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FIG. 1. Characterization of the genome of vaccinia virus Dls. (A) Electrophoretic patterns of Dis and DIE genomic DNA digested with Hindl(k.
Fragments were run on 0.6% agarose geis (left} or 0.2% agarose ge!s (right} and labeled alphabetically in order of descending size. {B} Restriction
map of the genome of the vaccinia virus Copenhagen strain, The lacations of predicied cleavage sites of Hindlll and Ps!l are based on the ONA,
sequence of the entire gencme (Goebel ez af, 1990). The fragments are numbered in order of decreasing size following the nomenclature of Mackett
and Archard {1978} and DePhitippes {1982). The positions of PCR primers and the deleted region are indicated below. (C} Sequence analysis of the
deleted region. The Hindlll map and the junction sequences of vaccinia virus Copenhagen strain are shown. Numbers above the sequences
represent the nucleotide positions from the 5'-terminus of the genome. The underlined region indicates the possible site of homologous

recombination.

Stein et &/, 1989). To examine the translational properties
of mRNA transcribed by T7 polymerase in mammalian
cells, two plasmids {pT7Luc and pT7EMCLuc) were con-
structed. Each contained the T7 promoter, the luciferase
gene, and the T7 terminator. pT7EMCLuc contained an
additional IRES sequence of encephalomyocarditis virus
(EMCV) under the T7 promoter {Aoki et a/, 19%8). Previ-
ous results showed that transfection of pT7EMCLuc re-
sulted in high levels of luciferase activity in various

mammalian cell lines infected with either rAcCAT7 or
rAdexCAT7, whereas only traces of luciferase expression
could be detected when pT7Luc was transfected into
cells (Aoki et al, 1998; Yap et &/, 1997).

Interestingly, transfection of both pT7Luc and pT7-
EMCLuc resulted in high levels of luciferase activity in all
cell lines infected with rDIsT7pal (Fig. 3). The expression
of pT7EMCLuc was higher than that of pT7Luc in all the
cell lines tested. In contrast, the transfection of
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TABLE 1

Replication Activity of Recombinant DIs Complemented with
Fragrnents of the Deleted Region

Hela® Ccv-1? RK33*® CHO? CEF*
CIE 7890 1578 842 <1 9474
d1234 5263 1405 589 N.D. 5263
d123 2485 337 130 N.D. 1479
d234 2348 557 805 N.O. 2161
di2 <1 <1 <1 ND, 873
d23 1570 8% 37 N.D. 364
d34 <1 <1 8 N.D. 527
di <1 <1 <1 N.D. £
dz 1.1 <1 <i N.D. 1306
d3 <1 <1 20 N.D. 406
d4 <1 <1 <1 N.D. 367
Dls <1 <1 <1 N.D. 1600

* Cells were infected with DIE, Dls, or recombinant DIs at a m.o.i. of
0.05, incubated at 37°C, and harvested 48 h after infection. Viral input
and yield titers were determined by plaque formation on CEF cells and
the ratic of yield ¢ input was calculated.

pT7EMCLuc after infection with rAdexCAT7 resulted in
much higher levels of luciferase activity than the trans-
fection cof pT7Luc, as we have shown previously (Aoki et
al, 1998). rDIsT7pol and rAdexCAT7 produced no evident
CPE at the indicated m.o.i. (data not shown}. These
results indicate that rDIsT7pol allows efficient expres-
sion of foreign genes under the control of the T7 pro-
moter in the absence of a capping structure or IRES.

Recombinant Dis expressing full-length HIV-1 gag

The complete gag gene of HIV-1NL432 was then in-
serted into the Hindlll site of pUC/DIs to generaie pUC/
DlIsGag. Recombinant Dls virus expressing full-length
HIV-1NL432 gag was then generated using rDislLacZ
with the transfer vector pUC/DlsGag and cloned as de-
scribed above (Fig. 4A). Expression of HIV-1 Gag was
detected by Western blot using cell lysates from CEF
cells infected with rDIsBGag, while it was not detected in
lysates from CEF celis infected with rDisLacZ (Fig. 4B).
On the other hand, rDIsBGag did not grow in mammalian
cells such as Hela, BHK, and RK13 {data not shown).

HIV-1 Gag-specific CTL was induced by intravenous
inoculation of mice with 10° PFU of rDIsBGag. A control
group of mice was treated with the same dose of rDls-
LacZ. Gag-specific CTLs were induced in the immunized
mice against BALB/c 3T3 cells pulsed with a mixture of

HIV-1NL432 Gag peptides at effector-to-target ratios
ranging from 53:1 10 12.5:1 {Fig. 5A). CTL activity was first
detected at 2 weeks postinfection (p.i.) and was main-
tained at 12 weeks p.i. (Fig. 5C). In contrast, CTL activity
was not detected in spleen cells from control mice inoc-
ulated with 10* PFU of rDlsLacZ (data not shown), nor
was it detected against controls using allogeneic DAP.3
L cells as targets in cytotoxicity assays (Fig. 6B). in order
to investigate direct CTL activity, we used spleen cells
that were not stimulated with a mixture of HIV-1NL432
Gag peptides. The spleen cells showed a significant
level of CTL activity specific for HIV-1 clade B Gag pep-
tides, suggesting that rDIsBGag immunization directly
induces CTL activity in animals {Fig. 6).

DISCUSSION

Forty years ago, the Dls strain, which replicates well
only in CEF, was isolated from the DIE strain by succes-
sive 1-day egg passages and characterized by the pro-
duction of tiny pocks on chicken CAM (Kitamura et af,
1967, Tagaya et a/,, 1961). In this study, we identified one
large deletion by Hindlll mapping and confirmed it by
sequence analysis. However, we cannot rule out the
possibility of additional minor deletions in other regions
of the Dis genome, particularly in the right end. The
Hindllt fragments of this region {fragments A and B) are
100 large for molecular size comparisen. To further char-
acterize the deletions we thus performed Pstl digestion
analysis and found that only one fragment of DIs mi-
grated faster than that of DIE (Fig. 1A). Since the Pstl
restriction map of the DIE strain is slightly different from
that of the Copenhagen strain (Goebel et &/, 1990), it is
difficult 1o determine the deleted regions based only on
Fstl digestion analysis. However, we have already deter-
mined one large defetion in both Hindlll mapping and
sequence analysis. Therefore it is unlikely that there are
any more major deletions in the right end of the Dls
genome. Furthermore, we constructed recombinant Dis
in which the entire 15.4-kbp deleted sequence was rein-
troduced. This recombinant virus could grow well not
only in CEF, but also in other mammalian cells like
HepG2, Hela, 293T, and CV-1. The insertion of this de-
leted region was thus sufficient to restore the growth
property of the Dls strain. The above results clearly
suggest that the 15.4-kbp deletion of the left end of the
Dis genome is responsible for the restriction of its host
range. However, it should also be recognized that there

FIG. 2. Construction and generation of recombinant DIsT7pal. {A) Construction of the transfer vector pUC/Dis. The PCR-ampiified DIs fragment was
inserted into the £coRl site of pUC1 as described. The dotted tine between regions C and K indicates the logation of the 15.4-kbp deletion in Dls,
The Hindlll site between regions K and F was utilized for the inserion of foreign genes. {B) Schematic represemation of the protoesl used 1o obtain
recombinant Dls virus, {C) Complementation analyses of the deleted region. The region spanning the 15.4-kbp deletion in DIs was divided into four
parts maintaining ail ORFs (small arrows). Boxed arrows indicate the host range genes C7L and K1L, Ten fragments shown betow were amplitied
by LA-PCR using vaccinia virus DIE as a template and insened into the transier vector pUC/DIs as described.
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FIG. 3. Preparation of rDIsT7pol and expression of reporter plasmids in various mammalian cell line cells. Hel.a, BHK, CHO, CV-1, and HepG2 cells
ware infected with DIsT7pol [m.od. 2.0), Dis (m.ci. 2.0}, or rAdexCAT7 (m.od. 20.0) and transfected with luciferase reponer plasmid pT7Luc or
pT7EMCLuc 24 h after infection. Luciferase activity was measured 24 h after ransfection and expressed as relative light units (RLU) per 10° cells.

The results shown are the mean of three independent experiments.

may be a number of undetected mutations that could
well alter the functionality of some of the ORFs. For
example, the failure to insert foreign genes within the TK
locus raised the possibility of such mutations.

