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FIGURE 4. Role of EDEMSs in HCV replication and production of infectious virus particles. A, HCV production in HuH-7 cells transfected with EDEM siRNAs.
Cells were infected with JFH-1 ata m.o.i. of 1. Twenty-four hours later, the celis were transfected with the indicated siRNAs at a final concentration of 10 nm. The
culture medium was harvested 48 h later and was used to infect naive HuH-7.5.1 cells seeded in a 96-well plate. Inmunostaining using anti-HCV core antibodies
was performed at 72 h after infection, and focus-forming units were counted. B, siRNA-transfected and HCV-infected cells described in A harvested at 48 h after
infection. Intracellular HCV core protein was measured. The values were normalized to total protein in the cell lysate samples. C, HCV productionin HuH-7 cells
transfected with plasmids carrying EDEM1-HA, EDEM2-HA, EDEM3-HA, or ER Manl-HA genes. D, intracellular HCV core protein within the cells described in C.
Expression levels of the EDEMs and ER Man! were determined by anti-HA immunoblotting. The mean = S.D. (error bars) of three independent experiments are

shown in all of the panels.

Chemical Inhibition of the ERAD Pathway Increases HCV
Production—XIF, a potent inhibitor of ER mannosidase, is
reported to inhibit the ERAD pathway. When HCV-infected
cells were treated with KIF, virus production increased in the
culture medium in a dose-dependent manner (Fig. 54, left), and
the steady-state level of E2 in the cells increased accordingly
(Fig. 54, right). No change was observed in intracellular HCV
core protein levels after KIF treatment (Fig. 54, center). Kinetic
analyses showed that E2 was stabilized dramatically in KIF-
treated cells (Fig. 5B), whereas the fate of HCV core protein, a
nonglycoprotein, was not affected by KIF treatment (supple-
mental Fig. $5). No effect on virus replication was observed
when the cells harboring JFH-1 subgenomic replicons were
treated with KIF (data not shown).

On the basis of these findings, one may hypothesize that KIF
contributes to the stabilization of HCV glycoprotein(s) by
interfering with the interaction between (i) EDEMs and viral
proteins, or (ii) EDEMs and SEL1L. To address this, HCV E2
was co-expressed in 2937 cells with EDEM1, EDEM?2, EDEM3,
or ER Manl in the presence or absence of KIF, followed by
immunoprecipitation (Fig. 5C). E2 was shown to interact with
EDEM]1, EDEM2, and EDEMS3, analogous to the data shown in
Fig. 3A, and KIF did not block the interactions. Decreased elec-
trophoretic mobility of E2 was detected in KIF-treated cells,
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possibly due to a change in glycan composition caused by inhi-
bition of mannosidase activity. These findings led us to investi-
gate whether the glycans on HCV glycoproteins are required for
binding to EDEMs. We generated E1 and E2 mutants by replac-
" ing their N-glycosylation sites with glutamine residues and ana-
lyzed their interaction with EDEMs. Removal of the glycans did
not inhibit the binding of E1 and E2 proteins to EDEM, dem-
onstrating that N-glycans on the surface of viral proteins are not
indispensible for an interaction between EDEMs and HCV gly-
coproteins to occur (supplemental Fig. $6). The effect of KIF on
the association of EDEMs with downstream ERAD machinery
was examined further. In cells co-expressing E2 and EDEMs,
the interaction of SEL1L with EDEM1 and EDEM3 was signif-
icantly reduced in the presence of KIF (p < 0.05) (Fig. 5C).
Consistent with these results, KIF abrogated the EDEM1- and
EDEM3-mediated ubiquitylation of HCV E2 protein (Fig. 5D).
This inhibitory effect of KIF on the SEL1L-EDEM interaction
was also observed in HuH-7 cells (supplemental Fig. S7). These
results suggest that KIF stabilizes HCV glycoproteins by inter-
fering with the SEL1L-EDEM interaction and thus leads to an
increase in virus production.
Role of ERAD in the Life Cycle of JEV—This study demon-
strates involvement of the ERAD pathway in HCV production.
However, the role of this pathway in the production of other
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FIGURE 5. Effect of KIF on HCV production and stability of E2. A, extracellular HCV titer, intracellular HCV core protein expression, and steady-state
level of HCV E2 in HuH-7 cells treated with different concentrations of KIF. B, CHX-based HCV protein stability assay of HCV E2 protein in KIF-treated cells
as described in Fig. 3£. E2 protein levels normalized to actin levels are shown in the graph on the right. The open and filled circles indicate KIF-treated and
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and SEL1L in 293T cells in the absence or presence of KIF. 2937 cells were seeded in 6-well plates at a density of 3 X 10° cells/well. After overnight
incubation, the cells were co-transfected with plasmids carrying HCV E2-myc (1 pg) and EDEM1-HA, EDEM2-HA, EDEM3-HA, or ER Manl-HA proteins (1
g each). After 6 h, the culture medium was replaced with fresh or KiIF-containing medium (100 um). Forty-eight hours later, the cells were harvested and
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quantified by densitometry, and the ratio between HCV E2 and HA (right graph) and between SEL1L and HA (left graph) in the same fanes is plotted on
the graphs. The mean * S.D. of three independent experiments are shown. D, EDEM protein-mediated ubiquitylation of HCV E2 protein in 293T cellsin
the absence or presence of KIF. The experimental procedure was the same as that described in Fig. 5C, except thatimmunoprecipitation was performed
with anti-HCV E2 antibodies.

viruses is still unknown. To this end, we examined its role in the
life cycle of JEV, another member of the Flaviviridae family. In
contrast to HCV, KIF treatment had little effect on JEV produc-
tion in infected cells (Fig. 64) or the steady-state level of viral E
glycoprotein (Fig. 6B). Interaction of EDEMs with JEV E was
analyzed further. Neither EDEMs nor ER Manl was found to
interact with JEV E in cells (Fig. 6C), indicating no significant

DISCUSSION

Accumulating evidence points to a role of the ERAD pathway
in the pathogenesis of different genetic and degenerative dis-
eases. However, the involvement of ERAD in the life cycle of
viruses and infectious diseases remains poorly understood.
Until recently, an experimental HCV cell culture infection sys-

role of the ERAD pathway in the JEV life cycle. Altogether, these
results strongly suggest that the ERAD pathway is involved in
the quality control of glycoproteins of specific viruses, possible
through an interaction with EDEM(s), and subsequent regula-
tion of virus production.

