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Fig. 2. Cre-mediated genomic DNA recombination and HCV core protein expression in transgenic mouse livers. (A) Structure of the Cre-mediated activation transgene unit
CALNCN2 (Wakita et al,, 1998). pCAG, CAG promoter; neo, neomycin-resistance gene; pA, poly(A) signal. The RGCN2 HCV ¢DNA (nucleotides 294-3435) contains the core,
E1, E2, and NS2 regions. This construct does not allow HCV mRNA transcription prior to Cre-mediated DNA recombination, detected with the primer pair CAG-1688-520
and neo-2020-R16. When Cre-expressing AdV is injected, the neo gene and poly(A) signal are removed by recombination between two loxP sequences. The recombined HCV
transgene is detected with the primer pair CAG-1688-S20 and 6-450-R20. (B) Determination of Cre-mediated DNA recombination. CN2-29 transgenic mice were injected
with 1.0 x 10° PFU for each AdV, and liver samples were harvested 7 days post-injection. Genomic DNA was extracted from the livers, and the numbers of copies of the
recombined HCV-transgenes were determined using quantitative RTD-PCR with specific probes (6-294-S20FT) and a primer pair (CAG-1688-520 and 6-450-R20). The values
shown are means = S.D. of more than three individual specimens. (C) Measurements of HCV core protein concentration in liver samples obtained from CN2-29 transgenic
mice 7 days after injection of 1.0 x 10° PFU for each AdV. The samples were homogenized and the concentrations of HCV core protein were determined by EIA. The values
shown are means = 5.D. of three individual specimens. (D) Immunofluorescence analysis of HCV core proteins. Liver sections of CN2-29 transgenic mice 7 days after injection
of 1.0 x 10° PFU for each AdV were fixed and co-stained with rabbit anti-core polyclonal antibody (green) and DAPI (blue). Scale bar, 50 pm.

2.7. Determination of Cre-mediated HCV transgene
recombination in mouse livers

The transgenic mouse livers were digested at 37°C overnight
in lysis buffer [SOmM Tris-HCl (pH 8.0), 0.1 M NaCl, 20mM
EDTA, 1% SDS] containing 1 mg/mL proteinase K. Total genomic
DNA was then extracted using the phenol-chloroform extraction
method. The copy numbers of the recombined HCV transgene
in the livers were assessed via quantitative RTD-PCR (Takeuchi
et al, 1999) with the specific probe 6-294-S20FT (5'-[FAM]-
TGATAGGGTGCTTGCGAGTG-[TAMRA}-3') and the primer pair
CAG-1688-520 (5-GGTTGTTGTGCTGTCTCATC-3') and 6-450-R20
(5'-ACAGGTAAACTCCACCAACG-3') (Fig. 2A). The standard curve
was generated using pCALNCN2/59-2 (Wakita et al., 1998) and
quantitative RTD-PCR with the specific probe neo-1801-S23FT
(5'-[FAM]-TCAAGAGACAGGATGAGGATCGT-[TAMRA]-3') and the
primer pair CAG-1688-5S20 (5'-GGTTGTTGTGCTGTCTCATC-3’) and
neo-2020-R16 (5'-TGCCTCGTCCTGCAGT-3') (Fig. 2A). The GAPDH
gene was used as an internal control for all samples. Analyses were
carried out on an ABI PRISM 7700 Sequence Detection System with
TagMan Universal PCR Master Mix (Applied Biosystems).

2.8. Quantitation of HCV core proteins in mouse liver lysates

The transgenic mouse livers were homogenized in 0.5 mL RIPA
buffer, and centrifuged at 15,000 rpm for 10 min at 4°C. The pro-
tein concentrations of the supernatants were measured using the
Bradford method (DC protein assay; Bio-Rad). The concentrations
of HCV core proteins in the liver samples were determined using
the Ortho HCV core protein ELISA kit (Eiken Chemical).

2.9. Biochemical analyses of mouse sera

Sequential blood samples were obtained by orbital bleeding
after each AdV administration, and the sera were isolated by cen-
trifugation at 10,000 rpm for 3 min at 4°C. Serum ALT levels were
determined using the Transaminase-Cll Test A (Wako Pure Cherni-
cals).

2.10. Histology and immunchistochemical staining

The liver samples were fixed with 4% paraformaldehyde in
PBS, paraffin-embedded, sectioned at 4-pm thickness, and stained
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with hematoxylin and eosin (H&E). Liver histology was evaluated
according to modified Histology Activity Index (HAI) scores in three
categories: piecemeal necrosis, spotty necrosis, and portal inflam-
mation (Knodell et al., 1981; Yang et al., 1994).

The liver tissues were frozen in OCT compound (Tissue Tech)
for immunohistochemical staining of HCV core proteins. The sec-
tions were fixed with a 1:1 solution of acetone:methanol at —20°C
for 10 min and then washed with PBS. Subsequently, the sections
were incubated with the IgG fraction of an anti-HCV core rab-
bit polyclonal antibody (RR8) (Wakita et al., 1998) labeled with
biotin in blocking buffer for 1h at 4°C. The sections were incu-
bated with strept-avidin-conjugated horseradish peroxidase for
30min at room temperature. Immunohistochemical staining was
conducted using the Tyramide Signal Amplification Kit (Molecular
Probes). Fluorescently labeled sections were stained with 4/,6-
diamidino-2-phenylindole (DAPI; Molecular Probes) to stain the
cell nuclei at room temperature before cover slipping. Fluorescence
was observed under a fluorescence microscope (Carl Zeiss).

2.11. Statistical analysis

Data are shown as the mean=S.D. Statistical analyses were
performed using analysis of variance (ANOVA) followed by the
Student-Newman-Keuls (SNK) test or analyzed using the unpaired
Student’s t-test. Statistical significance was established at p <0.05.

3. Results
3.1. Generation of Cre-expressing AdVs

To enable HCV transgenic mice using the Cre/loxP system to
express HCV protein persistently without severe inflammatory
responses to AdV, we first constructed AdVs that expressed Cre
with or without a nuclear localization signal (NLS) tag (AXEFNCre or
AXEFCre, respectively) together with LacZ under the control of the
EF1a promoter (AXEFLacZ) (Fig. 1A). AXCANCre and AxCACre were
also generated to compare the impacts of using the CAG promoter
and the EF1a promoter (Fig. 1A). Expression of Cre proteins from
various AdVswas confirmed in human liver-derived HepG2 cells by
Western blot analysis (Fig. 1B). Cre protein expression levels were
not significantly different whether the gene was expressed under
the control of the CAG or the EFia promoter in the HepG2 cells
(Fig. 1B). Next, we examined the recombination activities of Cre
expressed via the AdVs using the Hep-CALNLZ cell line, HepG2 cells
that express CALNLZ (Fig. 1C). When the Cre-expressing AdVs bear-
ing the CAG or EF1a promoters infected these cells, the blue color
produced by LacZ activation was observed for MOIs of 0.15-160.
The cells infected with AxEFLacZ showed the blue staining in an
MOIi-dependent manner (Fig. 1D, lane AxEFLacZ). In contrast, the
color faded for MOIs >40 when the Cre-expressing AdVs were used
(Fig. 1D, lanes AXCANCre, AxCACre, AXEFNCre, and AxEFCre). At an
MOI of 160, all of the Cre-expressing AdVs resulted in cytotoxicity,
while the LacZ-expressing AdV did not affect cell viability (Fig. 1E).