Genes of vaccinia virus determining its host range,
including KiL (Gillard et a/, 1986; Perkus et &/, 1990},
C7L (Oguiura et al, 1993; Perkus et af, 1990), and E3L
(Beattie et al, 1996; Chang et &/, 1995), have been
identified and characterized. Restriction endonuclease
and sequence analyses of the MVA gencme have shown
that a large deletion in the left end results in loss of the
host range gene K1L {Antoine et al, 1898). The functions
of K1L and C7L are still unknown (Wyatt er af, 1898),
whereas E3L was shown to be the inhibitor of the inter-
feron-induced 2'-5'A synthetase enzyme (Rivas et al,
1998). Other ORFs {B5R, F13L, and A36R) are also known
to be responsible for attenuation /in vivo. These genes
encode constituent proteins of the outer envelope of the
virion and are critical for cell-to-cell and long-range
spread of the virus (Blasco and Moss, 1991, Engelstad
and Smith, 1993; Herrera et al, 1998; Parkinson and
Smith, 1994; Wolife et af, 1993).

Complementation analyses of Dls in this study sug-
gest that the insertion of only the d3 region was insuffi-
cient to restore the growth character of parental DIE
except growth in RK13 cells. This result is consistent with
the previous observations {Carroll and Meoss, 1987,
Parkus et &/, 1990). When the d2 and d3 regions were
complemented, the recombinant viruses grew efficiently
in CV-1 and Hela cells. Thus there is a gene(s) in the d2
regicn that supports extension of the host range gene
KiL. Two proteins {C3L and N1L, termed virokines) se-
creted from infected cells with vaccinia virus were pre-
viously mapped in the d2 region (Kotwal and Moss, 1988)
and are implicated in viral virulence {Kotwal et al, 1989,
1990; Kotwal and Moss, 1988). Although further studies

are necessary 1o identify the factor(s} that suppors K1iL
function, it is possible that the absence of these genes
results in further attenuation of K1l-defective vaccinia
virus. In contrast, the C7L gene, located in the d1 region,
did not act as a host range gene in the cells that we
examined. It was previously shown that KI1L and C7L
behaved as equivaient genes in Hela and MRC-5 cells
(Oguiura et af, 1993; Perkus et al, 1990}. In MVA, 37
ORFs including K1L are deleted or mutated but C7L is
intact (Antoine et al, 1898). However, restoration of the
KiL gene in MVA failed to release the virus from its host
restriction on mammalian cells {Carroll and Moss, 1997;
Perkus et al, 1890Q). Therefore, additional regulatory func-
tions must be involved in allowing the progression of
virus replication in mammalian cells. The ORFs in the d1
and d4 regions of Dls are not deleted in MVA, suggesting
that these ORFs are not responsible for the haost range
restriction in Dls.

Vaccinia virus has been used extensively as a gene
expression vector and furthermore as a recombinant
vaccine. The major benefit of this system is its broad
host range, which permits foreign gene expression in
varicus mammalian cells and the possibility of inserting
larger DNA fragments containing several genes at the
same time. However, this system is not suitable for
long-term analysis of the expressed products because of
its extensive CPE derived from viral replication. In this
context, highly attenuated vaccinia viruses (such ag MVA
and NYVAC) and Dls shown in this study are important,
because they can express viral and inserted genes at
high tevels even in nonpermissive cells without showing
CPE. It has been reponted that foreign genes can be
inserted into MVA by homologous recombination (Sutter
and Moss, 1932}, targeting precisely to the site of dele-
tion to aveoid any additional changes in phenotype.

As a first step in utilizing Dls as a nonreplicating viral
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FIG. 4. Construction and expression of rCls expressing the HIV-1 gag
gene. (A) Schematic diagram of the construction of rDisBGag and
rDistacZ. (B) Detection of the HIV-1 Gag protein by Western blot using
cell lysates from CEF cells infected with either rDIsBGag or rDislacZ
as a control.

vector, we established a system to construct recombi-
nant Dis. By a two-step selection procedure using the £
coli lacZ gene followed by X-Gal staining, we were able
to easily select recombinant Dis that carried the desired
target genes. We used this procedure to construct re-
combinant Dls expressing the bacteriophage 77 poly-
merase. The vaccinia virus/T7 polymerase transient ex-
pression system has previously proven to be useful for
the synthesis of recombinant proteins in mammalian
cells (Fuerst et al, 1987; Moss et a/, 1930). In the vac-
cinia virus expression system, viral RNA polymerase
facilitates the capping process of T7 transcripts in the
cytoplasm, and transfected foreign genes under the T7
promoter can be efficiently translated (Ensinger et a/,
1975; Martin and Moss, 1375).

As shown in Fig. 3, when T7 polymerase was supplied
by rDIsT7pol, the activity of a luciferase reporter gene

translated from pT7luc was [ower than that from
pT7EMCLuc which carries EMCV IRES to allow cap-
independent translation, as described previousiy (Elroy-
Stein et &/, 1989). However, the expression level of the
reporter gene was thought to be sufficient as a transient
system because the luciferase activity of rDIsT7pol with
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FIG. 5. Induction of HIV-1 Gag-specific CTL following inoculation of
mice with rDIsBGag. BALB/c mice were intravenously inoculated with
10° PFU of rDIsBGag or rDisLacZ as a control. Six weeks later, the
animals were boosted with the same dose of antigen. (4) Cytolytic
activity measured in spleen cells 2 weeks atter the second inoculation
and tested against BALB/c 3T3 cells with {O) or without (&) pulsing with
a mixture of overlapping Gag peptides. (B) MHGC class | restriction of
CTL aciivity. Cytalytic activity was measured against BALS/c 3T3 cells
(O} or DAP3 L-cells (A) pulsed with Gag peptides. {C) Kinetics of
induction of CTL activity measured 0, 2, 4, 8, and 12 weaks after the
second inoculation with {black) or without (white) pulsing with a mixture
cf overlapping Gag peptides. The resuits shown are the mean of three
ingependent experiments.
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FIG. 6. Expression of direct CTL activity specific for HIV clade B Gag.
Spleen cells from rDIsBGag-immunized mice were directly agsayed for
clade B Gag pooled peptide-specific CTL; pulse (O} and nonpuise {{).
The results shown are the mean of three independent experiments.
Vertical lines represent standard deviations,

pT7Luc was comparable 10 that of rAdexCAT7 with
pT7EMCLuc. This result suggests that rDIsT7pol has the
activity to add a capping structure on uncapped RNA and
therefore undergoes translation as efficiently as RNA
that contains EMCV IRES.

Elroy-Stein et af. (1989) previously showed that the T7
transcripts of vaccinia virus/T7 polymerase hybrid sys-
tems were mostly uncapped. This discrepancy might be
due to the amount of transcribed RNA. In the earlier
study, T7 transcripts accounted for as much as 30% of

the total cytoplasmic RNA after infection with vTF7-3°

{recombinant vaccinia virus carrying T/ polymerase,
Fuerst et af, 1987). Since rDIsT7pol has lost its capacity
to grow in most of the mammalian cells tested, the
amount of transcript was presumably much smaller than
that generated by vTF7-3. Moreover, high levels of lucif-
erase activity were detected in CHO cells in which wild
vaccinia virus could not replicate, suggesting that
rDIsT7pol could transiently supply T7 polymerase even
to nonpermissive cells. It is known that transcription
usually oceurs in the nucleus after transfection of an
“expression plasmid. If the plasmid is transported to the
nucleus, efficient transcription could be achieved under
conditions where T7 RNA polymerase is functional in the
nucleus. In addition, host cells alse provide a nuclear
capping enzyme by which T7 transcripts can be modified
and lead to higher translation efficiency (Lieber et af,
1988). Therefore, if we use rAcCAT7 or rAdexCAT7 for
the transient expression system the target genes must
be inserted under IRES so that cap-independent trans-
lation can be utilized. Otherwise we have to transport
T7 polymerase to the nucleus and to add a capping
structure on the 5'-terminus of transcribed RNA. The
advantages of the DisT7pol transient expression sys-
tem are as follows: (i} only the transfection of target
genes into the cytoplasm is sufficient for transcription
by T7 polymerase because this enzyme is expressed
in the cytoplasm; (i} it is not necessary to install IRES
upstream of the target genes because the capping

structure can be added to the transcribed RNA by &
viral capping enzyme; (iii} the cytopathic effect of
D!sT7pol is dramatically reduced compared with that
of other recombinant vaccinia viruses. In a different
study, we used this DIsT7pol to examine the cell fusion
activity of hepatitis C virus envelope proteins. T7 poly-
merase was eventually expressed and a long-term
analysis of the expressed products was possible be-
cause no extensive cytopathic effects were induced
(Takikawa et al, 2000).