ACSEVEN

OCTOBER 28, 2011 -VYOLUME 286-NUMBER 43

tem has been lacking such that studies evaluating the effect of
HCV infection on the ERAD pathway were performed by either
using HCV subgenomic replicons which lack structural pro-
teins or by ectopic expression of one or multiple structural pro-
teins (21, 22). However, this problem was solved by identifica-
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tion of an HCV clone, JFH-1, capable of replicating and
assembling infectious virus particles in cultured hepatocytes
(15). In the present study, we used JFH-1 to examine the effect
of HCV infection on activation of the ERAD pathway and its
role in the virus life cycle. Our results show that the ERAD
pathway is activated in HCV-infected cells, as evidenced by the
maturation of XBP1 mRNA to its active form and up-regulation
of EDEM1 (Fig. 1, A-D). Knocking down IRE1 reversed the
induction of EDEM], indicating that HCV infection-induced
activation of the ERAD pathway is mediated through IRE1 (Fig.
1F). Loss- and gain-of-function analyses indicated that EDEM1
and EDEMS3, particularly EDEM]1, are involved in the post-
translational control of HCV glycoproteins by which viral pro-
duction is down-regulated (Figs. 3, D and E, and 4A). Our
results suggest that EDEM1 and EDEMS3 play a role in delivery
of viral glycoproteins to the SEL1L-containing ubiquitin-ligase
complex. It has recently been reported that coronavirus infec-
tion causes an accumulation of EDEMI in membrane vesicles
which are sites of viral replication, but that EDEMI is not
required for coronavirus replication (23). To our knowledge,
the present study is the first to demonstrate regulation of the
viral life cycle by ERAD machinery through interaction of
EDEMs with viral glycoproteins.

We propose that the mechanisms described here are impor-
tant during the early stages of establishing persistent HCV
infection. ER stress caused by high levels of HCV infection dur-
ing the acute phase presumably results in activation of the
ERAD pathway. Induced EDEMs enhance the degradation of
HCV envelope proteins, thereby reducing virus production.
Maintenance of moderately low levels of HCV in the infected
liver may contribute to the persistence of HCV infection, often
associated with a lengthy asymptomatic phase that can last for
decades. A range of viruses, including flaviviruses such as JEV,
dengue virus, and West Nile virus, have been reported to induce
XBP1 mRNA splicing triggered by ER stress (2, 3, 24). However,
we demonstrate here that, in contrast to HCV, the envelope
protein of JEV, which causes acute encephalitis, is not recog-
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nized by EDEMs, and the ERAD pathway does not control JEV
production.

N-Linked glycoproteins displaying the glycan precursor
Glc1Man9GlcNAc2 bind ER chaperones, such as calnexin or
calreticulin, which facilitates protein folding. Removal of the
terminal Glc from glycans disrupts this interaction with chap-
erones leading to Man trimming and delivery to ERAD machin-
ery. A glucosyltransferase can transfer the terminal Man-linked
Glc back to glycans, thereby allowing the “calnexin cycle” to
continue until the glycoproteins are properly folded (for review,
see Ref. 25). During this cycle, the decision of when to abandon
additional folding attempts for immature polypeptides and to
direct them instead toward the degradation pathway appears to
be a crucial element of protein quality control. The basis by
which this occurs, however, is not fully understood. Here, we
demonstrate that stabilization of HCV envelope proteins and
increased virus production occurs with KIF treatment (Fig. 5, A
and B) and with gene silencing of either EDEM1 or EDEM3
(Figs. 3, D and E, and 4A). It is generally accepted that ERAD
functions to eliminate proteins that are unable to adopt their
native structure after translocation into the ER. From our
results, however, one could argue that, during the HCV life
cycle, at least a fraction of the competently folded viral glyco-
protein intermediates may be released from the calnexin cycle
before maturation and thereby be recognized as ERAD sub-
strates. As suggested previously, the processes of protein fold-
ing and ERAD compete to some extent for newly synthesized
polypeptides (26, 27). Under conditions in which high concen-
trations of ERAD-related factors are found in the ER due to
induction of ER stress by viral infection, activated ERAD
machinery may efficiently capture protein intermediates with
folding/refolding capacity and cause premature termination of
chaperone-assisted protein folding.

EDEMI1 has recently been found to bind SEL1L, which is
involved in the translocation of ERAD substrates from the ER to
the cytoplasm (20). Our results demonstrate efficient binding of
EDEM1 and EDEMS3 to SEL1L, whereas EDEM2 exhibits only
residual binding. In agreement with these results, increased
ubiquitylation of HCV E2 protein was observed in cells overex-
pressing EDEM1 and EDEM3, but not in cells overexpressing
the EDEM2 ortholog (Fig. 3B). Furthermore, KIF inhibited the
binding of EDEM1 and EDEM3 with SEL1L, thus abrogating
the ubiquitylation and enhancing the stability of HCV E2 pro-
tein (Fig. 5, Band D). It has been reported that KIF inhibits the
interaction between EDEM1 and SEL1L, thus stabilizing ERAD
substrates (4). Therefore, our results confirm previous findings
and show that, along with EDEM1, KIF inhibits the binding of
SEL1L to EDEMS3. Furthermore, we have been the first to show
that HCV E2 is a virus-derived ERAD substrate that can be used
to analyze the mechanisms of this pathway. Taken together, our
results indicate that EDEM1 and EDEMS3, but not EDEM2,
might be involved in targeting ERAD substrates to the translo-
cation machinery, which may partly explain the different roles
of the three EDEMs in HCV production. Although both
EDEM1 and EDEM3 bind SEL1L and HCV envelope proteins,
EDEMI1 appears to have a larger role in regulation of HCV pro-
duction than EDEMS3. This is supported further by the finding
that enhanced ubiquitylation of HCV E2 occurs in the presence
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of EDEM1 overexpression (Figs. 38 and 5D). In EDEM3-knock-
down cells, EDEM1 may take over the function of delivering
ERAD substrates to the translocation machinery. We also spec-
ulate that EDEM1 may function as a helper for EDEM3. This is
supported by the observation that EDEMI and EDEMS3 syner-
gistically increase HCV production when knocked down
together (data not shown). HCV glycoproteins are a suitable
means by which to investigate differences and redundancies
pertaining to the role of EDEMs in the ERAD pathway.

HCV-infected and TM-treated cells demonstrated the great-
est activation of EDEM1 transcript production among EDEMs
(Fig. 1, C and D, and supplemental Fig. S1). Although it is
known that XBP1 binds to specific ER stress-responsive cis-
acting elements to induce EDEMs (28, 29), the exact mecha-
nism of transcriptional regulation is not fully understood. It will
be interesting to examine regulatory mechanism(s) specific to
individual EDEM homologs in an ER stress-dependent or -in-
dependent manner.

These findings highlight the crucial role of the ERAD path-
way in the HCV life cycle. Further studies are needed to clarify
the details of this complex pathway. The data generated in this
work, however, further contribute to our understanding of the
mechanisms that govern the maturation and fate of viral glyco-
proteins in the ER.
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The mechanism of the innate immune response
to hepatitis C virus (HCV) has not been fully
elucidated, largely due to the lack of an appro-
priate model. We used HCV transgenic (Tg) mice,
which express core, E1, E2, and NS2 proteins
regulated by the Cre/loxP switching expression
system, to examine the innate immune response
to HCV structural proteins. Twelve hours after
HCV transgene expression, HCV core protein
levels in Tg mouse livers were 15-47 pg/mg. In
contrast, in Tg mice with a depletion of natural
killer (NK) cells, we observed much higher levels
of HCV core proteins (1,597 pg/ml). Cre-mediated
genomic DNA recombination efficiency in the
HCV-Tg mice was strongly observed in NK celi-
depleted mice between 0.5 and 1 day as com-
pared to non-treated mice. These data indicated
that NK cells participate inthe elimination of core-
expressing hepatocytes in the innate immune
responses during the acute phase of HCV infec-
tion. J. Med. Virol. 82:1545-1553, 2010.

