclonal
antibodies, and Dr Takashi Tokuhisa for helpful discussions.

Author Contributions

Performed the experiments: SS KK TC Y. Tobita TO FY Y. Tokunaga.
Analyzed the data: SS KK TC MXK. Contributed reagents/materials/
analysis tools: KT-K TW TT MM K. Mizuno YH TH K. Matsushima.
Wrote the paper: SS KK MK. Study concept and design: MK.

9. Machida K, Tsukiyama-Kohara K, Seike E, Tone S, Shibasaki F, et al. (2001)
Inhibition of cytochrome ¢ release in Fas-mediated signaling pathway in
transgenic mice induced to express hepatitis C viral proteins. J Biol Chem 276:
12140-12146.

. Kuhn R, Schwenk F, Aguet M, Rajewsky K (1995) Inducible gene targeting in
mice. Science 269: 14271429,

11. Li K, Chen Z, Kato N, Gale M Jr, Lemon SM (2005) Distinct poly(I-C) and
virus-activated signaling pathways leading to interferon-beta production in
hepatocytes. J Biol Chem 280: 16739-16747.

12. Sugimoto M, Yamanouchi K (1994) Characteristics of an attenuated vaccinia

virus strain, LG16m0, and its recombinant virus vaccines. Vaccine 12: 675-681.

. YounJW, Hu YW, Tricoche N, Pfahler W, Shata MT, et al. (2008) Evidence for
protection against chronic hepatitis C virus infection in chimpanzees by
immunization with replicating recombinant vaccinia virus. J Virol 82: 10896~
10905.

. Guidotti LG, Rochford R, Chung J, Shapiro M, Purcell R, et al. (1999) Viral
clearance without destruction of infected cells during acute HBV infection.
Science 284: 825-829.

15. Burkett MW, Shafer-Weaver KA, Strobl S, Baseler M, Malyguine A (2003) A

novel flow cytometric assay for evaluating cell-mediated cytotoxicity.
J Immunother 28: 396-402.

December 2012 | Volume 7 | Issue 12 | 51656

— 234 —



26.

27.

28.

29.

. Pasquinelli C, Shoenberger JM, Chung J, Chang KM, Guidotti LG, et al. (1997)

Hepatitis C virus core and E2 protein expression in transgenic mice. Hepatology
25: 719-727.

. Lerat H, Honda M, Beard MR, Loesch K, Sun J, et al. (2002) Steatosis and liver

cancer in transgenic mice expressing the structural and nonstructural proteins of
hepatitis C virus. Gastroenterology 122: 352-365.

. Lang K8, Georgiev P, Recher M, Navarini AA, Bergthaler A, et al. (2006)

Immunoprivileged status of the liver is controlled by Toll-like receptor 3
signaling. The Journal of clinical investigation 116: 2456-2463.

. Jasani B, Navabi H, Adams M (2009) Ampligen: a potential toll-like 3 receptor

adjuvant for immunotherapy of cancer. Vaccine 27: 3401--3404.

. Elmowalid GA, Qjao M, Jeong SH, Borg BB, Baumert TF, et al. (2007)

Immunization with hepatitis C virus-like particles results in control of hepatitis C
virus infection in chimpanzees. Proc Natl Acad Sci U S A 104: 8427-8432.

. Satoi J, Murata K, Lechmann M, Manickan E, Zhang Z, et al. (2001) Genetic

immunization of wild-type and hepatitis C virus transgenic mice reveals
a hierarchy of cellular immune response and tolerance induction against
hepatitis C virus structural proteins. J Virol 75: 12121-12127.

. Crispe IN (2009) The liver as a lymphoid organ. Annu Rev Immunol 27: 147~

163.

. Chisari FV (2005) Unscrambling hepatitis C virus-host interactions. Nature 436:

930-932.

. Saito T, Sherman GJ, Kurokohchi K, Guo ZP, Donets M, et al. (1997) Plasmid

DNA-based immunization for hepatitis C virus structural proteins: immune
responses in mice. Gastroenterology 112: 1321-1330.

. Large MK, Kittlesen DJ, Hahn YS (1999) Suppression of host immune response

by the core protein of hepatitis C virus: possible implications for hepatitis G virus
persistence. Journal of immunology 162: 931-938.

Dustin LB, Rice CM (2007) Flying under the radar: the immunobiology of
hepatitis C. Annu Rev Immunol 25: 71-99.

Bowie A, Kiss-Toth E, Symons JA, Smith GL, Dower SK, et al. (2000) A46R
and A52R from vaccinia virus are antagonists of host IL-1 and toll-like receptor
signaling. Proc Natl Acad Sci U S A 97: 10162-10167.

Zhu ], Martinez J, Huang X, Yang Y (2007) Innate immunity against vaccinia
virus is mediated by TLR2 and requires TLR-independent production of IFN-
beta. Blood 109: 619-625.