AdV-induced immune responses are partly caused by co-
expression of Ad-pIX (Nakai et al., 2007). To confirm the protein
expression levels of Ad-pIX due to the AdVs, we performed West-
ern blotting with anti-Ad-piX sera (Fig. 1F). When HepG2 cells were
infected with AdVs bearing the CAG promoter, significant amounts
of Ad-pIX were detected as 14-kDa bands (Fig. 1F, lanes AXCANCre
and AxCACre). In contrast, when using AdVs bearing the EFla pro-
moter, the 14-kDa band representing Ad-plX was undetectable, as
was the case for mock-infected HepG2 cells (Fig. 1F, lanes AXEFN-
Cre, AXEFCre, AXEFLacZ, and mock). We also examined the mRNA
expression levels of Ad-pIX and obtained similar results that cor-
related with the protein expression levels (Fig. 1G).

3.2. HCV gene expression and core protein production mediated
by various Cre-expressing AdVs in transgenic mouse livers

The HCV transgenic mouse CN2-29 contains a reporter unit
(CALNCNZ2) that is activated by Cre and conditionally expresses the
HCV gene (Fig. 2A; Wakita et al., 1998). To assess the efficiency of
Cre-expressing AdVs in promoting HCV gene expression, we intra-
venously injected the CN2-29 transgenic mice with various AdVs.
At 7 days post-injection, Cre protein expression was confirmed
by Western blot analysis of liver lysates (data not shown). The
recombined HCV transgene levels in the livers were determined
by quantitative RTD-PCR using specific probes and primer pairs, as
described in Section 2 (Fig. 2A and B). When each Cre-expressing
AdV was injected, the respective recombined HCV transgene was
detectable; AXCANCre-injected CN2-29 transgenic mice expressed
the highest levels of the recombined HCV transgene in their livers
(Fig. 2B). CN2-29 transgenic mice injected with AdVs expressing
NLS-tagged Cre had higher levels of the recombined HCV trans-
gene in their livers (Fig. 2B, AxCANCre and AXEFNCre). This result
suggests that NLS-tagged Cre efficiently translocated to the cell
nucleus, which is consistent with our previous data (Baba et al.,
2005). However, the levels of the recombined HCV transgene
were not correlated with the expression level of HCV core protein
(Fig. 2C).

The core protein levels in the livers were measured by enzyme
immunoassay (EIA) as described in Section 2. The expression of the
E1 and E2 proteins in the CN2-29 transgenic mouse livers has been
shown previously (Wakita et al., 1998). The mean core protein level
was 1.3 ng/mg total protein in the CN2-29 transgenic mouse livers
7 days after administration of AXCANCre (Fig. 2C). AxCACre- and
AXEFNCre-injected mice expressed approximately one-half of the
core protein levels resulting from AxCANCre injection (Fig. 2C).

Expression of core proteins in AdV-injected CN2-29 transgenic
mouse livers was confirmed through immunofluorescence stain-
ing. Core proteins were expressed in the hepatocytes in the lobules
of liver sections from Cre-expressing AdV-injected mice (Fig. 2D).
In contrast, AXEFLacZ-injected transgenic mice did not express core
proteins (Fig. 2C and D).

3.3. Liverinjury and Ad-pIX expression in HCV transgenic mice
injected with AdVs

To evaluate hepatocellular injury caused by expression of HCV
proteins in CN2-29 transgenic mice injected with Cre-expressing
AdVs, we serially estimated the serum ALT levels (Fig. 3A). For
AxCANCre, the serum ALT level was elevated on day 5 and peaked
1-2 weeks post-injection (Fig. 3A, open triangle). ALT levels in
AxCACre-injected transgenic mice were also elevated, although
these levels declined over time (Fig. 3A, open circle). When AXEFN-
Cre or AXEFCre was injected, ALT levels did not immediately
increase, although they gradually increased after day 5 (Fig. 3A,
closed triangle and closed circle, respectively). Injection of AxE-
FLacZ did not increase serum ALT levels in the CN2-29 transgenic
mice (Fig. 3A, closed rectangle).

We also performed histological analyses of liver sections from
CN2-29 transgenic mice 7 days after AdV injection (Fig. 3B).
We found that severe inflammation with lymphocyte infiltra-
tion and spotty necrosis were diffusely observed in the livers of
mice injected with the AdVs bearing the CAG promoter (AxCACre
and AxCANCre) (Fig. 3B, a,b). In contrast, AXEFNCre-injected and
AxEFCre-injected transgenic mouse livers exhibited mild inflam-
mation without massive piecemeal necrosis on day 7 (Fig. 3B,
¢,d). No inflammation was observed in the AxEFLacZ-injected mice
(Fig. 3B, e). .

To confirm the expression levels of Ad-pIX in AdV-injected
transgenic mice, we determined Ad-pIX mRNA in the liver using
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Fig. 3. Effects of AdVs on liver injuries in HCV transgenic mice. (A) Serum ALT levels were measured at the indicated time-points in CN2-29 transgenic mice injected with
1.0 x 10° PFU AxCANCre (open triangle), AxCACre (open circle), AXEFNCre (closed triangie), AxEFCre (closed circle), and AxEFLacZ (closed rectangle). The ALT levels are shown
as means + S.D. of three individual specimens. (B) Histopathologic changes in the livers of transgenic mice 7 days after injection of each AdV. The liver sections were stained
with H&E. The arrows represent lymphocyte infiltrations. Scale bar, 50 pm. (C) mRNA expression of Ad-pIX in the livers. CN2-29 transgenic mice were injected with 1.0 x 10°
PFU of the AdVs. After 12 h, the livers were harvested. The total RNA extracts from the livers were subjected to reverse transcription and RTD-PCR with an Ad-piX-specific
probe and a primer pair, as described in Section 2. The numbers of copies of Ad-pIX mRNA are shown as means + S.D. of three individual specimens.

reverse transcription and quantitative RTD-PCR, as described under
Section 2. The copy numbers of Ad-pIX mRNA were quite high in
transgenic mice that were injected with AdV bearing the CAG pro-
moter (Fig. 3C). The observed inflammation levels were consistent
with the expression levels of Ad-pIX.

3.4. Liver inflammatory responses to the HCV protein inducibly
expressed by AdVs in transgenic mice

Because our results indicated that severe liver injuries were
caused by AdVs bearing the CAG promoter, we evaluated liver
inflammatory responses to the HCV protein inducibly expressed
by AdVs in transgenic mice 7 days post-injection according to the
modified HAI scoring system (Fig. 4A) (Knodell et al., 1981; Yang
et al., 1994). Among the transgenic mice, more severe liver dam-
age was observed in those that were injected with Cre-expressing
AdVs bearing the CAG promoter (Fig. 4A, AxCANCre and AXCACre)
compared to those injected with Cre-expressing AdVs bearing the
EF1a promoter (Fig. 4A, AXEFNCre and AXEFCre).

Because AXEFCre more efficiently expressed HCV proteins than
AXEFNCre (Fig. 2C and D), we injected AXEFCre into transgenic mice
and wild-type mice to examine the effects of HCV protein expres-
sion. The severity of liver inflammation in the AXEFCre-injected
transgenic mice was significantly greater than in the AXEFCre-
injected wild-type mice or the AxEFLacZ-injected transgenic mice
(Fig. 4A and B).

Seven days after AdV administration, serum ALT levels of
AxCANCre-injected wild-type mice were significantly higher than
those of AXEFCre-injected wild-type mice (Fig. 4C). This ALT eleva-
tion was observed in both transgenic and wild-type mice injected
with AxCANCre (Fig. 4C). In contrast, AXEFCre was injected into
the two groups, transgenic mice expressing HCV proteins exhibited
more severe liver injury than wild-type mice (Fig. 4C and D).