© 2010 Wiley-Liss, Inc.

KEY WORDS: HCV; Cre/loxP switching Tg;
innate immunity; natural killer
cell; core protein

INTRODUCTION

Although a variety of studies have demonstrated that
infection with hepatitis C virus (HCV) elicits an innate
immune response in human hosts, the mechanisms
behind this response are not well understood. Details
on the first step of the immune process might assist in
the development of treatments for chronic hepatitis,

© 2010 WILEY-LISS, INC.

cirrhosis, and hepatocellular carcinoma. One of the
factors limiting such HCV immune research is the
general lack of animal models: Humans are the only
natural HCV host, and to date, chimpanzees are the only
animals that have been infected with HCV.

Clinically, approximately 50% of symptomatic
patients eliminate the virus, whereas in an asympto-
matic course, more than 80% of acute HCV infections
develop into chronic infection [Gerlach et al., 2003],
indicating that the infected host’s immune reaction may
influence the course of the disease. In the chimpanzee
model, HCV significantly induces type L interferon (IFN)
[Bigger et al., 2001; Su et al., 2002]. However, this
response occurs irrespective of the outcome of infection
[Disson et al., 2004; Machida et al., 2001; Su et al., 2002;
Thimme et al., 2002], and NS3-4A can inhibit RIG-1-
mediated signaling, which is required to be activated for
IFN production [Vilasco et al., 2006].

Natural killer (NK) cells constitute the first line
of host defense against invading pathogens and are
usually activated in the early phase of viral infection.

Abbreviations used: HCV, hepatitis C virus; NK cell, natural
killer cell; IFN, interferon; Tg, transgenic; ALT, alanine amino-
transferase; IRF, interferon regulatory factor.
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The liver is particularly enriched with NK cells, which
are activated by hepatotropic viruses such as HCV.
There have been some reports of the association between
NK cells and HCV [Ebihara et al., 2008; Knapp et al,,
2009; Vidal-Castineira et al., 2010]. For instance, NK
cell numbers were consistently lower in individuals with
persistent HCV infections [Golden-Mason et al., 2008].
Additionally, the function of NK cells can be inhibited
by HCV proteins such as envelope protein E2, which
impairs the effector function of NK cells by interacting
with CD81 on their surface [Crotta et al., 2002; Tseng
and Klimpel, 2002].

Most of these studies on the association between NK
cells and HCV have been performed during the chronic
phase of HCV infection. To our knowledge, there has
been no research on the innate immune response
during the acute phase of HCV infection, because of
the difficulty in analyzing early immune reactions and
the lack of appropriate animal models. Here, we have
overcome this difficulty by using the Cre/loxP system to
create a mouse model with conditional HCV transgene
expression. This allowed us to analyze HCV-specific
innate immunity.

MATERIALS AND METHODS
HCYV Transgenic Mice

HCV-Tg mice CN2-8 and CN2-29 (BALB/c, 9- to 12-
week old) were used in the experiments. These two Tg
mice lineages possess HCV genotype 1b, which is
regulated by the Cre/loxP conditional switching system
[Wakita et al., 1998]. NK cell- and CD8* T-cell-deficient
HCV-Tg mice were also established by mating HCV-Tg
mice with syngenic IRF-1-deficient mice, in which a
strong reduction in NK cells [Duncan et al., 1996; Ohteki
et al., 1998] and CD8" T cells [Matsuyama et al., 1993]
has been reported.

All mice were cared for according to the guidelines
of the NIH Guide for the Care and Use of Laboratory
Animals.

Structure of CALCN2, the Cre-Mediated
Activation Transgene Unit

R6CN2 HCV cDNA (nucleotides: 294-3,435, aa:
1-1,013) contains the core, E1, E2, and NS2 regions.
This construct does not lead to HCV mRNA tran-
scription before recombination. It was cloned down-
stream of the CAG promoter, neomycin-resistant gene
(neo), and poly(A) signal; the latter two of these were
flanked by loxP sequences. The CAG promoter com-
prises, in order, the cytomegalovirus enhancer, actin
promoter, and the globin poly(A) signal. CALNCNZ,
the Cre-mediated activation transgene unit, consists of
the CAG promoter, a loxP sequence, the neo-resistance
gene, the SV40 poly(A) signal, a second loxP sequence,
R6CN2 HCV ¢DNA, and the globin poly(A) signal, in
that order.

Upon recognition of the loxP site, Cre recombinase
deletes the neo gene and the SV40 poly(A) signal, along
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with one of the loxP sequences. It then ligates the CAG
promoter to the HCV ¢DNA and the globin poly(A)
signal. This genomic structure alteration enables the
production of HCV mRNA [Wakita et al., 1998].

Hydrodynamics-Based Transfection of Naked
Plasmid DNA

Cre recombinase cDNA (pCAN-Cre/pBR325 plasmid)
was cloned downstream of the CMV promoter. Plasmid
DNA was prepared using the triton-cesium chloride
method. Plasmid DNA (20 ug) was diluted with 2.0ml
of PBS(~) mixed with atelocollagen (KOKENCELLGEN
I-AC; Koken, Tokyo, Japan) [Ochiya et al., 2001;
Minakuchi et al.,, 2004] to a final concentration of
0.01%. This was then injected via a tail vein, after which
it entered circulation within 6—8 sec [Liu et al., 1999].

Depletion of NK Cells

Transgenic mice were treated intraperitoneally with
1 mg of anti-IL2 receptor-f monoclonal antibody (TM-BI,
rat IgG2b) [Tanaka et al., 1993] in 500 ul of PBS(—) once,
2 days before Cre/loxP switching.

Quantification of HCV Core Proteins in
Mowuse Livers

Hepatocyte HCV core protein concentrations were
quantified with a fluorescent enzyme immunoassay
(FEIA) by using HCV core monoclonal antibodies
from a commercial kit, as previously described [Kashi-
wakuma et al., 1996].

Immunoblot Analysis

Liver tissues (100—-150 pug) were lysed with 300 ul of
RIPA buffer (1% SDS, 0.5% Nonidet P40, 0.5 mmol/L
EDTA,150 mmol/LL NaCl, and 1mmol/l. DTT and
10 mmol/L Tris, pH 7.4). After the supernatant protein
concentration was determined, 30 ug of total protein was
electrophoresed on SDS—-PAGE (15% polyacrylamide)
and transferred to a polyvinylidene difluoride (PVDF)
membrane (Immobilon-P, Millipore, Bedford, MA).
The membrane was incubated with biotinylated 5155
(an anti-HCV core monoclonal antibody), 384 (an
anti-HCV E1 monoclonal antibody), or 541 (an anti-
HCV E2 monoclonal antibody) [Tsukiyama-Kohara
et al., 2004], followed by horseradish peroxidase-
conjugated streptavidin. Proteins were visualized using
the ECL system (Amersham Biosciences, Cleveland,
OH).