Samuelsson C, Hausmann J, Lauterbach H, Schmidt M, Akira S, et al. (2008)
Survival of lethal poxvirus infection in mice depends on TLR9, and therapeutic
vaccination provides protection. J Clin Invest 118: 1776-1784.

PLOS ONE | www.plosone.org

— 235 —

12

30.

31

33.

34.

36.

37.

38.

39.

40.

41.

42.

Therapeutic Vaccine for Chronic Hepatitis C

Sheikh MY, Choi J, Qadri I, Friedman JE, Sanyal AJ (2008) Hepatitis C virus
infection: molecular pathways to metabolic syndrome. Hepatology 47: 2127—
2133.

Tilg H, Moschen AR, Kaser A, Pines A, Dotan I (2008) Gut, inflammation and
osteoporosis: basic and clinical concepts. Gut 57: 684-694.

. Malaguarnera M, Di Fazio I, Laurino A, Ferlito L, Romano M, et al. (1997)

Serum interleukin 6 concentrations in chronic hepatitis G patients before and
after interferon-alpha treatment. Int J Clin Pharmacol Ther 35: 385-388.
Larrea E, Garcia N, Qjan C, Giveira MP, Prieto J (1996) Tumor necrosis factor
alpha gene expression and the response to interferon in chronic hepatitis C.
Hepatology 23: 210-217.

Park IJ, Lee JH, Yu GY, He G, Ali SR, et al. (2010) Dietary and genetic obesity
promote liver inflammation and tumorigenesis by enhancing 11-6 and TNF
expression. Cell 140: 197-208.

. Gregor MF, Hotamisligil GS (2011) Inflammatory mechanisms in obesity. Annu

Rev Immunol 29: 415-445.

Humlova Z, Vokurka M, Esteban M, Melkova Z (2002) Vaccinia virus induces
apoptosis of infected macrophages. The Journal of general virology 83: 2821
2832.

Choo QL, Kuo G, Weiner AJ, Overby LR, Bradley DW, et al. (1989) Isolation
of a ¢cDNA clone derived from a blood-borne non-A, non-B viral hepatitis
genome. Science 244: 359-362.

Tsukiyama-Kohara K, Tone S, Maruyama I, Inoue K, Katsume A, et al. (2004)
Activation of the CKI-CDK-Rb-E2F pathway in [ull genome hepatitis C virus-
expressing cells. J Biol Chem 279: 14531-14541.

Nishimura T, Kohara M, Izumi K, Kasama Y, Hirata Y, et al. (2009) Hepatitis
C virus impairs p33 via persistent overexpression of 3beta-hydroxysterol
Delta24-reductase. J Biol Chem 284: 36442-36452.

Shimizu YK, Purcell RH, Yoshikura H (1993) Correlation between the
infectivity of hepatitis C virus in vivo and its infectivity in vitro. Proc Natl Acad
Sci U S A 90: 6037-6041.

Yasui F, Kai G, Kitabatake M, Inoue S, Yoneda M, et al. (2008) Prior
immunization with severe acute respiratory syndrome (SARS)-associated
coronavirus (SARS-CoV) nucleocapsid protein causes severe pneumonia in
mice infected with SARS-CoV. J Immunol 181: 6337-6348.

Kitabatake M, Inoue S, Yasui F, Yokochi S, Arai M, et al. (2007) SARS-CoV
spike protein-expressing recombinant vaccinia virus efliciently induces neutral-
izing antibodies in rabbits pre-immunized with vaccinia virus. Vaccine 25: 630
637.

December 2012 | Volume 7 | Issue 12 | e51656



Int. J. Mol. Sci. 2012, 13, 15271-15278; doi:10.3390/ijms131115271

International Journal of

Molecular Sciences

ISSN 1422-0067
www.mdpi.com/journal/ijms

Review

Role of Oxidative Stress in Hepatocarcinogenesis Induced by
Hepatitis C Virus

Kyoko Tsukiyama-Kohara

Department of Animal Hygiene, Transboundary Animal Diseases Center, Joint Faculty of Veterinary
Medicine Kagoshima University, 1-21-24 Korimoto, Kagoshima 890-0065, Japan;
E-Mail: kkohara@agri.kagoshima-u.ac.jp; Tel./Fax: +81-99-285-3589

Received: 11 September 2012; in revised form: 8 November 2012 / Accepted. 9 November 2012 /
Published: 19 November 2012