We show that the rDls is completely replication-
deficient in various mammaelian cell lines, but is effi-
ciently capable of expression of foreign genes, such
as E. coli JacZ and bacteriophage T7 RNA polymerase.
In spite of the deficiency in the replication of rDls in all
the mammalian cells used in this study, HIV Gag-
specific CTL were obtained by intravenous inoculation
of mice with rDIsBGag. Both CD4% cell loss and
plasma viral copy number were significantly sup-
pressed in immunized monkeys following challenge
with pathogenic simian~human immunodeficiency vi-
rus SHIV-C2/1 (Sasaki et af, 2000; Shinohara et al,
1999; Y. lzumi et al, unpublished observations). In
earlier studies, MVA was used to express a variety of
foreign genes, including B-galactosidase (Sutter and
Moss, 1982), influenza virus hemagglutinin and nu-
cleoprotein (Sutter et a/., 1994), bacteriophage T7 poly- -
merase (Wyatt et al, 1995), parainfluenza viruses HN
and F (Wyatt et a/, 1996), HIV gp180 (Belyakov et al.,
1998), and SIV gag and pol {Seth et af, 2000; Wyatt et
al, 1996). Some of these recombinant viruses were
studied as candidate vaccines and appeared to be
more effective than replication-competent vaccinia
virus vaccines (Belvakov et a/, 1998; Nam et af, 1999:
Stittelaar et al, 2000; Sutter and Moss, 1992; Sutter et
al, 1994). Further studies in macaques immunized
with recombinant MVA expressing SIV Gag-Pol and/or
Env showed comparable efficacy against challenge
with pathogenic StV (Amara et al, 2001; Gotch et al.,
1991; Qurmanov et &/, 2000a,b; Seth et al, 2000). rDIs
exhibited no replicative abitity and produced no infec-
tious virions in these cells, indicating that the DlIs
strain may have a safety advantage when used as a
recombinant vaccine vector. These results suggest
that recombinant Dis-based constructs have potential
as preventive vaccines against HIV-1.

In this study, we showed the usefulness of the Dls
strain as a nonreplicating viral vector. This strain is
also valuable for the analysis of the mechanism of
host restriction of vaccinia virus. The limited replica-
tion of this strain in human cells is relevant to its
potential use as a human vaccine. These observations
will allow the design of effective, safe vaccinia-based
recombinant vaccines.
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MATERIALS AND METHODS
Cells and viruses

Human Hela cells (ATCC CCL-2}), HepG2 cells, 293T
cells, rabbit kidney (RK13) cells (ATCC CCL-37), African
green monkey (CV-1) cells {ATCC CCL-70), Chinese ham-
ster ovary (CHO) cells, and baby hamster kidney (BHK)
cells (ATCC CCL-10) were grown in Dulbecco's modified
essential medium (DMEM) supplemented with 10% feta!
calf serum (FCS). CEF cells were grown in Eagle's mod-
ified essential medium (EMEM) suppiemented with 5%
FCS. Vaccinia virus strain Dls was propagated in CEF
cells. BALB/c 3T3 (H-2 and DAP.3 L cells (H-2*) have
been described previously (Takahashi et al,, 1988).

Animals

BALB/c (H-2") mice were obtained from the Shizuoka
Laboratory Animal Center (Shizucka, Japan) and were
used between 8 and 12 weeks of age.

Antibodies

Anti-T7 RNA polymerase rabbit serum was kindly pro-
vided by Dr. W. F, Studier {Brookhaven National Labora-
tory). The anti-HMV-1_, Gag monoclonal antibody V10
was kindly supplied by Dr. K. Ikuta (Research [nstitute for
Microbial Diseases, Osaka University} (Matsuo et af,
1992).

Plasmid constructions

Viral DNA from Dls was isolated as described {Wittek
et al, 1978}, digested with Hindlll or Pstl, separated on
0.6% agarose gels, and compared with the restriction
map of the vaccinia virus Copenhagen strain (Goebel et
al, 1990). An approximately 1.9-kbp DNA fragment of the
Cls genome, including the site of a 15.4-kbp deletion in
the Hindlll C, N, M, and K fragments (Fig. 1B), was
amplified using a long and accurate polymerase chain
reaction {LA-PCR} kit {Takara-Shuzo, Tokyo, Japan) and
cloned into a pCR2.1 TA cloning vector (Invitrogen Japan,
Tokyo, Japan). The sequence of the amplified region was
determined using the primers Vac H-C (5-ATAATG-
TAGCTCCTTCATCAATCATACATT) and Vac H-F (5'-AG-
GAGGTGGTGTAATAGACGAAGATTATAG).

An EcoRI fragment of pCR2.1 containing the amplified
region of DIs was cloned into the same site of pUC19
and designated pUC/Dis. The amplified fragment con-
tained one Hindlll site corresponding 1o the site between
K and F {Fig. 1B). This site was used as the cloning site
for the insertion of foreign genes. The £ coli lacZ gene
under the control of the vaccinia virus late promoter P11
was inserted into the Hindlll site of pUC/Dls to generate
the plasmid pUC/DlsLacZ. A 2.2-kbp DNA fragment con-
taining the entire gene of bacteriophage T7 RNA poly-
merase (Aoki et a/, 1998} under the control of the vac-
cinia virus early/late promoter P7.5 was cloned into the

Hindlll site of pUC/DIs to0 generate the plasmid pUC/
DisT7pol. A DNA fragment encoding the full-length gag
gene of HIV-1INL432 (nt 712-2488) under the contral of
the p7.5 promoter was inserted into the Hindill site of
pUC/Dls 10 generate pUC/DIsGag. The positions of the
nuclectides are numbered relative 10 the HIV-1HXB2 iso-
late (GenBank Accession No. K03455),

Complementation of the deleted region

To construct transfer vectors for the complementa-
tion of deleted regions, pUC/Dls was digested with
Hindlll, blunted, and ligated with a Notl linker to
change the cloning site from Hindlll to Notl, yielding
pUC/DlIsNot. The region corresponding to the deletion
of Dls was divided into four parts and amplified, re-
spectively, by LA-PCR using the DIE genome as a
template. The primers used for PCR amplification were
VacDlIs del1-F (nt 16183-16222), (5'-AAGCGGCCGC-
CTACCAACCTACACTATTATATGATTATAG); VacDls
del2-F {(nt 19384-19413), (6'-AAGCGGCCGCCTTAGTAT-
AACACACATGTCTTAAAGTTTA); VacDls del3-F (nt
25333-25362), (b'-AAGCGGCCGCGAGAATCAATA-
CAAAAATTAATGCATCATT); VacDls del4-F (nt 29183—
29212}, {(5'-AAGCGGCCGCCCACCGTATCCATAAA-
CAATATTAAGGAGA); VacDls del1-R {nt 19346-198375),
(5" -AAGCGGCCGCCTTATTCCATAGTAGCTTGTGGAA-
TTTATA), VacDls del2-R (nt 26287-25318), (5'-AAGCGGC-
CGCAAACTAAAATATGAATAAGTATTAAACATAY: VacDls
del3-R {nt 29145-29174), (6'-AAGCGGCCGCATTATTITAT
TTATATTGATGGGTACGTGAY); and VacDis del4-R (nt 34187-
34216), (5"-AAGCGGCCGCAGGAGGTGGTGTAATAGAC-
GAAGATTATAG). The positions of the oligonucleotides are
numbered relative to the vaccinia virus Copenhagen strain
{Goebel et al, 1990) (GenBank Accession No. M35027).

Primer sequences were determined according to pub-
lished sequences (Goebel et &/, 1930) and designed to
avoid destruction of any ORFs. To insert the amplified frag-
ments into pUC/DiIsNot, an extra Notl site was added on
the &'-termini of the primers. Amplified fragments were cut
with Noft and inserted into pUC/DisNot. These transfer
vectors were used for the construction of recombinant Dis
using rDIsLacZ as the parental virus. The recombinant
viruses were propagated in CEF cells. For analysis of virus
replication, confluent monolayers of mammalian cells in
6-cm dishes were infected with recombinant virus at a
m.o.i. of 0.05. After 1 h at 37°C, the cells were washed with
PBS and incubated in fresh medium at 37°C. Cells were
harvested at 0 and 48 h after infection, freeze-thawed, and
sonicated, and virus replication was determined by dividing
the virus titer at 48 h by that at 0 h.