3.5. Effects of Cre-expressing AdV bearing the EF1a promoter on
HCV protein expression in transgenic mouse livers

To investigate whether CN2-29 transgenic mice injected with
AdVsbearing the EF1a promoter showed liver inflammation caused
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Fig.4. Liver inflammatory responses due to HCV protein expression induced by AXEFCre. (A) Histopathology of mouse livers after injection of AdVs. Histopathologic features
of the livers of CN2-29 transgenic mice (HCV-Tg, closed bars) injected with 1.0 x 10° PFU of AXCANCre, AxCACre, AXEFNCre, AXEFCre, or AXEFLacZ, and wild-type mice that
were injected with 1.0 x 10° PFU of AXEFCre at day 7 post-injection (WT, opened bar). Pathologic changes were evaluated by light microscopy of H&E-stained sections of
the mouse livers using the modified HAI scoring system. The extent of pathology was scored on a scale from 0 (none) to 12 (severe). All of the scores are means +S.D. of
more than three individual specimens. Statistical analysis was performed using an unpaired Student’s t-test. NS, not significant. (B) Histopathologic changes resulting from
HCV protein expression in mouse livers. CN2-29 transgenic mice (HCV-Tg) were injected with AxEFCre or AxEFLacZ and wild-type mice (WT) were injected with AXEFCre
7 days post-injection. The liver sections were stained with H&E. The arrows represent piecemeal necrosis. Scale bars, 50 pm. (C) Serum ALT levels with or without HCV
protein expression 7 days after administration of the AdVs. Statistical analysis was performed using an unpaired Student’s t-test between CN2-29 transgenic mice (HCV-Tg)
and wild-type mice (WT). NS, not significant. (D) Sequential changes in serum ALT levels after AXEFCre administration. Serum ALT levels were measured at the indicated
time-points in CN2-29 transgenic mice (HCV-Tg, closed square) or wild-type mice (WT, opened square) that were injected with 1.0 x 10° PFU AXEFCre. ALT levels are shown
as means + S.D. of more than three individual specimens. Statistical analysis was performed using an unpaired Student’s t-test between CN2-29 transgenic mice (HCV-Tg)
and wild-type mice (WT). *p<0.05; **p<0.01. (E) HCV core protein expression 21 days after AdV administration in transgenic mouse livers. CN2-29 transgenic mice were
injected with 1.0 x 10° PFU for each AdV. After 21 days, the livers were harvested and homogenized. The concentrations of HCV core proteins in liver lysates were determined
by EIA. The values shown are means +5.D. of three individual experiments. Statistical analysis was performed using an ANOVA, followed by the SNK test. *p<0.05.

by persistently expressed HCV proteins, we evaluated core proteins core protein expression induced by AXEFCre injection was observed
by ElA in transgenic mouse livers 21 days post-injection of the AdVs until at least day 56.

(Fig. 4E). HCV core protein expression was scarcely detectable in

the transgenic mice injected with AxCANCre, while the AXEFCre- 4 piscussion

injected transgenic mice showed significantly higher levels of core

protein expression (Fig. 4E). Although, the AxCANCre injection was In the present study, we demonstrated that Cre-expressing
scarcely observed at day 21 in the transgenic mice (Fig. 4E), HCV. advs bearing the EF1a promoter induce HCV gene expression and
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HCV protein production without induction of severe liver injury in
inducible-HCV transgenic mice. We further observed that increases
inserum ALT levels and liver inflammation were related to HCV pro-
tein expression mediated by AXEFCre injection. Moreover, AXEFCre
injection enabled the transgenic mice to persxstently express HCV
proteins.

In previous studies, HCV transgenic mice constitutively express-
ing HCV proteins exhibited symptoms of steatosis and/or
hepatocellular carcinoma, but did not show inflammatory or
immunopathologic changes (Lerat et al., 2002; Moriya et al., 1997,
1998; Sun et al., 2001). Inducible-HCV transgenic mouse lineages,
inwhich HCV protein expression is regulated, have enabled investi-
gation of the immunopathogenesis of HCV protein expression. HCV
transgenic mice regulated by the Cre/loxP systern (Sun et al., 2005;
Tumurbaatar et al., 2007; Wakita et al., 1998) or the tetracycline
regulatory system (Ernst et al., 2007) exhibit inducible and liver-
specificexpression of HCV proteins. Inducible-HCV transgenic mice
using the Cre/loxP system with an AdV that expresses Cre under
the control of the CAG promoter (AxCANCre) exhibit HCV-specific
immune responses (Wakita et al., 1998, 2000). The inducible-HCV
CN2-29 transgenic mice, which express the core, E1, E2, and NS2
proteins, have HCV-specific cytotoxic T lymphocytes (Takaku et al.,
2003; Wakita et al., 1998, 2000).

However, they show severe inflammatory responses to AXCAN-
Cre itself and thus, HCV protein expression is only transient (Wakita
et al, 2000). These significant obstacles have limited the utility
of inducible-HCV transgenic mice. Therefore, to deliver the Cre
gene into the liver, non-adenoviral induction methods have been
developed (Ho et al.,, 2008; Sun et al., 2005; Zhu et al., 2006).
Meanwhile, adenoviral genes that cause cellular immune responses
have been identified and modified AdVs that do not trigger host
immune responses have been developed (Palmer and Ng, 2005). A
recent study demonstrated that immune responses to AdVs bearing
the CAG promoter were associated with co-expression of Ad-piX,
whereas immune responses were minimal when transgene expres-
sion was controlled by the EFla promoter (Nakai et al,, 2007).
Therefore, we postulated that severe inflammation of mouse liv-
ers after administration of Cre-expressing AdVs bearing the CAG
promoter (AxCANCre) might be caused by expression of Ad-pIX.
In the present study, we generated Cre-expressing AdVs bearing
the EFla promoter (AXEFCre) and infected HCV transgenic mice.
AXEFCre-injected mice expressed much less Ad-pIX mRNA and
did not show the increased levels of ALT or severe liver inflam-
mation as did Cre-expressing AdVs under the control of the CAG
promoter (Fig. 3). In contrast, AxCANCre administration caused
severe liver injury in both HCV transgenic mice and wild-type
mice (Fig. 4D; Wakita et al.,, 2000). AXEFCre administration caused
liver injury in the HCV transgenic mice, but not in the wild-type
mice (Fig. 4A-D). These results suggest that AXEFCre alone induces
only minimal host immune responses compared to AXCANCre;
therefore, the liver inflammatory responses exhibited by AXEFCre-
injected transgenic mice were clearly due to expression of HCV
proteins. Because AxCANCre injection alone causes severe liver
injuries, most of the hepatocytes infected with AXCANCre are elim-
inated and HCV protein expression in the livers of transgenic mice
is only transient (Wakita et al., 2000). On the other hand, AXEFCre
injection did not induce such severe liver injuries. The AXEFCre-
injected HCV transgenic mice showed milder liver inflammation in
response to expression of HCV proteins and persistently expressed
HCV proteins without elimination of hepatocytes infected with
AXxEFCre.

In conclusion, HCV gene expression mediated by the Cre/loxP
system and a Cre-expressing AdV that bears the EFla promoter,
AxEFCre, enables Cre-mediated recombination of transgenes in
mice without inducing severe liver injury due to the AdV itself.
Moreover, this inducible-HCV transgenic mouse model should be

useful for investigation of liver injury due to HCV and the patho-
genesis of HCV.
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Monoclonal Antibody 2-152a Suppresses
Hepatitis C Virus Infection Through Betaine/
GABA Transporter-1
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Background. We recently established a monoclonal antibody (2-152a MAb) that binds to 3B-hydroxysterol-
A24-reductase (DHCR24) by immunizing mice with cells (RzM6-LC) persistently expressing hepatitis C virus
(HCV). Here, we aimed to analyze the activity of 2-152a MAb against HCV replication and explore the molecular
mechanism underlying the antiviral activity.