Southern Blotting

Genomic DNA (4 ug) was extracted from mouse liver
tissue by using the phenol—chloroform method. It was
digested with Xbal and then resolved by electrophoresis
on a 0.8% agarose gel. Bands were transferred to a
Hybond-N membrane (Amersham Biosciences) by using
the Vacugene 2016 (LKB Biotechnology, Bromma,
Sweden). The blots were then probed with a *2P-dCTP-
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labeled CALNCNZ2 (nucleotides: 483—1,389) probe. The
probe was generated using a Random Primer DNA
Labeling Kit, Ver 2.0 (Takara, Shiga, Japan).

Northern Blotting

Total RNA (30 pug) was extracted from mouse liver
tissue by using the AGPC method. Bands were trans-
ferred to a Hybond-N membrane (Amersham Bio-
sciences). The blots were then probed with the same
probe used for Southern blotting.

Expression Plasmids of HCV Structural Proteins

We generated expression plasmids of HCV-core (aa:
1-192; pEPF-core), HCV-E1 (aa: 168—-1383; pEF-E1), and
HCV-E2 (aa: 367-830; pEF-E2) [Takaku et al., 2003]
under the control of the EF2-o promoter, and HCV-CN2
(aa: 1-1,013; pCAL CN2) [Tsukiyama-Kohara et al.,
2004] and B-lactamase (pCAL-LacZ), under the control
of the CAG promoter.

Cytokine Assay

Secretion of serum IFN-y [Carroll et al., 1997], I1L-12,
and TNF-o was measured using enzyme-linked
immunosorbent assay kits (BioSource, Camarillo, CA),
according to the manufacturer’s protocols.

Assay of Alanine Aminotransferase (ALT) Levels

Serum ALT concentrations were determined with
a Transferase Nissui kit (Nissui Pharmaceutical Co.,
Tokyo, Japan) and then standardized and expressed
as IU/L.

RESULTS

HCYV Core Protein and ALT Levels During the
Early Phase of HCV Transgenic Mouse

In CN2-8 Tg mice, HCV core protein expression levels
were as follows: day 0.5: 15+ 16 pg/mg; day 1: 175+
96 pg/mg; day 2: 207+ 77pg/mg; day 3: 33+41pg/
mg; day 4: 4314+256pg/mg; day 14: 4+ 1pg/mg
(Fig. 1A). In the CN2-29 Tg mice, HCV core protein
expression levels were as follows: day 0.5: 47+
13pg/mg; day 1. 495+ 165pg/mg; day 2: 1189+
210 pg/mg; day 3: 26 -- 39 pg/mg; day 4: 59 49 pg/mg;
day 14: 24+ 2pg/mg (Fig. 1B). ALT levels were 489 &
150 TU/L in the CN2-8 Tg mice and 2,282 + 358 IU/L in
the CN2-29 Tg mice at day 0.5, after which the levels
quickly decreased. In both mice lineages, HCV core
protein expression levels were low from day 8. In
contrast, HCV core protein was not detected and the
ALT levels were low (357 £ 1501U/L) at day 0.5 in the
CN2-29 Tg miceinjected with the negative control vector
(pBR325) (Fig. 1C).

In the immunoblot analysis, the HCV core (21 kDa)
protein was detectable from days 0.5 to 3 (Fig. 1D).
To investigate why the core protein was eliminated
after day 3, we performed Southern and Northern
blot analyses using liver tissue extracts. Transgene
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recombination occurred in the Tg mouse livers (Fig. 1E).
CALNCN2 mRNA expression levels were similar
throughout the study period (Fig. 1F). Although HCV
mRNA was consistently observed, the HCV core protein
was eliminated by day 4 (Fig. 1D), suggesting that some
immune factors were active against HCV core protein
from day 3 onward.

Histopathology of the HCV Protein Expressed
During the Early Phase of HCV
Transgenic Mouse

Histopathology of the CN2-29 Tg mice (Fig. 2B—E)
revealed inflammation and elevation of ALT levels in
livers with HCV structural protein expression compared
to that in livers without HCV structural protein
expression (Fig. 2F-I). The presence of HCV structural
proteins was associated with the following: hepatocyte
necrosis and mononuclear cell infiltration in both
the liver lobules and in the periportal area, on day 0.5
(Fig. 2B); mononuclear cell infiltration, on days 1
(Fig. 2C) and 3 (Fig. 2E); and Kupffer-like infiltrated
cells, on day 2 Fig. 2D). No changes in inflammation were
found in the control vector-injected mice (Fig. 2F-1).

NK Cell Activity Against Cells Expressing
HCV Proteins

HCV core protein expression levels were higher in the
CN2-8 IRF-1 knockout mice than in wild-type Tg mice
(309 + 76 pg/mg vs. 15+ 16 pg/mg), while ALT levels
were lower (194 4+ 531/U vs. 489 + 142 IU/L; Fig. 1A).

HCV core protein expression levels were higher in NK
cell-depleted mice with anti-IL2 receptor-B antibodies
than in non-treated CN2-29 Tg mice (1,597 + 153 pg/mg
ve. 47 + 13 pg/mg), while ALT levels were lower (608 &
258 TU/L vs. 2,282 £4581U/L) on day 0.5 (Figs. 1B
and 3). However, core protein levels were drastically
reduced in the treated mice on day 2. Transgene
recombination was strongly observed between days 0.5
and 1 (Fig. 3C), indicating that activated NK cells were
responsible for eradicating the HCV proteins.

In BALB/c mice whose livers had been hydrodynami-
cally transfected with the pCAL-CN2 plasmid, HCV core
protein expression level was 123 +45pg/mg and the
ALT level was 3,256 +7031IU/L on day 0.5. By day 1,
both the HCV core protein expression level (54 4+ 65 pg/
mg) and the ALT level (841 + 174 I1U/L) had decreased,
they were also relatively low on day 2 (Fig. 4A).