Generation of recombinant DIs expressing
bacteriophage T7 RNA polymerase

infection was performed onto CEF cells grown in 8-¢m
dishes with Dls at a multiplicity of infection of 1.0. Trans-
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fection was performed with 20 pg of pUC/DisLacZ
using Lipofectamine (GIBCO BRL/Life Technologies,
Gaithersburg, MD). Recombinant Dls expressing B-ga-
lactosidase (rDIsLacZ) was selected by four consecu-
tive rounds of plaque purificaticn in CEF cells stained
with B-bromo-4-¢chloro-3-indolyl-B-p-galactopyrano-
side (X-Gal, Takara). rDIsLacZ was grown in CEF cells
and used as the parental virus for recombination.
Recombinant Dls expressing bacteriophage T7 RNA
polymerase was generated using the homgologous re-
combination method described above. CEF cells in-
fected with rDlsLacZ were transfected with the trans-
fer vector pUC/DIsT7pol. Recombinant virus that ex-
pressed T7 polymerase was selected by four
consecutive rounds as colorless plaques when
stained with X-Gal.

Transient expression of reporter genes

The activity of T7 polymerase was assayed using
luciferase reporter constructs (pT7Luc and
pT7EMCLuc) as described previcusly (Acki et al,
1998; Yap et al, 1997). Monolayers of cells in 24-well
plates were infected with Dls or rDIs-T7po! at an m.o.l.
of 2.0. As a control, cells were infected with either
recombinant baculovirus expressing T7 polymerase
(rAcCAT7) {Yap et al, 1397) or recombinant adencvirus
expressing T7 polymerase (rAdexCAT7} (Acki et al,
1998) at a m.o.i. of 20. After 24 h, 1 pg of either
pAcT7Luc or pAcT7EMCLuc was transfected using
Lipofectamine. Luciferase activity was determined us-
ing the Pica Gene luciferase assay kit (Toyo Ink, Tokyo,
Japan). Cells were harvested at 24 h postiransfection,
washed twice with PBS, and lysed with 100 ul of the
cell lysis buffer LUC/PGC-50 (Toyo Ink). For luciferase
assays, 20 ul of cleared cell lysate was incubated with
100 pl of a reaction mixture containing 137 mM NaCl,
2.7 mM KCI, 4.3 mM Na,HPO,, 1.4 mM KH,PO,, 20 mM
tricine, 1.07 mM {MgCQ,),Mg(OH), + 5H,0, 2.67 mM
MgS0,, 0.1 mM EDTA, 33.3 mM DTT, 270 pM coen-
zyme A, 470 uM luciferin, and 530 pM ATP. Relative
light units (RLU} were measured using a luminometer
{Berthold, Wildbad, Germany).

Production of recombinant Dls expressing full-length
HIV-1 gag

Recombinant Dls virus expressing HIV-1,..35, gag was
obtained using rDIsl.acZ as the parental virus with the
transfer vector pUC/DisGag, and cloned as described
above. The virus was grown in the CAM of 10-day eggs
or in CEF cell cultures. Virus detection, culturing the
recombinant clones, and Western blotting of the cell
lysates were carried out as previously described (Morita
et al, 1977).

Generation of HIV-1 Gag-specific cytotoxic
T-lymphocytes

The 20-mer overlapping peptides specific 1o the Gag
sequence of HIV-1HXB2 were obtained from the AIDS
Research and Reference Reagent Program (National in-
stitutes of Health, Bethesds, MD). Twenty mice were
intravenously inoculated with 10° PFU of either rDisBGag
or rDIsLacZ. After 8 weeks, the same dose of antigens
was inoculated again. Two weeks later, spleen cells
were harvested from the mice and stimulated with a 20
mM concentration of the peptide mixture for & days. The
restimulated spleen cells were incubated with *'Cr-la-
beled BALB/¢ 3T3 cells (H-2%) or DAP3 L cells (H-2") cells
as targets for 4 h. The target cells were pretreated with
8'Cr for 80 min and then pulsed with a 20 mM peptide
mixture for 60 min. The percentage of specific ¥Cr re-
lease was calculated as described (Takahashi et af,
1988).
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Hepatitis C virus {HCV} infection often leads to the development of hepatocellular carcinoma (HCC), but its molecular
mechanism has not been clearly elucidated. Previously, transgenic mice constitutively expressing HCV core protein have
been shown to develop HCC, suggesting a pivotal role of the core protein in hepatocarcinogenesis. Here, we analyzed the
expression of cytokines associated with a variety of cellular processes, including cell proliferation, in the mouse model for
HCV-associated HCC to define the molecular events prior to oncogenesis. The expression of tumor necrosis factor-o and
interleukin-18 was increased at both protein and mRNA levels. in addition, the activities of ¢-Jun N-terminal kinase and
activator protein-1 (AP-1), downstream effectors, were enhanced, while 1B kinase or nuclear factor-xB activities were not
enhanced. Thus, the altered /n vivo expression of cytokines with AP-1 activation in consequence to the core protein

expression may contribute to hepatocarcinogenesis in persistent HCV infection.

© 2002 Elsevier Science (USA}
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Hepatitis C virus (HCV} is a causative agent of acute
and chronic non-A non-B hepatitis {Choo et a/, 1989).
HCV infection frequently persists and leads to liver cir-
rhosis and hepatocellular carcinoma (HCC) (Saito et al,
1990). However, the mechanism of hepatocarcinogen-
esis in HCV infection is not clearly understood.

The core protein of HCV, by interacting with its viral
RNA, forms a viral nucleocapsid (Shimoike et a/, 1999).
In addition to this genome-packaging function, the core
protein has various functions. The core protein trans-
torms tibroblasts with or without the cooperation of the
ras oncogene, suppresses or enhances apoptosis of
cultured cells, modulates the transcription of some
genes, and binds to some cellular proteins {Lai and
Ware, 2000; MclLauchlan, 2000; Suzuki et a/, 1999). In
addition, we have reported that transgenic mice express-
ing the core protein in the liver develop HCC (Moriya et
al, 1988). These results indicate that the core protein is
closely associated with hepatocarcinogenesis in HCV
infection,

Cytokines are important mediators of tissue injury and
inflammation. The cytokine signal is transmitted to cells
via membrane-bound receptors. This cytokine-receptor

'To whom correspondence and reprint requests should be ad-
dressed at the Department of Virology I, National Institute of Infectious
Diseases, 1-23-1, Toyama, Shinjuku-ku, Tokyo 162-B6840, Japan. Fax:
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interaction activates intracellular signaling pathways.
Cytokine-inducible transcription factors, including activa-
tor protein-1 (AP-1} and nuclear factor-kB (NF-xB), inter-
act with their responsive elements in the promoter re-
gions of various genes. Cytokines like tumor necrosis
factor-a {TNF-), interleukin (IL)-1, and IL-6 are closely
associated with liver regeneration. Treatment with anti-
bodies to TNF-a before partial hepatectomy resulted in
decreased DNA synthesis and an abrogation of in-
creases in c-Jjun N-terminal kinase {INK}, c-jun mRNA,
and nuclear AP-1 activity (Diehl et a/, 1994). In addition,
mice lacking the type | TNF receptor were deficient in
liver regeneration {Yamada et al, 1997). Concerning IL-8,
hepatocyte DNA synthesis during liver regeneration was
suppressed in mice carrying a homozygous deletion of
the IL-6 gene (Cressman et a/,, 1996). Taken together, the
cytokines described above are considered as playing
important roles in cell proliferation and, possibly, hepa-
tocarcinogenesis,

TNF-a, IL.-1, and IL-6 are mainly synthesized by blood
cells like lymphocytes and monocytes, but the liver is
also an important producer of these cytokines. Human
and murine hepatocytes as well as Kupffer cells produce
TNF-a, IL-1, and IL-6 (Andus et a/, 1991; Gonzalez-Amaro
et af, 1994, Hunt et af, 1992; Wordemann et a/, 1998).

Since TNF-a signaling plays important roles in a wide
range of cellular functions, including inflammation, cell
proliferation, differentiation, and apoptosis, it is rational
to consider that the core protein contributes to these

0042-6822/02 $35.00
© 2002 Etsevier Science (USA)
All rights reserved.