Metheds. We characterized the effects of 2-152a MAb on HCV replication and performed a microarray analysis
of antibody-treated HCV replicon cells. The molecules showing a significant change after the antibody treatment
were screened to examine their relationship with HCV replication.

Results. The antibody had antiviral activity both in vitro and in vivo (chimeric mice). In the microarray
analysis, 2-152a MADb significantly suppressed the expression of betaine/GABA transporter-1 (BGT-1) in 2 HCV
replicon cell lines but not in HCV-cured cells. Silencing of BGT-1 expression by small interfering RNA (siRNA)
revealed significant suppression of HCV replication and infection without cytotoxicity. Further, BGT-1 expression
was significantly increased in the presence of HCV (P < .05).

Conclusions. Our results suggest that 2-152a MAD suppresses HCV replication and infection through BGT-1.
These findings highlight important roles of BGT-1 in HCV replication and reveal a possible target for anti-HCV

therapy.

Hepeatitis C virus (HCV) causes chronic hepatitis and
hepatocellular carcinoma (HCC) [1-3]. Chronic HCV
infection is a major global public health concern because
it affects at least 170 million people worldwide [2]. The
most effective treatment against HCV currently com-
prises a combination therapy of PEGylated a-interferon
(IFN-0t) and ribavirin {4, 5]. However, considering that
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sustained virological responses develop in only ap-
proximately half of the patients infected with HCV ge-
notype 1, the clinical efficacy of this therapy is limited
[6, 7]. Efforts to develop therapies against HCV are
further hindered by the high level of viral variation and
capacity of the virus to cause chronic infection.
Therefore, there is an urgent need to develop effective
treatments against chronic HCV infection.

In a previous study, we established a cell line ex-
pressing HCV (RzM6-LC) to investigate the effects of
persistent HCV expression on cell growth [8]. We also
established a monoclonal antibody (2-152a MAD)
against the RzM6-LC cell line to produce clones that
recognize both cell surface and intracellular molecules.
Using this method, we identified 3b-hydroxysterol-D24-
reductase (DHCR24) as the recognition molecule of this
antibody.
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DHCR24 (also termed seladin-1) is an enzyme that catalyzes
the conversion of desmosterol to cholesterol in the postsqualene
cholesterol biosynthetic pathway [9, 10]. DHCR24 also acts as
a hydrogen peroxide scavenger [11]. Therefore, DHCR24 may
play a crucial role in maintaining cell physiology through
cholesterol synthesis and oxidative stress. We previously dem-
onstrated that HCV infection upregulates DHCR24 expression,
and overexpression of DHCR24 inhibits apoptosis and
inactivates the tumor suppressor gene p53 [12]. Moreover,
silencing of DHCR24 suppressed HCV replication [13]. How-
ever, the precise mechanisms through which DHCR24 affects
the HCV life cycle are unclear. In this study, we aimed to analyze
the activity of 2-152a MADb against HCV replication and explore
the molecular mechanism underlying the antiviral activity.

Materials And Methods

Cell Lines and Reagents

Human hepatoma cell line HuH-7 cell-based HCV replicon-
harboring cell lines [14] R6FLR-N (genotype 1b) [15], FLR3-1
(genotype 1b) [16], and JFH-1 (genotype 2a) [17] were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
GlutaMAX (Invitrogen) containing 10% fetal calf serum (FCS;
Sigma-Aldrich) in the presence of G418 (500 mg/mL for R6FLR-
N and FLR3-1, 300 mg/mL for JFH-1; Invitrogen). Cured/
HuH-7 histone H3 lysine 4 (K4) cells cured off HCV by in-
terferon treatment [18] were maintained in DMEM GlutaMAX
containing 10% FCS without G418. The JFH/K4 cell line
persistently infected with the HCV JFH-1 strain and HuH-7 cell
lines were maintained in DMEM containing 10% FCS [19]. The
human hepatoblastoma HepG2 cell line was also maintained in
DMEM containing 10% FCS.

Generation of 2-152a MAb

BALB/c strain of mice was immunized with 7-8 intraperitoneal
injections of RzM6-LC cells (5 X 10°) in RIBI adjuvant (tre-
halose dimycolate + monophosphoryl lipid A emulsion; RIBI
ImmunoChem Research). After completion of the immuniza-
tion regimen, their spleens were excised and splenocytes were
fused with mouse myeloma plasminogen activator inhibitor
(PAI) cells by using PEG1500 (Roche). Hybridoma cells were
then selected with hypoxanthine, aminopterin, and thymidine
(Invitrogen), and culture supernatants were collected for

screening by whole-cell enzyme-linked immunosorbent assay
(ELISA).

HCV Infection in Humanized Chimeric Mouse Liver and HCV
mRNA Quantification by Real-time Detection Polymerase Chain
Reaction

We purchased (from PhoenixBio Co.) chimeric mice that were
established by transplanting human primary hepatocytes into
severely combined immunodeficient (SCID) mice carrying

a urokinase plasminogen activator (uPA) transgene controlled
by an albumin promoter [20]. These mice were then infected
with plasma isolated before 2003 from an HCV-positive patient
(HCRS®) 8, 21}, in accordance with the Declaration of Helsinki.
The protocols for the animal experiments were preapproved 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. HCV genotype 1b RNA
levels were established at 0.96-1.84 X 10 copies/mL in mouse
serum samples before the antibody treatment. The antibody
(2-152a MAb) and normal immunoglobin G (IgG, 400 mg/20 g
body weight) were intraperitoneally injected into the mice
(n = 4) at 2-day intervals over a period of 14 days. IFN-a
(30 mg/kg) was administered subcutaneously at 2-day intervals
over a period of 2 weeks. Human serum albumin in the blood of
chimeric mice was measured by using an Alb-II kit according to
the manufacturer’s instructions (Eiken Chemical). HCV RNA
levels in serum and JFH/K4 cells were measured by real-time
detection polymerase chain reaction (real-time detection
[RTD]-PCR) as described previously [22]. HCV RNA in the cell
cultures and supernatants was extracted by using Isogene and
Isogene LS (Nippon Gene), respectively.

Replication Assay Using HCV Replicon Celis

We used 3 HCV subgenomic replicon cell lines: R6FLR-N,
FLR3-1, and JFH-1. They were seeded at a density of 5 X 10’
cells/well in 96-well tissue culture plates in DMEM GlutaMAX
(Invitrogen) containing 5% fetal bovine serum (Thermo Sci-
entific). Following incubation for 24 hours at 37°C (in 5% CO,),
the medium was removed and serial dilutions of antibody were
added. Luciferase activity was determined by using a Bright-Glo
luciferase assay kit (Promega) after 72 hours according to the
manufacturer’s instructions. The results were calculated as the
average percentage relative to the reactivity in untreated cells,
which was set at 100%. The viability of the replicon cells was
measured by using a WST-8 cell counting kit (Dojindo)
according to the manufacturer’s instructions.

Immunestaining and Antibodies

Cells were cultured on glass coverslips (1.0 cm diameter) and
fixed with 1% paraformaldehyde in phosphate-buffered saline
(PBS) at room temperature for 10 minutes in 24-well plates. To
permeabilize the cell membranes, the cells were treated with 1%
Triton X-100 in PBS at room temperature for 10 minutes. After
washing with 0.05% Tween-20 in PBS, the cells were incubated
with 2-152a MAb, antiprotein disulfate isomerase (PDI) rabbit
polyclonal antibody (Stressgen Bioreagents) or normal mouse
IgG for 1 hour and washed with 0.05% Tween-20 in PBS. Alexa
Fluor 488-labeled goat antimouse IgG was used as the secondary
antibody.