400 pg/mgondays 0.5 and 10,700 + 3,100 pg/mgon day 1)
and the ALT level (295+197IU/L on day 0.5 and
91 +511U/L on day 1) were lower in IRF-1 knockout
BALB/c mice than in wild-type BALB/c mice (Fig. 4A,B).
Incontrast, in wild-type BALB/c mice hydrodynamically
transfected with the pCAL-LacZ plasmid, the B-galacto-
sidase level did not dramatically change over the
study period (7.9 + 2.0 on day 0.5; 3.9+ 2.1 on day 14).
The ALT level (450 +901U/L) was lower in plasmid-
transfected mice than in wild-type mice (Fig. 4A,C), but
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Fig. 1. Quantification of HCV core protein production and ALT levels
in transgenic mice hydrodynamically transfected with the pCAN-Cre
plasmid. Values for core protein and serum ALT levels represents the
mean and SD from three experiments. A: CN2-8 transgenic mice.
Analysis of quantity of core protein and serum ALT levels in the
hepatocytes. Hepatitis was first detectable via elevated serum ALT
activity on day 0.5, after which ALT activity rapidly rose, only toreturn
to the baseline level after day 3. Hepatocyte core protein levels peaked
twice, onday 2 (207 -+ 77 pg/mg) and day 4 (431 + 256 pg/mg). B: CN2-29
transgenic mice. Hepatitis was first detectable as elevated serum ALT

then declined gradually from day 1 (366 + 123 IU/L). It returned to the
baseline level after day 2. Hepatocyte core protein levels were first

mg), and returned to the baseline level after day 3. C: Serum ALT levels
in negative control plasmids (pBR325, 20 pg) injected into CN2-29
transgenic mice. The serum ALT level of the control plasmids was lower
than in CN2-29 transgenic mice and was only detectable on day 0.5,
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after which it returned to the baseline level. Core protein levels were
not detectable. D: Immuno-blot from the liver of a CN2-29 transgenic
mouse liver hydrodynamically transfected with the pCAN-Cre plas-
mid. HCV core protein in the liver extract was barely detectable 12h
after switching in the CN2-29 Tg mouse, was strongly detected on days
1 and 2, and was eliminated after day 3. The density of the HCV
core protein band reflected the HCV protein expression levels shown
in Fig. 1B. E: Switching efficiency of Cre-mediated genomic DNA
recombination in the liver of a CN2-29 transgenic mouse hydrodynami-
cally transfected with the pCAN-Cre plasmid. HCV transgene
recombination in the somatic tissues of pCANCre-injected mice.
Southern blot analysis of tissues from CN2-29 mice. Transgene
recombination was consistently ohserved between days 0.5 and 14.
kb, kilobase pairs. F: Cre-mediated genomic DNA recombination and
mRNA in the CN2-29 transgenic mouse liver hydrodynamically
transfected with the pCAN-Cre plasmid. The expression level of
CALNCN2 mRNA by Northern blot analysis.
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Fig. 2. Hematoxylin and eosin staining of liver sections from CN2-29
Tg mice. The presence of HCV structural proteins was associated with
the following: (B) hepatocyte necrosis and mononuclear cell infiltration
in the liver lobules and periportal area on day 0.5; (C,E) mononuclear
cell infiltration on days 1 and 3; (D) Kupffer-like cell infiltration on day
2. F-I: No inflammation changes were seen in the liver following
pBR325 plasmid injection.

the B-galactosidase level (7.4+£2.5 on day 0.5 and
5.4+2.3 on day 1) was comparable. Finally, the ALT
level was 325 + 178 IU/L on day 0.5 (Fig. 4D).

When the pCAN-Cre/pBR325 plasmid was injected
into wild-type BALB/c mice, the results were similar to
those seen in the absence of the vector (data not shown),
suggesting that the pCAN-Cre plasmid injection had no
effect.

Cumulatively, these findings suggest that HCV
protein-expressing cells were eliminated by NK cells
during the acute early phase of innate immunity.

IFN-y Secretion Induced HCV Core Protein in the
Acute Early Phase of Innate Immunity

We analyzed cytokine IFN-v, IL-12, and TNF-a levels
from days 0 to 14 after the hydrodynamic transfection of
pCAN-Cre plasmids into CN2-29 Tg mice. Serum I1.-12
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Fig. 3. Quantification of HCV core protein production and serum
ALT levels in IRF-1 knockout CN2-8 transgenic mice and NK cell-
depleted CN2-29 transgenic mice hydrodynamically transfected with
the pCAN-Cre plasmid. A: HCV core protein and serum ALT levels
in IRF-1 knockout CN2-8 Tg mice. The core protein level in the
hepatocytes rapidly increased on day 0.5 (309 = 76 pg/mg). The serum
ALT level (184£531U/) was lower than in wild-type mice
(490 - 150 TU/L) on day 0.5 (Fig. 1A). B: HCV core protein and serum
ALT levels in NK cell-depleted CN2-29 Tg mice. The core protein level
in the liver rapidly increased on day 0.5 (1,597 + 153 pg/mg). The serum
ALT level (489:+1421U/L) was lower than in wild-type mice
(2,282 4 358 IU/L) on day 0.5 (Fig. 1B). C: Cre-mediated genomic
DNA recombination efficiency throughout the study period.

and TNF-o were not detected on any day during
the study period (data not shown). Serum IFN-y was
detected on day 0.5 in pCAN-Cre-transfected mice, but
not in control vector-injected mice (Fig. 5A).

IFN-y was strongly secreted on day 0.5 in response
to transfection with pEF-core expression plasmids
(Fig. 5B), but was only slightly induced by the HCV E1
and E2 (not detected) proteins (Fig. 5B). In contrast,
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Fig. 4. Quantification of HCV core protein production and
serum ALT levels in wild-type BALB/e mice and IRF-1 knockout
BALB/c mice hydrodynamically transfected with expression plasmids.
A: Results for wild-type BALB/c mice injected with pCAG-CN2 (Fse).
HCV core protein in the liver was barely detectable at day 0.5
(0.123 £ 0.045ng/mg) and declined gradually thereafter. The
serum ALT level peaked on day 0.5 (3,256 + 703TU/L) and declined
gradually thereafter. B: Results for IRF-1 knock out BALB/c mice
injected with pCAG-CN2 (Fse). HCV core protein levels in the
hepatocytes was most strongly detected on days 0.5 (2.9 4 0.4 ng/mg)

serum IFN-y was not detected after transfection with
pEF-core expression plasmids in CN2-8 IRF-1 (Fig. 5C).
Serum IFN-y secretion was suppressed in NK cell-
depleted CN2-29 Tg mice and was not stimulated by
pCAL-LacZ plasmid injection (Fig. 5D,E).

DISCUSSION

Immune responses to HCV during the acute phase of
infection might play a crucial role in determining
whether HCV is eliminated or is able to persist in
the body. However, acute HCV infection is rarely
symptomatic, making it tremendously difficult to ana-
lyze in vivo. In the present study, we generated
an acute HCV model for the first time by using Tg
mice with conditional expression regulated by the
CrefloxP system. Because there were no viral vector
effects, we were able to observe HCV-specific
innate immunity by using hydrodynamic transfection
techniques.

J. Med. Virol. DOI 10.1002/jmv

(295 + 197 TU/L). C: Results for BALB/c mice injected with pCAG-LacZ.
Liver p-gal levels were first detectable on day 0.5 (7.9 1: 2.0 mU/mg) and
were consistently detectable until day 14 (3.9 2.1mU/mg). The
serum ALT level (4504 490IU/L) was lower than that shown in
Figure 2A (3,256 - 703 1U/L) at day 0.5, and returned to the baseline
level after day 2. D: Results from IRF-1 knockout BALB/¢ mice injected
with pCAG-LacZ. Liver p-gal levels were detected on days 0.5
(7.4%£25mU) and 1 (5.4+£2.3mU). The serum ALT level was
(352 + 178 TU/L) on day 0.5.