416 TSUTSUM! ET AL

pathogeneses by influencing TNF-« signaling pathways.
In fact, several previous repents showed an association
or interaction of the core protein with TNF-a signaling
pathways {Chen et al, 1997, Marusawa et al, 1989,
Matsumoto et al, 1997; Shrivastava et af, 1898; Zhu et &/,
1998). However, carcinoma or transformed cell lines
were used to express the core protein, and some con-
flicting evidence was observed in these studies.

Here we demonstrate the enhancement of TNF-a and
IL-18 expression in the liver of core-transgenic mice in
the absence of inflammation in the liver. In these mice,
the activation of JNK and transcription factor AP-1, which
are downstream effectors of these cytokines, was also
demonstrated. These results suggest that the core pro-
tein potentially enhances the hepatic expression of
TNF-a and IL-18 and activates AP-1 in vivo, contributing
to hepatocarcinogenesis.

RESULTS

HCV core protein modulates intrahepatic cytokine
expression in the liver of core-transgenic mice

Cytokines such as TNF-a, IL-18, and IL-6 are closely
associated not only with contralling proliferation of hepa-
tocytes, but also with various pathogeneses of the liver,
including regeneration, necrosis, inflammation, fibrosis,
and, possibly, carcinogenesis (Andus et af, 1991). The
liver is an important source of production of these cyto-
kines as well as the main scavenger for them (Andus &t
al, 1991). Therefore, we first investigated the gene ex-
pression profiles of the above cytokines in the liver of
core-transgenic mice. In this study, we used pairs of
young, 2- to 3-month-old transgenic mice and their litter-
mates for the following reasons. First, we aimed to as-
sess the direct in vivo effect of the core protein in the
liver. Second, we wanted to use core-transgenic mice
with histopathological changes of the liver that were as
slight as possible without advanced steatosis or HCC
because these pathological changes themselves might
modulate cytokine expression. The levels of the core
protein in the liver of core-transgenic mice were within
the range of those in livers of HCV-associated HCC
patients (Koike et af, 2002).

We determined intrahepatic mRNA expression of cy-
tokines by RT-PCR. Figure 1A shows the mRNA expres-
sion of TNF-a and IL-1 in the liver of core-transgenic
mice of 2 1o 3 months old and that of nontransgenic
control mice of the same ages. The expression of the
housekeeping gene, glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), was also examined. In spite of a
lack of inflammation in the liver of core-transgenic mice,
gene expression of these cytokines was enhanced in
core-transgenic mice compared to that of nontransgenic
littermates. The expression levels of the GAPDH gene
were similar in all of the samples, indicating that the
amount of mRNA used and the efficiency of the amplifi-

FIG. 1. mRNA expression of cytokines in the liver of core-transgenic
(T and nentransgenic (NT) mice by RT-PCR. Total RNA was extracted
from the liver of mice and RT-PCR {30 cycles) was performed using
adequate primers. (A) MRNA expression of TNFa and IL-18 in three
pairs of 2- to 3-month-otd mice. The GAPDH gene was used as an
internal control. After PCR products were separated on the gel, South-
ern blot analysis was performed to confirm an adeguate amplification
of TNF-a and 1118 genes. (B) mRNA expressicn of IL-6 in the same
pairs of as mice shown in {A). The B-actin gene was used as an internal
control.

cation were almost equal. A similar tendency was also
observed when we decreased the cycles of the PCR by
five, indicating that the PCR products were not saturated.
On the other hand, the gene expression of IL-6 as well as
of B-actin in the liver of core-transgenic mice was prin-
cipally similar to that of nontransgenic mice {Fig. 1B).
Such modutation of the cytokine gene expression was
observed in the mice from two independent lines. We
further performed TagMan realtime PCR to guantify
TNF-& and IL-13 mRNA in the liver of mice. For statistical
analysis, we examined three more pairs of mice in ad-
dition to those used for the above experiment. One hun-
dred nanograms of total RNA was amplified, and the
amount of the PCR products was recorded at each cycle.
mRNA copy numbers calculated from the calibration
curves were normalized against GAPDH, the expression
of which was not altered by the core protein in mice (data
not shown). As shown in Table 1, the mRNA levels of
TNF-ee and IL-13 in the liver of core-transgenic mice were
increased 2- to 2.5-fold and 1.5- to 2-fold, respectively.
These results suggest that the expression of the core
protein enhances intrahepatic gene expression of the
cytokines TNF-a and [L-18 in core-transgenic mice.

To assess whether these enhanced gene expressions
reflected the intrahepatic protein levels, we next deter-
mined the protein expression of TNF-a and [L-13 in the
liver of these mice. The amount of TNF-a and IL-18 was
determined by ELISA using mouse liver lysates and di-
vided by the amount of liver total proteins. As shown in
Table 2, both the TNF-a and L-18 protein levels were
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TABLE 1

mRNA Levels of TNF-a and IL-18 in the Livers of Transgenic and
Nontransgenic Mice

TABLE 2

Protein Levels of TNF-a and iL-15 in the Livers of Transgenie and
Nontransgenic Mice

Transgenic mice Nentransgenic mice

Transgenic mice Nontransgenic mice

(n = 8) {n = 8) P* n =17 n=17 P*
TNF-a 1.30 (074} X 107% 0.54 (*0.13) % 1072 <0.05 TNF-a 600.5 (=311.0)° 323.4(x114.5) <0.05
IL-183 2.25{=0.72) X 107* 1.24 (024} x 1072 <0.05 18 1387.3 (+565.8) 610.6 (£ 160.6) <0.05

* Mann—-Whitney's U/ test

®Values are expressed in MRNA copy numbers quantified by real-
time PCR, followed by normalization against levels of GAPDH
{means * SE).

signhificantly increased in the livers of core-transgenic
mice compared to nontransgenic littermates. The ratios
(core-transgenic/nontransgenic) of the TNF-a and tL-183
protein levels were 1.9 and 2.3, respectively, which were
slightly different from those of the mRNA levels (2.4 and
1.8, respectively}. We cannot clearly show the reason for
this, but one possible explanation is that possible post-
transcriptional modifications work for the protein expres-
sion of the cytokines as reported previously (Chantry et
al, 1989, Moller et al, 1998). We also determined the
protein expression levels of these cytokines in the livers
of the mice expressing HCV envelope proteins under the
same regulatory region as that of the core-gene-trans-
genic mice (Koike et a/, 1897) and found similar expres-
sion levels in envelope-transgenic and control mice (data
not shown).

s
zZ P<0.05*
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* Mann-Whitney's U test.
® Picograms/milligrams total proteins (means * SE).

HCV core protein activates the INK-AP-1 pathway in
the liver of core-transgenic mice

TNF-a and IL-18 bind to their specific receptors on the
cell surface and activate intracellular signaling cas-
cades. One of the well-known pathways is INK=AP-1; JNK
is activated by TNF-a- or IL-18 stimulation and phosphor-
ylates ¢-Jun, leading to AP-1 activation {Angel and Karin,
1981). Therefore, we examined whether this pathway
was modulated in the liver of core-transgenic mice. First,
we determined JNK activity by /n vitro kinase assay. As
shown in Fig. 2A, the INK activity was increased in the
livers of core-transgenic mice. Densitometry showed that
the JNK activity was increased approximately 2.5-fold
compared 1o that of nontransgenic mice. This was al-
most consistent with the result that the expression of
both TNF-& and IL-18 was about 2-fold increased in the
liver of core-transgenic mice (Table 2). We also deter-
mined the activity of extracellular signal-regulated kinase
{ERK) and found similar activation between core-trans-
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FIG. 2. The activity of INK and ERK in the liver of core-transgenic (TY and nontransgenic (NT) mice determined by an in vitro kinase assay. The in
vitro kinase assay was performed using commercially available kits. {A) JNK: {8) ERK. The lower panels show densitometric analysis of the blots, The
values were normalized by taking the density of nontransgenic mice as 1 {relative kinase activity). The data shown are means + SE {n = 3 for each
sample group). *Mann-Whitney's U test; N. 8., no statistically significanm difference.
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C
c-jun
c-fos
¢ collagenase
p-actin

FIG. 3. The activity of AP-1 and expression of AP-1 responsible genes in the liver of core-transgenic (T) and nentransgenic {NT) mice. (A) AP-1
activation. Nuclear proteins were extracted from the liver of mice and incubated with *P-labeled oligonucleotides containing the AP-1 binding
sequence and then loaded onte nondenaturing gels. Coomassie brilliant blue staining of nuclear extracts of the same samples is shown below. (B)
Competition assay. Shifted bands corresponding to the AP-1 signal in the 3-month-old, nontransgenic mouse, the same as described in {(A), were
confirmed by the addition of excess amounts of unlabeled ofigonuclectides. Lane 1, no unlabeled oligonuclectides; lane 2, the addition of 50-fold
unlabeled AP-1 binding consensus oligonuclectides; lane 3, the addition of 50-fold unlabeled NF«B binding consensus oligonucleotides. (C) The
expression of the AP-1 responsible gene in the liver of core-transgenic mice. Total RNA derived from the livers of mice was subjected to RT-PCR
{c-jun, 30 cycles: c-fos, 35 cycles; collagenase, 35 cycles; B-actin, 20 cycles) using specific primers, and PCR products were separated on a 2%

agarose gel.

genic and nontransgenic mice (Fig. 2B). This indicates
that INK was selectively activated in core-transgenic
mice.