Anti-NS5A antibody was provided by Dr Yoshiharu Matsuura
(Osaka University). Anti-myc mouse monoclonal antibody
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Figure 1. Anti-DHCR24 monoclonal antibody (2-152a MAb) suppresses HCV replication in vitro and in vivo. A, The effects of 2-152a MAb on HCV
replication were measured by the luminescence activity and cell viability in FLR3-1 cells. The replicon cell line was incubated with IgG from normal mice
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standard deviation. The medium control {2% FCS-DMEM) without IgG is indicated as 0. B, The JFH/K4 cells were treated with cholesterol synthesis
inhibitor U18666A (1 mM, 10 mM), IFN-a (250 IU/mL), Cyclosporin A (26 uM) and its solvent Cremophor, normal mouse IgG {10 pg/mL), and 2-152a IgG
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(9E10; Cell Signaling Technology) and antiactin mouse
monoclonal antibodies (Sigma-Aldrich) were utilized for de-
tecting myc-fusion protein and normalization of the results,
respectively.

cDNA Synthesis and Quantitative Reverse Transcriptase PCR
cDNA was synthesized from 0.5 or 1 mg of total RNA with
a Superscript II kit (Invitrogen). TagMan gene expression assays
were custom designed and manufactured by Applied Bio-
systems. The expression was quantified with the ABI 7500
real-time PCR system (Applied Biosystems).

Microarray Analysis

For microarray analysis, total RNAs were extracted using
RNAeasy kit (Qiagen), and RNA integrity was assessed using
a Bioanalyzer (Agilent Technologies). cRNA targets were syn-
thesized and hybridized with Whole Human Genome Oligo
Microarray (G4112F; Agilent) according to the manufacturer’s
instructions.

RNA Interference, Expression Vector Construction, Transfection,
and Rescue Experiments

Small interference RNA (siRNA) targeting betaine/GABA
transporter-1 (BGT-1; nucleotides 120-144) was designed by
using a program (https://rnaidesigner.invitrogen.com/) based
on registered sequences in GenBank (5'-CAACAAGATGGAGT
TTGTGCTGTCA-3’). Alternative siRNA (BGT-1-siRNA-
362; nucleotides 362-386) was similarly designed. The HCV-
siRNA (R7) sequence was 5'-GUCUCGUAGACCGUGCACCA
dTdT-3'.

The coding region of the BGT-1 gene was obtained from
RNA of R6FLR-N cells by reverse transcription—polymerase
chain reaction (RT-PCR). The PCR products were inserted in
EcoRV-Xhol sites of pcDNA6-myc His, version A (Invitrogen)
after digestion of EcoRV-Xhol. To generate mutant plasmids
that contained nucleotide substitutions in the siRNA-targeted
site, we introduced point mutations into pcDNA-BGT-1
by using site-directed mutagenesis with a QuickChange
multisite-directed mutagenesis kit (Stratagene), according
to the manufacturer’s instructions, and the following
oligonucleotide primer: BGT-1-mut, 5'-CCAATGGACCAA-
CAAGATGGAATTCGTTCTATCGGTGGCCGGGGAGCTC
ATTGGG-3' (the mutations introduced by mutagenesis are
underlined).

Transfection of siRNAs was carried out by reverse transfection
using Lipofectamine RNAIMAX according to the manu-
facturer’s protocol (Invitrogen). Transfection of the expression
vector was undertaken by using Lipofectamine LTX with Plus
reagent (Invitrogen).

The rescue experiment was performed after reverse trans-
fection of BGT-1 siRNA (1.5 nM) into R6FLR-N cells by using
RNAIMAX reagent. After 48 hours, wild-type (wt) and mutant
{mut) BGT-1 expression vectors (10 ng) were transfected by
using Lipofectamine LTX, and the luciferase activity and cell
viability were assessed by WST-8 assay (Dojindo) after 24 hours.

Analysis of HCV Infection and BGT-1 Expression
For infection assays, Cured/HuH-7 K4 cells were incubated with
JFH/K4 cell-derived HCV (2.0 X 10° copies/mL). At 72 hours
after incubation, HCV infection and BGT-1 expression were
analyzed by real-time detection (RTD)-PCR and TagMan ex-
pression assay, respectively, as described earlier.

Statistical Analysis

The Student ¢ test was used to test the statistical significance
of the results. P values < .05 were considered statistically
significant.

Results

Inhibitory Effect of 2-152a MAb on HCV Replication In Vitro

We examined the effects of 2-152a MAb on HCV replication and
the viability in HCV replicon cell lines. The treatment with
2-152a MAD significantly decreased HCV replication after
48 hours and cell viability after 72 hours (Figure 14). To de-
termine the recognition site of 2-152a MAb, we performed
epitope mapping by using serial overlapping deletion mutants of
the DHCR24 fusion protein (Supplementary Figure 1A).
The recognition site was identified within amino acid residues
259-314 (Supplementary Figure 1B) and the predicted “Di-
minuto-like protein” homologous region [23] indicated in
Supplementary Figure 1A.

Suppression of HCV Infection by 2-152a MAb

To determine the effects of 2-152a MAb on HCV infection, we
inoculated the antibody into a persistently HCV-infected cell
line (JFH/K4; Figure 1B and C) or uPA-SCID chimeric mice
previously transplanted with human hepatocytes {20] and

Figure 1 continued. {10 pg/ml). The error bars indicate the standard deviation, and the asterisk indicates P <.005. D, Relative amounts of HCV RNA (%
copies/mg total RNA on days ~1 or 0} in the livers of chimeric mice inoculated with the control medium, PEGylated IFN-or, normal IgG, or 2-152a IgG were
estimated by RTD-PCR. For normalization, the HCV RNA level 1 day before the inoculation {day —1) or on the day of inoculation (day 0) was defined as
100%. The graph shows the relative amounts of HCV RNA at —1 day (or day 0), 7 days (or 4 days), and 14 days. The error bars indicate the standard
deviation, and the asterisk indicates P <.005. £, Ratio of body weight of mice inoculated with either normal IgG or 2-152a MAb IgG to that on day —1. £
Ratio of albumin concentration in serum samples of mice inoculated with 2-152a MAb IgG or normal IgG to that on day —1. The vertical bars indicate the

standard deviation.
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infected with HCV (Figure 1D and F). We detected viral protein
(core) (Figure 1B) or viral RNA in cells (Figure 1C) and mouse
blood by using RTD-PCR (Figure 1D). There was a significant
reduction in the viral titers with 2-152a MAD treatment com-
pared with that in normal IgG treatment (control) (P < .005,
Figure 1C and D). No significant effects on body weight were
observed by the inoculation of 2-152a MAb (Figure 1E). Further,
no significant differences were found among the levels of human
albumin in the sera of the normal IgG- and 2-152a MAb-in-
oculated mice (Figure 1F).

Expression of DHCR24 in Carcinoma Cells and on the Surface of
HuH-7-Derived Cells ‘

We observed abundant intracellular expression of DHCR24 in
hepatoma cell lines in the previous study [12]; therefore, we
characterized its expression on the surface of various carcinoma
cell lines by flow cytometric analysis to clarify the mechanism of
2-152a MAD antiviral effects. In this analysis, DHCR24 expres-
sion was localized to the surface of the HuH-7 and HuH-7-based
cell lines, HCV replicon cell lines (R6FLR-N, FLR3-1, and
JFH-1), HCV persistently infected cell line (JFH/K4), and K4
cells; on the other hand, DHCR24 was not significantly
expressed on the surface of the HepG2, Hep3B, RzM6-0d,
RzM6-LC, WRL68, and PLC/PRF/5 cell lines (Supplementary
Figure 1C). To confirm the expression of DHCR24 on the cell
surface, we performed immunofluorescence staining (Supple-
mentary Figure 1D). DHCR24 expression was detected in the
HuH-7 cells without permeabilization.