NK cells constitute the first line of host defense
against invading pathogens. Activated NK cells play an
essential role in recruiting virus-specific T cells and
inducing antiviral immunity in the liver {French et al.,
2003]. They also eliminate virus-infected hepatocytes
directly by cytolytic mechanisms and indirectly
by secreting cytokines, which induce an antiviral state
in host cells. In vitro studies revealed that NK cells are
activated by cytokines during acute HCV infection
[Yoon et al., 2008] and play an important antiviral role
by eliminating the virus, both by killing it directly and
by producing cytokines such as IFN-y [Golden-Mason
and Rosen, 2006].

In the present study, hepatocyte necrosis and intra-
hepatic mononuclear cell infiltration were observed
on days 0.5 and 1 in wild-type mice. These were
associated with elevated levels of serum ALT and IFN-
v and with reduced levels of HCV core protein expres-
sion. In contrast, NK cell depletion by IRF-1 knockout
or treatment with anti-IL-2 receptor-f antibody was
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Fig. 5. Serum IFN-v levels. A: Serum IFN-y levels in CN2-29 Tg mice injected with the pCAN-Cre
plasmid. Serum IFN-y (168162 pg/ml) was detectable on day 0.5 in the pCAN-Cre plasmid-injected
CN2-29 Tg mice (circle), but was not detectable in the pBR325 plasmid-injected CN2-29 Tg mice (square).
B: Serum IFN-y levels in mice injected with pEF-core (circle), -E1 (square), and -E2 (triangle) plasmids.
C: Serum IFN-y levels in IRF-1 knockout CN2-8 Tg mice injected with the pCAN-Cre plasmid. D: Serum
IFN-y levels in NK cell-depleted CN2-29 Tg mice injected with the pCAN-Cre plasmid. E: Serum IFN-v
levels in BALB/c mice injected with the pCAL-LacZ plasmid.

accompanied by increases in HCV core protein expres-
sion and decreased levels of ALT and IFN-y on days 0.5
and 1. These results were confirmed by our histological
observations. Cumulatively, these data suggest that the
activity of NK cells might be directly cytolytic; specifi-
cally, they appear to play a significant role in IFN-
v secretion and elimination of virus-infected hepato-
cytes—especially core protein-presented hepatocytes—
during the early phase of infection (days 0-1). Since the
number of CD8+ cytotoxic T cells is greatly reduced in
CN2-8 IRF-1 knockout mice, T cells usually participate
in innate immunity, rather than acquired immunity. It
has previously been reported that NK cells are required
to recruit virus-specific T cells in response to HCV
infection [Ahmad and Alvarez, 2004; Irshad et al., 2008].

These reports, together with our current work, indicate
that NX cells play a very important antiviral role during
acute HCV infection.

According to the results of the Southern and Northern
blot analyses, non-cytolytic HCV core protein elimina-
tion takes place from days 3 to 14. However, this does not
appear to be associated with IFN-y or CD8+ cytotoxic T
cells. Thus, during this period, another immune factor
mightbeinvolvedin eliminating HCV core protein in the
hepatocytes without elevating ALT activity.

It is interesting that HCV core protein, but not E1 or
E2 protein, induced the elevation of IFN-y. Since HCV
core protein is reported to activate NF-kB, thereby
inducing the cellular inflammatory response [ Dolganiuc
et al., 2004], there is a possibility that HCV core protein
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itself participates in the elevation of IFN-y. IFN-y is
known to be expressed in the liver when infections
spontaneously clear [Major et al., 2002; Thimme et al.,
2002] and to be involved in the non-cytolytic control of
HCV-infected hepatocytes [Thimme et al., 2001]. Addi-
tionally, IFN-y inhibits the replication of subgenomic
HCVreplicons [Lohmann et al., 1999; Blight et al., 2000]
in tissue culture cells [Frese et al., 2002; Lanford et al.,
2008]. Since NK cells produce a large amount of IFN-y
when they are activated in response to inflammation,
such as that caused by acute viral infection, both NK
cells and IFN-y may contribute to the innate immune
response during acute HCV infection.

In conclusion, this Tg mouse model permits analysis of
the HCV-specific immune response while avoiding
adenovirus which has been applied for the study of
HCV immunity. By using this model, we could deter-
mine some of the potential roles of NK cells in response
to the presence of HCV structural protein during the
early naive phase of HCV infection. These findings
confirm that NK cell activity is crucial in eliminating
HCV-infected hepatocytes. This suggests that a poten-
tial new therapeutic approach is activation of NK cells in
order to restore the innate immune defenses that control
HCV replication.
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Although PCR-based in situ hybridization (PCR-ISH) can be used to determine the distribution and
localization of pathogens in tissues, this approach is hampered by its low specificity. Therefore, we used a
highly specific and sensitive PCR-ISH method to reveal the lobular distribution and intracellular localization
of hepatitis B virns (HBV) and HCV in chronic liver disease and to clarify the state of persistent HBV and HCV
infection in the liver. HBV genomic DNA was detected in almost all hepatocytes, whereas HBV RNA or protein
was differentially distributed only in a subset of the HBV DNA-positive region. Further, HCV genomic RNA was
detected in almost all hepatocytes and was localized to the cytoplasm. HCV RNA was also detected in the
epithelium of the large bile duct but not in endothelial cells, portal tracts, or sinusoidal lymphocytes. In
patients with HBV and HCV coinfection, HCV RNA was localized to the noncancerous tissue, whereas HBV
DNA was found only in the cancerous tissue. Using this novel PCR-ISH method, we could visualize the staining
pattern of HBV and HCV in liver sections, and we obtained results consistent with those of reai-time detection
(RTD)-PCR analysis. In conclusion, almost all hepatocytes are infected with HBV or HCV in chronic liver

disease; this finding implies that the viruses spreads throughout the liver in the chronic stage.

Hepatitis B virus (HBV) and hepatitis C virus (HCV) are
the primary causative agents of chronic liver disease (2, 9, 17).
HBYV infection remains a global health problem; it is estimated
that 350 million individuals are persistently infected with the
virus and that approximately 15% to 25% of these individuals
will die due to the sequelae of the infection (23, 29). Further,
more than 170 million people are infected with HCV world-
wide (21). HCV has a single-stranded RNA genome (8§, 19),
does not have canonical oncogenes, and can easily establish
chronic infection without integration into the host genome (3,
20), resulting in hepatic steatosis and hepatocellular carcinoma
(HCC) (28). The viruses share a similar route of transmission,
such as via the transfusion of infected blood or body fluids or
use of contaminated needles.