We next determined the AP-1 activation in the liver of
core-transgenic and nontransgenic mice. As shown in
Fig. 3A, the activation of AP-1 in core-transgenic mice
was markedly enhanced compared to that in nontrans-
genic littermates. Densitometry showed that the level of
AP-1 activity was about two times higher in these trans-
genic mice. The same amount of nuclear proteins used
in the assay was stained by Coomassie brilliant blue
after separation by SDS-PAGE (Fig. 3A, lower panel),
indicating that a similar amount of nuclear proteing was
used between core-transgenic and nontransgenic
mouse. We confirmed the specificity of this band by
adding 50-fald, unlabeled, identical or different oligonu-
cleotides {Fig. 3B). These results indicate that the INK-
AP-1 pathway was activated in the liver of core-trans-
genic mice.

AP-1 consists of ¢c-Jun and c-Fos, and the expression
of ¢-jun and ¢-fos is regulated mainly by JINK-AP-1 and
ERK-SRE, respectively. Therefore, we determined the

gene expression of ¢-jun and ¢-fos by RT-PCR. As shown
in Fig. 3C, ¢c-jun but not ¢-fos expression was increased
in the liver of core-transgenic micea. In addition, the ex-
pression of the collagenase gene, which is known to be
regulated by AP-1 (Angel et al, 1887), was increased in
the liver of core-transgenic mice (Fig. 3C). Semiquantita-
tive comparisons of the mRNA abundance revealed that
the expression of c-jun and collagenase was increased
about two- to threefold in the liver of core-transgenic
mice, whereas the expression of c-fos as well as -actin
was simitar. These results indicate that AP-1 activation
actually modulated the responsible gene expression in
core-transgenic mice.

HCV core protein does not activate the IKK-NF-«B
pathway in the liver of core-transgenic mice

TNF-a and IL-t1 are known to activate IkB kinase
(IKK). IKK phosphorylates 1B, leading to degradation by
proteasome. Loss of [kB results in nuclear translocation
and activation of NF-«kB {Baeuerie, 1991). Therefore, we
determined the kinase activity of IKK derived from the
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FIG. 4. The activity of IKK and NF-«B in the liver of core-transgenic {T) and nontransgenic (NT) mice. (A) The activity of IKK determined by in vitro
kinase assay. IKK was immunoprecipitated by anti-IKK antibody from lysates of mouse liver and incubated with GST-IxB-« in the presence of
[ ?PIATP. Tne lower panel shows densitometric analysis of the blots. Values were normalized by taking the density of the nontransgenic mice as
1 (relative kinase activity). Data shown are means * SE (n = 3 for each sample group). N. 8., no statistically significant difference. (8) The expression
of IxB-a determined by Western blotting. Tep, [xB-e; bottom, 8-actin. The intensity of the bands corresponding to 1kB-a analyzed by densitormetry and
the ratio of the intensity of 1kB-a to that of B-actin is shown below. (C) The NF-x8 activation determined by EMSA.

liver of core-transgenic mice. IKK was immunoprecipi-
tated by anti-IKK-a/8 antibody, and an in vitro kinase
assay was performed using the GST-IkB-o (aa 1-54)
fusion protein as a substrate. As shown in Fig. 4A, the
IKK activity was almost equal in core-transgenic and
nontransgenic mice. We also determined the expression
of IkB-a in the liver of the mice. As mentioned ahove,
IkB-a was phosphorylated by IKK and rapidly degraded
by the ubiquitin—proteasome pathway, so IKK activity
should correlate negatively with [«kB-a expression. As
shown in Fig. 4B, |xB-a expression in the liver of core-
transgenic mice was similar to that of nontransgenic
mice, further confirming that IKK activity was not acti-
vated by the core protein in core-transgenic mice.

We next examined by EMSA whether NF-«B activation
reftected the IKK activity and IxkB-a expression. As shown
in Fig. 4C, NF-xB activation was not significantly more
enhanced in core-transgenic mice than in nontransgenic

‘mice, which was in contrast to the enhanced AP-1 activ-

ity in core-transgenic mice {Fig. 3A). The specificity of
these bands was confirmed by the addition of unlabeled
oligonucleotides (data not shown). These results sug-
gest that the IKK-NF-xB pathway was not activated de-
spite the upregulation of TNF-a and IL-18 in core-trans-
genic mice.

DISCUSSION

We previously demonstrated that HCV core-transgenic
mice develop steatosis and later HCC, indicating an
important role of the core protein in hepatocarcinogen-
esis (Moriya et al, 1997b, 1938). In core-transgenic mice,
the degree of the core protein expression, determined by
Western blotting and fluorescence enzyme immunoas-
say, was comparable with that in the liver of patients with
HCV-associated HCC (Koike et af, 2002). However, in
some works from other laboratories, transgenic mice
harboring HCV genes showed only mRNA expression
but not detectable levels of core protein. Reasons for this
may be techpical issues in producing transgenic mice,
HCV and mouse strains, or the sensitivity of detection
systems, particularly antibodies, as discussed previously
{Koike et af, 2002). In our core-transgenic mice, {i) HCCs
were observed later in their lives, (i) there was a gender
difference in HCC incidence, and (iii) histologically, no
inflammation was observed. These characteristics, ex-
cept for (iii}, are analogous 1o HCV-related HCC in hu-
mans. Changes of some host factors may be involved in
HCC development as a consequence of the core protein
expression. We thus proceeded to investigate the diffar-
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ential expression of several genes related to cell proiif-
eration in the fivers of core-transgenic mice.

In this study, we showed that the expression of TNF-a
and IL-18 was significantly enhanced in core-transgenic
mice compared to that in nontransgenic littermates. The
enhancement of IL-8, in contrast, was not observed.
Furthermore, the INK-AP-1 pathway was activated in the
liver cells, but the IKK-NF-xB pathway, another down-
stream effector of these cytokines, was net enhanced.
These modifications of expression of cytokines and tran-
scription factors involved in the signal transduction path-
way were observed at as early as 2 months of age in
core-transgenic mice, as a consequence of the core
protein expression in the liver,

There are conflicting data concerning the association
of the core protein with NF-xB activation in previous
studies using various cultured cells. Some reports dem-
onstrate that the core protein enhances NF-kB activation
(Chung et al, 2001; Marusawa et af, 1899, You et a/,
1999}, whereas other reports demonstrate that the core
protein suppresses TNF-a-induced NF-kB activation
(Shrivastava et al, 1398) or does not modulate NF-«B
activation in human-derived cells (Zhu et &/, 1998). This
discrepancy may be due to the differences in the assay
systems or cell cultures used. The cells used in the
above studies were carcinoma cell lines or transformed
cell lines, and their expression levels of the core protein
seemed to be considerably higher than thatin the liver of
HCV-infected patients. Recently, two studies demon-
strated that NF-«xB was activated in the liver tissue of
HCwV-infected patients in contrast to that in normal
healthy adults (Boya et af, 2001; Tai et al, 2000). How-
ever, in these cases one cannot exclude the association
of cytokines released by leukocytes, which could con-
tribute to NF-«8 activation in the liver, since HCV-infected
liver tissue is generally accompanied by inflammatory
changes. Our core-transgenic mice expressed the core

protein in the liver at a level comparable to that of ‘

HCV-infected patients {Koike et al, 2002; Moriya et al,
1958) and exhibited no inflammatory changes throughout
their lives. Thus, our core-transgenic mouse modet is
suitable for investigating the activation of transcription
factors, including NF-xB, in the liver by the core protein,
and the core protein does not significantly enhance
NF-xB activation in the liver, which was otherwise nor-
mal.