Suppression of BGT-1 mRNA Expression in HCV Replicon Cell
Lines After Treatment With 2-152a MAb

To determine the molecular mechanism underlying the effects of
2-152a MAD, we performed microarray analysis twice with dif-
ferent amounts of probes and evaluated the changes in gene
expression associated with the 2-152a MAD treatment, which
were specific to the HCV replicon cells rather than to the HCV-
cured K4 cells. Using this methodology, we identified approxi-
mately 3-14 genes as upregulated and about 17-20 genes as
downregulated following the treatment with 2-152a MADb,
compared with the expressions in normal IgG-treated R6FLR-N,
FLR3-1, and K4 cells (Figure 2A). Among these genes, the ex-
pression level of SLC6A12 (BGT-1; GenBank accession number
NM_003044) showed significant downregulation in both the
R6FLR-N and the FLR3-1 cell lines but not in the K4 cells
(Figure 24; Table 1). To validate this result, we tested BGT-1
mRNA expression in R6FLR-N cells treated with 2-152a MAb
and normal IgG by using TaqMan expression assay. This assay

Table 1. Screened Genes in HCV Replicon Cell Lines After
Treatment of IgG

Gene R6FLR-N FLR3-1 FLR3-1 HuH-7/K4

name 24 hours 24 hours 72 hours 24 hours

1st screening AKR1C1  0.67 0.62 0.65 NS

2nd screening AKR1C1 074 NS 0.73 NS

VNN2 065 063

Abbreviations:  HCV, hepatitis C virus; IgG, immunoglobin G; NS, not

screened.

# Screened genes were significantly changed in HCV replicon cells but not in
HuH-7/K4 cells; each value indicates ratio of signal 2-152a MAb IgG/normal IgG
treatment.

® Screened genes were significantly changed in all cell lines, including
replicon cells and HuH-7/K4 cells.

¢ Comparing to 1st screening, 7-fold amount of labeled probe was used for
microarray.

demonstrated that the relative expression of BGT-1 was signif-
icantly suppressed by the treatment with 2-152a MADb (P < .001,
Figure 2B). Significant downregulation of BGT-1 was also ob-
served by treatment with 2-152a MAb in HCV-JFH-1-infected
cells (Figure 2C).

We further addressed the mechanism of action of 2-152a
MADb. Treatment with 2-152a MAb did not decrease the level of
cholesterol (Figure 2D), and silencing of DHCR24 did not in-
fluence BGT-1 significantly (Figure 2E).

Inhibition of HCV Replication and Infection by siRNA Directed
Against BGT-1

Because BGT-1 expression was suppressed by the treatment with
2-152a MAD, which had antiviral activity, we attempted BGT-1
silencing in HCV replicon cell lines by using designed siRNAs to
examine the potential role of BGT-1 in HCV replication. BGT-1
silencing was confirmed by RT-PCR (Figure 3A). The effect of
the siRNAs on HCV replication was examined by Western
blotting with anti-NS5A antibody (Figure 3B) and measured by
the luminescence level (Figure 3C, left panel) and cell viability
(Figure 3C, right panel) in FLR3-1 cells. We also examined the
effect of these siRNAs in R6FLR-N and JFH-1 cells (Supple-
mentary Figure 2A) and observed similar inhibitory effects as

Figure Z continued. gene expression assay. Each value was compensated with values of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA as
the internal control and normal IgG. The asterisk indicates P <.001, and the vertical bars indicate the standard deviation. C, Level of BGT-1 and DHCR24
proteins detected in JFH/K4 cells after treatment with 2-152a or narmal IgG (10 pg/mL). D, The relative cholesterol amount was measured in R6FLR-N
cells treated with 2-152a or normal IgG (10 pg/ml). £ BGT-1 and DHCR24 proteins were detected in normal IgG- or 2-152a IgG-treated R6FLR-N cells.
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targeting BGT-1 suppressed the expression of the corresponding mRNA. The mRNA of each sample was extracted 72 hours after siRNA (10 nM)
transfection. Total ANA was transcribed and amplified by RT-PCR using primers specific to the open reading frame (ORF) of the BGT-1 {1842 bp) gene. The
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following siRNA targeting BGT-1 is defined relative to those of the cells that received no treatment (100%). The error bars represent the standard error of
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asterisk {**) indicate P <.005 and P < .05 against the control, respectively. The mean values from triplicate wells are indicated, and the vertical bars
indicate the standard deviation.

those in FLR3-1 cells. The median inhibitory concentration
(ICsp) values of BGT-1 siRNAs in various HCV replicon cell
lines were as follows: FLR3-1 cells, 0.93 nM; R6FLR-N cells, 1.37
nM; JFH-1 cells, 5.95 nM. The cell viability was not significantly
influenced by the siRNA treatment (Figure 3C, right panel;
Supplementary Figure 24, right panel).

Further, we monitored the levels of HCV RNA in JFH/K4 cells
and their supernatants after BGT-1 silencing. Using RTD-PCR,
we detected significant suppression in the HCV RNA levels by
BGT-1 silencing in these cells (P < .005; Figure 3D, left panel)
and their supernatants (P < .05; Figure 3D, right panel). These
results were consistent with the strong inhibitory effects of
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BGT-1 siRNA on HCV replication, as shown in Figure 3C. We
designed alternative siRNA targeting BGT-1 (BGT-1-siRNA-362)
and observed its significant inhibitory effect on HCV replication
without significant cytotoxicity (Supplementary Figure 2B).

Validation of the Anti-HCV Effects of siRMA Against BGT-1 by

Rescue With Expression Vectors )
To assess the specificity of BGT-1 silencing, we attempted to
rescue HCV replication against the ectopic effects by this si-
lencing. To examine the effect of the rescue, we constructed
expression vectors of wild-type and mutant BGT-1 (Figure 44)
and confirmed the expression of each BGT-1-myc-fused protein
(Figure 4B). The mutant BGT-1 vector contained 5 base mis-
matches within the site targeted by the BGT-1 siRNA without
a change in the amino acid sequence of the protein (underlined
in Figure 4A). We also transfected the pcDNA-BGT-1 plasmid
after the siRNA treatment and observed significant recovery
of HCV replication with mutant pcDNA-BGT-1 (P < .05
Figure 4C, left panel) without significant cytotoxicity (Figure 4C,
right panel). BGT-1 expression was increased significantly in K4
cells in the presence of HCV (P < .05, Supplementary Figure
2C) at 72 hours after infection compared with the absence of

HCV, and in RzM6-LC cells, which persistently express HCV
[8], compared with RzM6-0d cells, which lack HCV expression
(P < .05, Supplementary Figure 2D).

DISCUSSION

In this study, we determined that 2-152a MAb, which binds to
but does not affect the activity of DHCR24, suppresses HCV
replication and that BGT-1 is highly downregulated in HCV
replicon cell lines treated with this antibody. Further, the effi-
cient rescue of viral replication with a mutant expression vector
indicates the specific inhibitory effect of BGT-1 silencing on
HCYV replication. Therefore, we hypothesize that BGT-1 plays an
important role in HCV replication through a pathway that is
likely independent of DHCR24, which in its own right can
regulate the HCV life cycle [13].