Several studies have shown that 10% to 35% of the individ-
uals infected with HBV also have HCV infection, although the
prevalence varies depending on the population studied (4, 32,
34). The relationship between coinfection and acceleration of
malignant transformation remains unclear, but HBV and HCV
coinfection seems to alter the natural history of both HBV-
related and HCV-related liver disease (2, 12). HCV has been
shown to inhibit HBV gene expression (7, 15). The high prev-
alence of occult HBV infection may indicate that HCV also
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inhibits HBV replication (34). Most epidemiological studies of
HBV have been performed by using diagnostic serological
assays (16). We recently used a novel, highly sensitive diagnos-
tic PCR method to demonstrate that the HBV genome is
detectable in the sera of a substantial proportion of patients
with chronic HCV infection who are seronegative for the stan-
dard HBV-related markers (1, 34). Further, we reported the
levels of HBV DNA and HCV RNA in cancerous and non-
cancerous liver tissue using real-time detection (RTD)-PCR
(34). RTD-PCR is an accurate assay method, but it can deter-
mine the levels of genomic DNA and RNA only in homoge-
nized tissue. In this study, we developed a PCR-based in situ
hybridization (PCR-ISH) method for detecting and visualizing
HBV DNA, HBV RNA, and HCV RNA and comparing their
protein expression patterns, with the aim to reveal the lobular
distribution and intracellular localization of HBV and HCV in
chronic liver disease and to clarify the state of persistent HBV
and HCV infection in the liver.

MATERIALS AND METHODS

Patients. Twenty-nine patients were admitted to Tokyo Metropolitan Koma-
gome Hospital for the weatment of hepatic tumors. Of these patients, 14 were
considered to have chronic HCV infection (persistently positive results for HCV
antibody}, 8 were diagnosed with chronic hepatitis B (persistently positive results
for HBV surface antigen [HBsAg]), and 7 showed negative results for both viral
markers but had metastatic liver cancer (6 with colonic cancer and 1 with gastric
cancer). We used four samples from seven patients as controls for PCR-ISH and
four samples from seven patients as controls for reverse transcriptase PCR
(RT-PCR)-ISH (Table 1). Of the 14 patients with chronic hepatitis C, two
showed positive results for HBV DNA by RTD-PCR. HBsAg and second-
generation HCV antibody were measured by using enzyme-linked immunosor-
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TABLE 1. Patient profiles and results of the present study

Serum . v RN A
Patient Age ., HCV  HBs Liver RTPCR-ISH PCRJISH HBV DNA Serum HCV RNA IFN Note
no. (yr) antibody ~ Ag  histology HCv HBV (copies/ L ] treatment Hote
) Copiesfml  KIU/ml¢
1 53 M - +  AZF3 + 1.1 % 10?
2 42 M - 4+ A2F2 + 40 x 10° Fig. 2A
3 43 M - +  A2F3 + 1.6 X 107 -
4 53 M - +  A2F4 + 6.4 X 10° - Fig. 1A
5 55 M - + A2F3 + 1.0 x 10° - Fig. 3A
6 54 M - +  A2F4 - + NT¢ -
7 31 M - +  A3F3 + 3.0 x 10° +
8 61 F - +  A3F3 + NT -
9 63 M + - A3F4 + - 5.6 X 108 - Fig. 4D
10 56 M + - A2F3 + - NT +
11 67 F + - A3F4 - - NT -
12 73 M + - A2F4 + 1.2 x 10° - Fig. 1B
13 68 F + - A3F4 + 1.1 X 106
14 76 F + - AZF4 + 9.5 X 10° - Fig. 4A
15 62 M + - A2F3 + 7.2 X 10° -
16 65 M + - A3F4 + NT -
17 60 F + - A3F4 + 41 -
18 48 F + - A2F1 + 7.6 X 10° >850 - Fig. 4C
19 43 M + - A2F3 + 389 -
20 59 M + - AZ2F3 + >850 -
21 72 F + - A2F4 + + 39X 100 50x 107 Fig. 5
22 69 M + - A2F3 + + 50 % 100 3.0 x 107
23 69 M - - Normal - - Gastric cancer
24 58 M - - Normal - Colon cancer
25 38 M - —  Normal - Colon cancer
26 59 F - —  Normal - Colon cancer
27 65 M - -~ Normal - Colon cancer
28 47 M - —  Normal - Colon cancer
29 81 F - —~  Normal - Colon cancer

“ M, male; F, female.

* Serum HBV DNA was positive in patients 21 and 22.
¢ NT, not tested.

4 KIU, kilo international units.

bent assay (ELISA) kits (Abbott Laboratories, Chicago, IL, and International
Reagent Corp., Kobe, Japan, respectively). All 20 patients underwent hepatic
resection. Histological evaluation of the liver was carried out according to the
METAVIR scoring system (3).

Ethical approval. The Institutional Review Board of Tokyo Metropolitan
Komagome Hospital approved the study. Written informed consent was ob-
tained from all the subjects.

Sample preparation. The liver tissue samples for HBV DNA detection were
fixed in 10% buffered formalin (pH 7.4) for 18 h, embedded in paraffin, cut into
6-pm-thick sections, and mounted on silane-coated glass slides for use with a
GeneAmp in situ PCR system 1000 unit (Applied Biosystems, Foster City, CA).
The slides were washed thrice in xylene for 8 min at each washing, rinsed thrice
in 99.5% ethanol and 75% ethanol for 5 min at each rinsing, and rchydrated in
distilled water for deparaffinization. For detecting HBV mRNA and HCV RNA,
OCT-embedded frozen liver tissue samples were cut into 10-pm-thick sections
and mounted on silane-coated glass slides. They were then fixed in 10% buffered
formalin (pH 7.4) for 17 to 21 b, rinsed twice in distilled water treated with 0.01%
diethylpyrocarbonate (DEPC) for 2 min at each rinse, rinsed in 99.5% ethanol
for 1 min, and then air dried and stored at —80°C until use. The tissue sections
on the glass slides were digested with proteinase K (1 to 30 pg/ml and 1 to 200
wg/ml for the noncancerous and cancerous regions of the paraffin-embedded
sections, respectively; 0.008 to 1.0 pg/ml for the frozen sections) in 50 mM Tris
(pH 7.5) at 37°C for 30 min in a humidified chamber. Subsequently, proteinase
K was inactivated at 97°C for 10 min, and then the sections were rinsed with
distilled water, dehydrated in 99.5% ethanol, and air dried.

Primers and probes for PCR-ISH and RT-PCR-ISH. The primers used to
amplify the S and X regions of HBV and the 5' untranslated region (5'-UTR) of
HCV as well as the corresponding probes are listed in Table 2. We created a

digoxigenin (DIG)-dUTP tail at the 3’ end of the 5'-DIG probe using a DNA
tailing kit (Roche, Basel, Switzetland).

PCR-ISH for detecting HBV DNA. PCR was performed by using one of two
sets of antisense and sense primers complementary to the seguences located in
the S and X regions of HBV. The PCR mixture contained 10 mM Tris-HCI (pH
8.3), 50 mM KCl, 3.0 mM MgCl,, 0.8 mM each primer, 197 mM deoxynucleoside
triphosphates (dNTPs), and 10 U/50 pl Teg DNA polymerase (AmpliTaq Gold,
Applied Biosystems).