There are several reports demonstrating the associa-
tion of the core protein with TNF-« signaling pathways
(Chen et af, 1997, Marusawa et al, 1998; Matsumoto et
al, 1997: Shrivastava et al, 1998; Zhu et a/, 1998). The
core protein binds to the TNF receptor superfamily lym-
photoxin-3 receptor and the cytoptasmic domain of TNF
receptor 1 (TNFR1) (Matsumoto et al, 1987; You et al,
1899; Zhu et a/, 1998). Such binding implies that the core
protein may be involved in the apoptosis signaling path-
way and mechanisms of host immune defenses. The

present study, for the first time, demonstrates the in vivo
enhancement of TNF-a expression in the liver by the
core protein, which was expressed in otherwise normal
liver. Hepatocytes as well as Kupffer cells produce
TNF-a {Gonzalez-Amaro et al, 1894; Wordemann et al,
1998); according to a previous study, significant TNF-«
production was observed in hepatocytes with chronic
HCV infection, whereas TNF-a was detected at low lev-
els in hepatocytes from normal individuals or patients
with alcoholic liver diseases (Gonzalez-Amaro et al,
1994). In view of this report and our result here, the core
protein may up-regulate TNF-a expression in hepato-
cytes of core-transgenic mice, as the core protein was
detected mainly in hepatocytes of the liver tissues
(Moriya et al, 1997h). Alternatively, the core protein ex-
pression in hepatocytes may indirectly up-regulate the
expression of the cytokines in nonparenchymal cells,
such as Kupffer or Kupffer-like cells. Further studies are
necessary to clarify this point.

We showed here that the expression of TNF-« and
IL-18, but not IL.-6, was enhanced in the liver of core-
transgenic mice. Although IL-6 expression is positively
regulated by several factors, such as TNF-¢, IL-1, AP-1,
and NF-kB {Sehgal, 1992}, the cooperative interaction of
mediaters, including negative cross-talk, could be re-
guired to achieve the level of IL-6 expression. Indeed,
according to a previous report investigating the levels of
cytokines in sera in chronic liver diseases, the levels of
circulating IL-18 were closely correlated with that of
TNF-a, whereas the IL-6 level correlated only weakly
with that of TNF-a and did not correlate with that of IL-13
{Tilg et al,, 1992). It is noteworthy that a vitronectin gene,
which was reported to be regulated positively by IL-6 and
negatively by TNF-a and IL-1 {Seiffert et al, 1896), is
down-regulated in the liver of core-transgenic mice of all
ages (data not shown). Interestingly, a recent report
showed that gene expression of vitronectin was also
down-regulated in the liver of patients with chronic hep-
atitis C (Honda et al, 2001). This is compatible with the
enhanced expression of TNF-a& and [L-18 in the trans-
genic mice noted in our study. However, contrary to the
sttuation with HCV-infected human livers, our transgenic
mice expressed only the core protein. No HCV replica-
tion took place. Therefore, it may not be reasonable to
directly extrapolate the events that occur in the core-
transgenic mice with those in human livers. However,
several studies showed that the serum and intrahepatic
levels of TNF-a and IL-18 were increased in HCV-in-
fected patients compared 1o those in healthy controls
(Larrea et al, 1996; Tilg et &/, 1992). In view of such
reports and the fact that there is no /n vitro culture
system for HCV, our core-transgenic mice are regarded
as one of the appropriate models for investigating HCV
pathogenesis. In addition, it should be noted that our
results were not obtained from cultured cells, which
already have properties of cancer celis, but from normal
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tiver cells, which constitute the liver organ in living ani-
mals. Future work will be aimed at investigating the
mechanism of differential expression of these cytokines
in core-transgenic mice.

Our data suggest that the core protein enhances ac-
tivation of AP-1, a downstream effector of TNF-a and
[L-1B. Increased expressicn of these cytokines in core-
transgenic mice possibly contributes to AP-1 activation,
since JNK, which phosphorylates and activates c-jun, a
component of AP-1, was also activated. In addition, en-
hanced expression of ¢un but not c-fos by AP-1 may
also contribute 10 AP-1 activation. Of course, several
other factors may alsc be associated with AP-1 activa-
tion. As reported previously, the core protein enhances
basal INK activity by increasing the phosphoryiated form
of MAPK kinase (Shrivastava et af, 1998). In addition, two
recent studies demonstrated contradictory effects of the
core protein on INK activation; the ccre protein sup-
pressed TNF-a-induced INK activation by disrupting the
TNFR1-TRADD-TRAF2 complex (Zhu et af, 2001}, or en-
hanced basal and TNF-a-induced INK activation by form-
ing a ternary complex with TNFR1 and TRADD (Park et
al, 2001). In view of these findings, it is possible that the
core protein also associates with this complex in core-
transgenic mice and influences the downstream path-
ways.

NF-«xB as well as AP-1 are downstream effectars of
these cytokines, but NF-B activation was not abviously
enhanced in the core-transgenic mice. Although the rea-
son for this inconsistency remains 1o be determined, one
possibility may be the alteration in the oxidant/antioxi-
dant status in core-transgenic mice (Shrivastava et al,
1898}. Previous studies have reported that overexpres-
sion of antioxidative enzymes like catalases and super-
oxide dismutase impairs NF-xB activity (Manna et af,
1998; Nilakantan et al, 1998). It has also been demon-
strated that antioxidants like pyrrolidine dithiocarbamate
and N-acetyl-L-cysteine activate AP-1 and suppress
NF-xB (Meyer et al, 1993). Natably, biochemical analy-
ses revealed that our core-transgenic mice had en-
hanced antioxidative enzyme activity compared to non-
transgenic mice of the same age. For example, the cata-
lase activity in core-transgenic mice was 1.5 times higher
than that in nontransgenic mice. In addition, the total
amount of glutathione, the reduction of which plays a
central role in cellular defense against oxidative stress,
was significantly lower in core-transgenic mice (Moriya
et al, 2001). Taken together, the results lead us to con-
sider that AP-1 activity in core-transgenic mice could be
enhanced not only by increased expression of TNF-a
and IL-18, but zalso by the enhancement of antioxidative
enzyme activity. Conversely, NF-xB activity which is ac-
tivated by increased TNF-e and iL-18 could be dimin-
ished by enhanced antioxidative enzyme activity.

In summary, HCV core protein promotes the expres-
sion of TNF-a and IL-18 in the liver of core-transgenic

mice and activates the JNK-AP-1 pathway. These alter-
ations by the core protein may contribute to the devel-
opment of liver pathogenesis, including HCC in HCV
infection. Further studies are necessary to elucidate the
physiological relevance of differential expression of cy-
tokines and AP-1 activation to pathogenesis in persistent
HCV infection,

MATERIALS AND METHODS
Transgenic mice

Production of HCV core-transgenic mice (HCV geno-
type Ib, mouse strain C57BL/6) has been previously de-
scribed {Moriya et af, 19970). Expression of the core
gene MRNA was detected by RT-PCR. Expression of the
core protein in the liver of core-transgenic mice was also
confirmed by immunohistochemical staining or Western
blotting (Moriya et al, 1997a,b; 1998). Several pairs of
male, core-transgenic and nontransgenic mice of 2 to 3
months old were used in this study. Core-transgenic
mice had very mild steatosis in the liver, but no inflam-
matory changes and tumorcus lesions, whereas non-
transgenic mice had almost normal livers, The blood
cells were removed as much as possible from the livers
of mice when the mice were sacrificed.