BGT-1 is involved in sodium- and chloride-coupled betaine
uptake, which helps in maintaining normal cellular conditions.
Previous reports have described that the transcription of BGT-1
mRNA is regulated by a tonicity sensitive element (TonE) in
response to hypertonic stress, a result that was first identified in
the Madin-Darby canine kidney (MDCK) cell line [24]. BGT-1

BGT-1 Plays a Role in HCV Replication o JID 2011:204 (15 October) o 1179

—108—

210T ‘7 Arenuef uo Areiqr Lsioatup) ojourewny je /310'sfewmolpiofxopify/:dny woly pspeoumoq



is also thought to be responsible for the hyperosmotic stress
response and in maintaining cell hydration. Denkert et al [25]
reported that BGT-1 gene expression is induced by hyper-
osmolarity and inhibited by p38 mitogen-activated protein ki-
nase (p38™A¥X) inhibitor SB20358. Further, several reports have
evidenced that cell hydration affects viral replication and that
viral replication increases during cell shrinkage due to hyper-
osmolarity, a result that was accompanied by increased BGT-1
mRNA expression [26]. Considering the reduction in HCV
replication by the BGT-1 siRNA treatment, this treatment may
prevent HCV replication by affecting hypoosmotic conditions in
HCV-infected cells. Further studies are required to examine in
detail the function of BGT-1 in HCV replication.

In summary, we demonstrated that the 2-152a monoclonal
antibody inhibits HCV replication in HCV replicon cells and
HCV infection in human hepatocytes transplanted into chimeric
mice. The inhibitory effect of the monoclonal antibody on viral
replication may be mediated by the suppression of BGT-1 ex-
pression. We propose BGT-1 as a key target for anti-HCV
therapies.
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B cell non-Hodgkin lymphoma is a typical extrahepatic manifestation frequently associated with hepatitis C virus (HCV) infection.
The mechanism by which HCV infection leads to lymphoproliferative disorder remains unclear. Our group established HCV
transgenic mice that expressed the full HCV genome in B cells (RzCD19Cre mice). We observed a 25.0% incidence of diffuse large
B cell non-Hodgkin lymphomas (22.2% in male and 29.6% in female mice) within 600 days of birth. Interestingly, RzCD19Cre
mice with substantially elevated serum-soluble interleukin-2 receptor a-subunit (sIL-2Ra) levels (>1000 pg/mL) developed B cell
lymphomas. Another mouse model of lymphoproliferative disorder was established by persistent expression of HCV structural
proteins through disruption of interferon regulatory factor-1 (irf-I/-/CN2 mice). Irf-17-/CN2 mice showed extremely high
incidences of lymphomas and lymphoproliferative disorders. Moreover, these mice showed increased levels of interleukin (IL)-2,

IL-10, and Bcl-2 as well as increased Bcl-2 expression, which promoted oncogenic transformation of lymphocytes.

1. Introduction

The incidence of non-Hodgkin lymphoma (NHL) is rising
worldwide and is higher in developed countries than in
Africa and Asia [1]. B cell non-Hodgkin lymphoma is a
typical extrahepatic manifestation frequently associated with
hepatitis C virus (HCV) infection [2]. The prevalence of
HCYV infection in patients with B cell non-Hodgkin lym-
phoma is approximately 15% [3]. The HCV envelope protein
E2 binds human CD81 [4], a tetraspanin expressed on
various types of cells, including lymphocytes, and activates
B cell proliferation [5]. Infection and replication of HCV
were observed in B cells [6, 7] although the direct effects,
particularly in vivo, have not been clarified. To determine the
direct effect of HCV infection on B cells in vivo, we crossed

transgenic mice with an integrated full-length HCV genome
(Rz) under the conditional Cre/loxP expression system, with
mice expressing the Cre enzyme [8] under transcriptional
control of the B lineage-restricted gene CD19 [9].

To investigate the mechanism of development of lym-
phoproliferation or B cell non-Hodgkin lymphoma in HCV
patients, we also developed a transgenic mouse model that
conditionally expressed HCV cDNA (nucleotides 294-3435),
including the viral genes that encode the core, El, E2, and
NS2 proteins, by using the Cre/loxP system (in core-NS2
[CN2] mice) [10, 11]. Conditional transgene activation of
the HCV c¢DNA (core, El, E2, and NS2) protects mice
from Fas-mediated lethal acute liver failure, by inhibiting
cytochrome ¢ release from mitochondria [11]. Persistent
HCV protein expression is established by targeted disruption
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of interferon regulatory factor-1 (irf-1), and high incidences
of lymphoproliferative disorders are noted in irf-17/~ CN2
mice [12].

Previously, transgenic mice that expressed the HCV core
protein were established using a promoter derived from
hepatitis B virus [13], whereas mice that expressed structural
or complete viral proteins were established using promoters
derived from the albumin gene [14]. These mice were im-
munotolerant to the transgene and did not develop hepatic
inflammation. However, they developed age-related hepatic
steatosis and hepatocellular carcinomas. In contrast, the CN2
mice used in the present study were not immunotolerant
to the HCV gene and developed hepatitis after the onset
of HCV gene expression. However, the expression of HCV
in these mice was usually lost after 21 days. Therefore,
an animal model of persistent HCV protein expression is
required for examining the effects of chronic HCV infection
in vivo.

IFN signaling mediates tumor-suppressor effects and
antiviral responses and is regulated by key transcription fac-
tors of the interferon-regulatory factor (IRF) protein family,
including IRF1, IRF2, IRF3, IRF7, and IRF9. Targeted dis-
ruption of irf-1 results in aberrant lymphocyte development
and a marked reduction in the number of CD8" T cells in the
peripheral blood, spleen, and lymph nodes {15]. In addition,
natural killer cell development is impaired in irf-1~/~ mice
[16]. The mechanisms by which HCV infection induces IFN
resistance and influences the development of lymphomas
are poorly understood. Therefore, we established an irf-17/~
CN2 mouse model of persistent HCV expression, which
allowed us to investigate the effects of HCV on lymphatic
tissue tumor development.

2. Spontaneous Development of B Cell
Lymphomas in the RzCD19Cre Mouse

The full-genome HCV expression was induced by the Cre/
lIoxP system with CD19Cre (Figure 1(A)). Expression of
HCV was mainly induced in B cells (Figure 1(B)). The
incidence of B cell lymphomas in RzCD19Cre mice was
25.0% (22.2% in male and 29.6% in female mice) and was
significantly higher than the incidence in the HCV-negative
groups. Lymphomas were diagnosed as typical diffuse
B cell non-Hodgkin lymphomas. Most were CD45R positive
and located in the mesenteric lymph nodes (Figure 1(C)).
Some were identified as intrahepatic lymphomas (incidence,
4.2%). HCV expression was detected in all B cell lymphomas
of RzCD19Cre mice. Indeed, the expression of the HCV or
HCV proteins induces the spontaneous development of B cell
lymphomas, irrespective of the integrated site in the mouse
genome.

Serum concentrations of IL-1a, IL-1f, IL-2, IL-3, IL-4,
IL-5, IL-6, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-17,
eotaxin, G-CSE, GM-CSE, IFN-y, KC, MCP-1, MIP-1a, MIP-
18, RANTES, TNF-a, IL-15, FGF-basic, LIF, M-CSE, MIG,
MIP-2, PDGFp, VEGE alanine aminotransferase (ALT),
and aspartate aminotransferase (AST) were not significantly
different in the presence or absence of B cell lymphomas.
Interestingly, the average sIL-2Ra level was significantly

ISRN Hematology

higher in the sera from RzCD19Cre mice with B cell lym-
phomas (830.3 = 533.0 pg/mL) than in that from tumor-free
control groups, including the RzCD19Cre, Rz, CD19Cre, and
wild-type (WT) mice (499.9 + 110.2pg/mL; P < 0.0057)
(Figure 1(D)). The difference in the average sIL-2Ra levels
between the sera from groups with tumors other than B cell
lymphomas (430.46 + 141.15 pg/mL) and that from tumor-
free control groups was insignificant (P > 0.05). Moreover,
all RzCD19Cre mice with a relatively high level of sIL-2Ra
(>1000 pg/mL) presented with B cell lymphomas. A signifi-
cant increase in sIL-2Ra was also observed in MxCre/CN2-29
mice that expressed the HCV CN2 gene [8] and had B cell
lymphomas, compared with tumor-free control (CN2-29)
mice.