Abstract: Hepatitis C virus (HCV) easily establishes chronic hepatitis, cirrhosis, and
hepatocellular carcinoma (HCC). During the progression of HCV infections, reactive
oxygen species (ROS) are generated, and these ROS then induce significant DNA damage.
The role of ROS in the pathogenesis of HCV infection is still not fully understood. Recently,
we found that HCV induced the expression of 33-hydroxysterol A24-reductase (DHCR24).
We also found that a HCV responsive region is present in the 5'-flanking genomic promoter
region of DHCR24 and the HCV responsive region was characterized as (—167/—140).
Moreover, the transcription factor Spl was found to bind to this region in response to
oxidative stress under the regulation of ataxia telangiectasia mutated (ATM) kinase.
Overexpression of DHCR24 impaired p53 activity by suppression of acetylation and
increased interaction with MDM2. This impairment of p53 suppressed the hydrogen
peroxide-induced apoptotic response in hepatocytes. Thus, a target of oxidative stress in
HCV infection is DHCR24 through Spl, which suppresses apoptotic responses and
increases tumorigenicity.

Keywords: hepatitis C virus; reactive oxygen species; 3B-hydroxysterol A24-reductase

1. Introduction

Hepatitis C virus (HCV) is a member of the Flaviviridae family of RNA viruses, and possesses a
positive-strand RNA genome [1]. HCV mainly replicates in the cytoplasm, but frequently establishes
chronic infections, leading to the development of chronic hepatitis, cirrhosis, and hepatocellular
carcinoma (HCC) [2,3]. The estimated worldwide prevalence of HCV infections is 2.2%~3.0% [4], and
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chronic HCV infection is a major global public health concern. HCV does not possess canonical
oncogenes and is unable to integrate into the host genome, but easily establishes chronic infections,
resulting in HCC with high frequency. The exact mechanism by which this occurs is not fully
understood; however, possible mediators of HCV pathogenesis are reactive oxygen species (ROS).
During chronic hepatitis, the immune response induces the production of ROS [5] and nitric oxide
(NO) [6]. Furthermore, HCV viral nucleocapsid protein, an HCV core protein, was shown to increase
oxidative stress in the liver [7,8]. Moreover, HCV affects the steady-state levels of a mitochondrial
protein chaperone known as prohibitin, leading to impaired function of the mitochondrial respiratory
chain with the overproduction of ROS [9]. On the other hand, HCV compromises some of the
antioxidant systems, including haeme oxygenase-1 [10] and NADH dehydrogenase quinone 1 [9],
resulting in the provocation of oxidative stress in the liver during HCV infections. Thus, HCV infections
not only induce ROS overproduction, but also hamper the antioxidant system in the liver. The induction
of oxidative stress also results in the generation of deletions in mitochondrial and nuclear DNA, which
are indicators of genetic damage. NO has been shown to induce oxidative DNA damage and inhibit
DNA repair [11-13]. These nucleotide abnormalities may contribute to the development of HCC [14].

2. Survey of HCV-Positive HCC-Related Host Factors

To define the host factors involved in hepatocarcinogenesis during HCV persistent infections, we
established a human hepatoblastoma-derived cell line (HepG2), which expresses the full-length HCV
genome under the control of a Cre/loxP system (RzM6 cells [15]). Using colony-formation assays and
nude mice tumor-formation assays, we found that passaging of HCV-expressing cells (RzM6-LC cells)
increased their tumorigenicity. To identify which pathway was responsible for the increase in
tumorigenicity in RzM6-LC cells, we raised monoclonal antibodies against the RzM6-LC cells and
characterized them [16]. We found that one of these clones (2-152a) recognizes 3B-hydroxysterol
A24-reductase (or dehydrocholesterol reductase 24; DHCR24). DHCR24 functions as an enzyme that
catalyzes the conversion of desmosterol to cholesterol in the post-squalene cholesterol biosynthesis
pathway [17,18]. The absence of DHCR24 leads to desmosterosis [19]. Furthermore, expression of
DHCR24 is down-regulated in areas of the brain affected by Alzheimer’s disease [20]. DHCR24 is a
multifunctional enzyme, which exerts resistance against oxidative stress and prevents apoptotic cell
death when it is expressed at high levels [20-24]. Endogenous DHCR24/seladin-1 levels are
up-regulated in response to acute oxidative stress [21,25,26], but the expression levels decline upon
chronic exposure to oxidative stress [21,22]. DHCR24 is also reported to function as a hydrogen
peroxide scavenger [24]. Thus, DHCR24 plays a crucial role in maintaining cellular physiology by
regulating both cholesterol synthesis and cellular defence against oxidative stress, although the
biological relevance of the hydrogen peroxide concentration (0.5-2 mM) used in some experiments
requires future study.

3. HCV Induces DHCR24 Expression through Oxidative Stress

Since we observed up-regulation of DHCR24 expression in RzM6-LC cells, we decided to
characterize the effects of HCV on DHCR24 expression [16,27]. Silencing of HCV by siRNA in
RzM6-LC cells down-regulated the expression of DHCR24. By using chimeric mice with humanized
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