RT-PCR

Mice were sacrificed and total RNA was extracted from
the liver using RNAzolB (TEL-TEST, Friendswood, TX). Three
micrograms of total RNA were reverse transcribed by Su-
perscript il (G!IBCO BRL, Gaithersburg, MD) using oligo(dT)
primer. PCR of TNF-a, IL-18, and GAPDH was performed
using the Quantitative PCR Detection Kit (BioSource Inter-
national, Camarillo, CA). This process can detect multiple
gene expression by amplifying all the genes under the
same conditions because the PCR primers in this kit have
similar melting temperatures and no obvious 3'-end aver-
lap to enhance multiple amplification. Primers for RT-PCR
of IL-6 and B-actin were synthesized according to a previ-
ous report (Faulkner et af, 1995). Primers for the RT-PCR of
cjun, c-fos, and collagenase were as follows: c-jun;
5'-GCATGAGGAACCGCATTGCCGCCTCCAAGT-3' and 5'-
TCAAAACGTTTGCAACTGCTGCGTTAGCAT-3": o-fos: 5'-
TCCTTGAGCATGCCCGTGTCTTAT-3' and 5'-AGACAA-
AGGAAGACGTGTAAGTAGTGCAGCC-3'; collagenase:
5'-ATTCCCAAAAGAGGTGAAGAGACT-3' and 5'-TATG-
GAATTTGTTGGCATGACTCT-3". For the RT-PCR, the quan-
tity of cDNA template and the number of amplification
cycles were optimized to ensure that the reaction was
terminated during the linear phase of product amplification
s0 that semiguantitative comparisons of the mRNA abun-
dance between different samples were possible.

Southern blotting

Five microliters of PCR products was Separated on a
15% agarose gel containing 1X TBE buffer, denatured
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twice in denaturing buffer (0.6 N NaOH, 1.5 M NaCl) for
15 min, neutralized twice in neutralization buffer [0.5 M
Tris—HCI (pH 7.5), 3 M NaCl], and transferred onto &
Hybond-N* membrane filter {Amersham, Buckingham-
shire, UK} in 20X SSC [3 M NaCl, 0.3 M trisodium citrate
dihydrate (pH 7.0)]. The filter was dried, and DNAs were
fixed on the membrane by irradiation with UV light and
then hybridized with an appropriate heat-denatured
probe in hybridization buffer [E0% deionized formamide,
5X SSC, 2% blocking reagent (Boehringer Mannheim,
Mannheim, Germany), 0.02% SDS, 0.1% N-lauroyl salco-
sin, 01 mg/ml of salmon sperm DNA] overnight after
prehybridization in the same buffer without a probe for
3 h. Probes were prepared by amplifying and digoxigenin
(DIG) labeling the positive control DNA provided in the kit
used for PCR. After hybridization, the filter was washed
twice with 2X wash buffer (2X SSC, 0.1% SDS) for 5 min
and then twice with 0.1X wash buffer (01X SSC, 0.1%
SDS) for 15 min. DIG-labeled DNA probes were detected
using the DIG Luminescent Detection Kit {Boehringer
Mannheim}.

Real-time PCR

TagMan probes were labeled with a reporter fluores-
cent dye [6-carboxy-fluorescein {FAM]] at the 5'-end and
a quencher fluorescent dye [B-carboxy-tetramethyl-rho-
damine {TAMRAJ}] at the 3’-end. Primers and the TagMan
probes for TNF-a and IL-18 were as follows: TNF-a
forward primer, 5'-CAGACCCTCACACTCAGATCATCT-3';
reverse primer, 5'-CCACTTGGTGGTTTGCTACGA-3";
probe, 5'-(FAM)TCGAGTGACAAGCCTGTAGCCCACGT-
{TAMRA)-3’. IL-1B forward primer, 8'-TGGGCCTCAAAG-
GAAAGAATC-3’; reverse primer, 5 -GACAAACCGCTTT-
TCCATCTTC-3'; probe, 5'-{FAMJTGCAGCTGGAGAGTGT-
GGATCCCAA(TAMRA)-3'. Fifty microliters of reaction
mixture was used, and it contained 100 ng of extracted
total RNA, 0.3 mmol/L forward and 0.9 mmol/L reverse
primers, 0.2 mmol/L TagMan probe, and the TagMan
One-Step RT-PCR Master Mix Reagents Kit {Applied
Biosystems, Foster City, CA). The conditions of one-step
RT-PCR were as follows: 30 min at 48°C, 10 min at 85°C,
and then 60 cycles of amplification for 15 s at 95°C and
1 min at 60°C. The assay used an instrument capable of
measuring fluorescence in real time {ABl Prism 7700
Sequence Detector; Applied Biosystems). The calibration
curve, covering the range from 16 ng to 1 ug total
RNA/S0 ul reaction, was created using Mouse Liver Total
RNA (Ambion, Austin, TX}. The same procedure was
performed using TagMan Rodent GAPDH Control Re-
agents {Applied Biosystems) as an internal control,

ELISA

ELISAs for TNF-&« and IL-18 were performed using
Mouse TNF-a: and 1L-18 ELISA Kits (BioSource). Samples
were prepared according to @ previous paper {Casta-

gliuolo et al, 1898). The ELISA was performed by tripli-
cate for each sample. The amount of total proteins in
each sample was determined with the BCA Protein As-
say Kit {Pierce, Rockford, 1L}, and the concentraticns of
the cytokines in the livers were calcuiated.

In vitro kinase assay

The activities of INK and ERK were determined using
the SAPK/INK and the p44/42 MAPK Assay Kit (Cell
Signaling Technology, Beverly, MA), respectively. Liver
tissues of the mice were homogenized in the lysis buffer
provided in the kit, and subsequent assays were per-
formed according to the manufacturer's protocols. The
IKK assay was performed using a similar procedure
shown in a previous report (Chung et af, 2001). Liver
tissues were homogenized in b0 mM Tris—HCI {pH 8.0},
100 mM NaCl, 1 mM sodium orthovanadate, 1 mM NaF,
0.5 mM pB-glycerolphosphate, and Protease inhibitor
Cocktail (Complete; Roche Molecular Biochemicals, In-
dianapolis, IN}), Homogenates were sonicated four times
for 5 s and then centrifuged at 14,000 rpm for 10 min.
Supernatant centaining 500 pg of proteins was incu-
bated overnight with anti-lKK-a/83 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA} bound 1o Protein Sepha-
rose 4B beads (Amersham). Immunoprecipitates were
washed three times and the kinase reaction was per-
formed in the same buffer with 10 uCi [y-#PJATP, 2 mM
MgCl,, 1 mM DTT, and 1 ug of GST-I«B-a (aa 1-54)
fusion protein as a substrate. GST-IkB-a was prepared
in Escherichia coli and purified using GST Sepharose
Beads (Amersham). The reaction mixture was then sep-
arated by SDS-PAGE followed by autoradiography.

Electrophoretic mobility shift assay

Nuclear extracts from the livers of core-transgenic and
nontransgenic mice were prepared according 10 the pro-
cedure in a previous report (Deryckere and Gannon, 1994).
The double-stranded oligonucleotides (AP-1, 8'-CGCTT-
GATGAGTCAGCCGGAA-3'; NF-«kB, B'-AGTTGAGGGGAC-
TTTCCCAGGC-3") were end-labeled with [v¥PJATP. La-
beled cligonucleotides were incubated on ice for 30 min,
along with 5 pg of nuclear extracts, in 30 p! of binding
buffer [10 mM Tris—HCI (pH 7.5), 50 mM NaCl, 1 mM EDTA,
10% glycerol, 1 mM DTT, 1 mM PMSF, and 2 ug of poly(di-
dC}]. The binding reactions detecting the AP-1 activity con-
tained 5 mM MgCl, {(Meyer et al, 1993). The reaction mix-
ture was analyzed by electrophoresis on a 7% nondenatur-
ing polyacrylamide gel containing 4% glycerol in 0.25X
TBE. For competition experiments, a 50-fold excess of un-
labeled, identical oligonuclectides or unrelated oligonucle-
otides (the NF-xB sequence for AP-1 assay, and the AP-1
sequence for NF-kB assay, respectively) was added 20 min
before the addition of labeled oligonucleotides. AP-1 activity
was determined by measuring the intensity of the shifted
band by densitometer (NIH Image; National Institutes of
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Health, Bethesda, MD}. A serial 2-fold dilution of purified
¢-Jun protein (rhAP1; Promega, Madison, W) was used as
a control, and the intensity of each band was measured for
standard curves.

Western blotting

Tissue lysates were mixed with SDS sample buffer
and sonicated for 5 min. Boiled samples were separated
by 10% SDS-PAGE and electrotransfered to a PVDF
membrane. After blocking, the membrane was probed
with anti-lkB-a antibody (Cell Signaling Technology) or
anti-B-actin antibody (Sigma Chemical Co., St. Louis,
MO), followed by anti-rabbit IgG conjugated with horse-
radish peroxidase, and visualized by the Phototope-HRP
Western Detection System (Cell Signaling Technology).

Statistical analysis

Results are expressed as means #+ SE. The signifi-
cance of the differences of means was determined using
Mann-Whitney's U/ test.
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