To examine whether sIL-2Ra was derived from lym-
phoma tissues, we quantified IL-2Ra concentrations in
splenocytes, peripheral blood lymphocytes (PBLs), and B
cell lymphoma tissues. The concentration of IL-2Ra was
significantly higher in splenocytes from RzCD19Cre mice
than in splenocytes from CD19Cre mice. Moreover, the
concentration of IL-2R« in B cell lymphoma tissues from
RzCD19Cre mice was higher than that in splenocytes [8].
These results strongly suggest that B cell lymphomas directly
contribute to the elevated serum concentrations of sIL-
2Ra in RzCD19Cre mice. They also strongly support the
possibility that persistent expression of HCV could directly
induce transformation of B cells.

3. Persistent HCV Expression and
Lymphoproliferative Disorder

RzCD19Cre mice are immunotolerant to HCV, because
HCV is expressed in B cells before birth. In contrast,
CN2 mice express HCV after they are administered the
recombinant adenovirus that expresses the Cre enzyme
(Figures 2(a) and 2(b)). The expression of HCV in these mice
is usually lost after 21 days (Figure 2(b)) through removal
of HCV-expressing hepatocytes by the immune response.
To establish persistent HCV expression, we disrupted irf-1
by crossing of RzCD19Cre mice with irf-17/~ mice. IRF-1
plays a significant role in the Thl-type immune response
and its absence is expected to decrease the elimination
of HCV-expressing cells. As expected, HCV expression
in irf-17~ CN2 mice persisted for more than 500 days
(Figure 2(c)).

A significant percentage of the mice that expressed the
HCV core protein (irf-17/~ CN2 mice) showed polyclonal
lymphoid growth disturbances, including splenomegaly,
expanded lymph nodes, adenocarcinoma in the abdomen or
leg, and lymphoma of the liver or Peyer’s patches (Figures
2(d) and 2(e)). In contrast, hepatocytes with abundant
expression of HCV proteins rarely developed into hepato-
cellular carcinomas. Hematoxylin and eosin (H&E) staining
of splenomegalic tissue showed extensive hyperplasia of the
white pulp zones, in which the cortical zones contained
lymphoid follicles and scattered germinal centers although
mitotic figures were rarely observed. These results indi-
cate that persistent expression of HCV proteins frequently
induces lymphoproliferative disorders in addition to liver
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CN2-8 (c) mice after administration of AxCANCre (n 225 for irf-17", n 75 for irf-17~ CN2-29, n 150 for irf-17/~ CN2-8,
n = 225 for wild type,n = 75 for CN2-29,andn = 150 for CN2-8; total n = 900). (d) HCV protein expression enhanced hyperplasia
in male and female CN2 and irf-1~/~ CN2 mice. The occurrence of hyperplasia was monitored every 7 days for 600 days after administration
of AXCANCre. (e) Histological analysis of spontaneous proliferative disturbances in CN2 transgenic mice. Of the 900 mice injected with
AxCANCre, 25 of 75 (33%) CN2-29, 47 of 150 (31%) CN2-8, 29 of 75 (39%) irf-1/~ CN2-29, and 62 of 150 (41%) irf-1~/~ CN2-8 mice
developed proliferative disturbances.

—113—



ISRN Hematology

P =0.022 P =0015
:g 300 € 800 E 300 :g 800 .
250 250 H =
® B 600 ® H ® 600 ®
= 200 = < 200 H <
-2 150 § 400 £ 150 1 % 400 .
£ 100 2 i £ 100 I £ B
g £ 200 l g [ § 200
S 50 g ol S 50 LI g i I
8 0 O 90 8 0 8 0
CN2 WT CN2 WT
(1L-4) (IL-12) (1L-12)
P =0.206 P =0.044 P = 0.565
:‘E\ 200 :g 2500 . _rg\ 200 :é\ 2500
20
B 150 gzooo 1 g 150 E 00
= = 1500 o = 1500
-2 100 2 ° £ 100 2
] a £ 1000 s g £ 1000
= ;] E E |
g§ % | I g s0f @ = g % g s00
8 : § o1t S s L1
CN2 WT CN2 WT CN2 WT CN2 WT
(a) (b)
Day0 Day 400 Day 500
WT_irf-17~ WT _irf-17~ WT irf-17~
CN2-Tg— + = + = 4+ = + = 4+ = +
Bcl-2 - -
P-actin | e cm o cmd e G G GED w0 S

(c)

FiGuRe 3: (a) Serum IL-2, IL-4, IL-10, and IL-12 levels in irf-1¥* CN2 (Tg+) and irf-1*"* WT mice measured by ELISA. P values <0.05
were considered significant. (b) Serum IL-2, IL-4, IL-10, and IL-12 levels in irf-17~ CN2 (Tg+) and irf-1~~ WT mice measured by ELISA.
P values are based on the mean cytokine concentrations. (c) Bcl-2 protein levels in the lymph nodes of irf-1*/* WT and irf-17/~ WT or
transgenic (CN2-29) mice on day 0, day 400, and day 500 after administration of AxCANCre. Bcl-2 migrated at 26 kD.

hyperplasia, which is consistent with the phenotype of
patients with hepatocellular carcinoma.

The average ratio of T cells to B cells in the lymph nodes
and spleens of CN2 mice was significantly higher than that
in WT mice. The majority of CD3* lymphocytes and a few
CD8* lymphocytes expressed CD4 on their surfaces. The
proliferating cells were mainly CD4* T cells although some
were CD45R* B cells. The irf-17/~ CN2 mice also developed
B cell lymphomas (data not shown). These results confirm
that HCV protein expression induces lymphoproliferative
disorders that involve excessive expansion of both T cells
and B cells. The cell population that showed negative results
for T cell receptor (@, B, y, and & isoforms) staining
was smaller in irf-17/~ CN2 mice than that in the other
mice.

The disruption of irf-1 inhibited Fas-induced apoptosis,
presumably by decreasing the levels of caspase-6 and caspase-
7 messenger RNA. These results suggest that the reduced
expression of effector caspases delays Fas-mediated apoptosis
in irf-1"/~ mice and prevents the elimination of HCV-ex-
pressing cells in vivo.

The CN2 mice showed significantly increased levels of
serum IL-2, IL-10, and IL-12 (Figure 3(a)). Notably, the CN2
mice with proliferative disturbances in the lymph nodes and
spleen had dramatically elevated levels of these cytokines,
suggesting that altered cytokine production is involved in
aberrant lymphocyte proliferation or differentiation. In con-
trast, the rf-1~/~ CN2 mice did not show elevated levels of
serum IL-12, but had significantly higher levels of serum IL-
2 and IL-10 than did irf-1~/~ mice (Figure 3(b)). Thus, the
disruption of irf-I negated the increase in the IL-12 level, but
augmented the increases in the levels of IL-2 and IL-10 in
CN2 mice. These results indicate that IL-2 and IL-10 play key
roles in the induction of the lymphoproliferative phenotype
in irf-17/~ CN2 mice. A significantly positive correlation was
found between the cytokine levels and spleen weights of CN2
gene-expressing mice with the irf-1** background (R =
0.43,P < 0.05,and R = 0.53, P < 0.05, resp.). These
results indicate that IL-2 and IL-10 are involved in lym-
phoproliferation in viral protein-expressing mice.

Bcl-2 is an integral inner mitochondrial membrane
protein, overexpression of which blocks the apoptotic death
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