The tissue slides were warmed to 70°C, and 50 pl of the PCR mixture was
overlaid onto the proteinase K-treated tissue specimens. An Ampli cover disc
with Ampli cover clips (Applied Biosystems) was attached to each specimen. The
slides were placed in the GeneAmp in situ PCR system 1000 unit at 70°C. PCR
was performed at 95°C for 10 min, followed by 35 to 55 cycles at 95°C for 30 s and
60°C for 2 min and a final extension at 72°C for 10 min. Immediately after the
PCR, the slides were fixed in 4% paraformaldehyde in phosphate-buffered saline
(PBS) for 10 min at 37°C, washed in 2 $8C (1X SSCis 0.15 M NaCl plus 0.015
M sodium citrate) for 2 min, rinsed with distilled water for 2 min, debydrated in
99.5% ethanol for 1 min, and then air dried. ISH was perforied by mixing the
DIG-labeled probe {final concentration, 100 ng/ml) with 65 i of hybridization
buffer (50% deionized formamide, 4> SSC, 1X Denhardt’s solution {0.2% bo-
vine serum albumin {BSA}, 0.2% polyvinyl pyrrolidone, 0.2% Ficoll 400}, 100
pg/ml denatured salmon spermi DNA, 100 pg/ml yeast RNA, and 1 mM EDTA)
and then adding the mixture to each section, heating to 97°C for 10 min, and
cooling to 37°C in decrements of 1°C/min (27). Hybridization was carried out
overnight at 37°C. Stringency washes were conducted with the following: 2X SSC
twice for 10 min at 37°C, 0.03x SSC for 10 min at 50°C, 0.1% Triton X-100 in
TBS (0.1 M Tris [pH 7.5}, 0.1 M NaCl) for 10 min at room temperature, and TBS
for 5 min at room temperature, After incubation in hlocking reagent (0.1 M Tris
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= = g . [pH 7.5], 0.1 M NaCl, 10% sheep serum, 3% BSA) at room temperature for 15
'Dz o = 3 min, the slides were covered with 100 wl anti-DIG antibody conjugated with
2 ; E) g alkaline phosphatase (Roche) and dituted at 1:900 with 1% BSA in TBS at 37°C
% ~ "% for 60 min. After this reaction, the slides were washed twice (3 min each) with
2 0.1% Triton X-100 in TBS, then with TBS alone. and finally with APS (0.1 M Tris
[pH 9.0}, 0.1 M NaCl, 50 mM MgCl,) at room temperature. The slides were
incubated in 100 pl dye solution (338 pg/ml nitroblue tetrazolium chloride
@ ® = g % (’.‘E ':a" g [NBT], 175 pg/ml 5-brome-4-chloro-3-indolyl-phosphate 4-toluidine salt [BCIP),
E; g <2z < < < < and 450 M Levamisole [Vector Labs, Burlingame, CA} in APS) at 37°C in the
% 5 ows W == g dark. After sufficient color development. they were washed with deionized water
6‘5 & & g g g"f; ‘ for 1 min and then mounted with aqueous mounting medium.
g ;;3 g § g RT-PCR-ISH for detecting HBV RNA. The OCT-embedded frozen sections
& ~ ;:1 were placed on glass slides. After proteinase K treatment, the tissue sections
sz =3 were digested with RNase-free DNase I (Roche; diluted to 3 U/pl in 0.1 M
> sodium acetate and 5 mM MgSO,). The DNase I reaction mixture {66 pl) was
overlaid onto the tissue sections, which were then enclosed in a frame, The slides
were reacted in an aluminum box at 37°C for 20 min and inactivated at 97°C for
TPy PP OIIYOF O3 O OFY T 10 min. They were then washed in DEPC-treated water, dehydrated in 99.5%
é_ % % E % E % % % % (% % % g ‘.g{; ethanol, and air dried.
p p4 B -4 4 -

Moloney murine leukemia virus (MMLV) reverse transcriptase (10 Ufpl;
Invitrogen, Carlsbad, CA) was used in a reaction mixture containing 10 mM
Tris-HCI (pH 8.3). 50 mM KC, 5.0 mM MgCl,, 1 uM antisense primer, 1 mM
dNTPs, 2 U/l RNase inhibitor (Takara, Otsu, Japan), and 10 mM dithiothreitol
(DTT). The specimens were then overlaid with the mixture, reacted at 42°C for
60 min, washed with distilled water. dehydrated in 99.5% ethanol, and air dried.
The subsequent procedures were the same as described for PCR-ISH.

I histochemical staining for detecting HBV proteins. Deparaffinized
formaldehyde-fixed sections or fixed frozen liver tissue sections on glass slides
were soaked in distilled water, digested with 0.1% pronase (protease P8038
XXIV: Sigma-Aldrich, Tokyo, Japan) for | min, and washed with PBS at room
temperature. After 30 min of incubation in blocking reagent (1% BSA and 2.5
mM EDTA in PBS) at room temperature, the slides were reacted with 100 pl of
anti-HBs and anti-HBc polyclonal antibody solutions for 3 h at room tempera-
ture and then overnight at 4°C. The following polyclonal antibodics were used:

697-57T (ASHS-$TT-94)

TLT06T (61H-067-0%) aS10a9Y
997-tvC (AsHS-The-arD)

199T-60LT (ASHA-SOLI-GH)
ZTLT-PHLT (CTA-HPLI-GH) 981089
STE-HrE “(0TI-Pre-GIT) 2539493

TLT-06T (6TI-067-9) 81980y
$09T-58ST (12S-¥8ST-AI) Presiog

PIS~LE8 (PTU-LESHAIVD) 9519493
LESTS ‘(FTSHIS-HAIVD) premiog
¥807-£90Z (L472$-€902-1DOV-¢) piemiog
€TTT-IVTT “(PTA-0pTT-1OV-9) 9510894
LT07-8661 (07S-8661-10V-9) premiog
89T-851 (1ITTS-851-9¥) premiog
9P1-05T (LIS-0E1-9Y) premiog
0L1-189T “(1AS7S-1891-AH) Premiog
197742 (LA9TS-ThT-aI) premiod
LYT-6Z1 (6TS-6T1-9%) PIemIog
987-991 (12S-99T-€H) premiog
sapriodpnu ‘uondusac]

809-18¢ ‘(1ASTS-8S-HAIVD) Preaioy

b anti-HBs rabbit polyclonal antibody anti-HBc rabbit polyclonal antibody (Novo-
castra Laboratories, Newcastle, United Kingdom), or normal rabbit serum di-
lated in blocking reagent. After the reaction, the slides were washed four times
with PBS at room temperature and incubated for 60 min at room temperature in
i intn AR R R R N

100 ! anti-rabbit IgG conjugated with peroxidase (Amersham ECL; GE Health-
care, Piscataway, NJ) diluted to 1:100 in blocking reagent. The slides were then
washed four times with PBS at room temperature and stained by using 3,3'-
diaminobenzidine tetrahydrochloride (DAB) (Vector Labs). Following counter-
staining with Mayer’s hematoxylin solution, the tissue specimens were dehy-
drated in 99.5% ethanol and 80% xylene. The slides were sealed by using Bioleit
(Oken Shoji, Tokyo, Japan).

RT-PCR-ISH for detecting HCV RNA. HCV RNA was detected by using
methods similar to those used for detecting FIBV RNA except for the following
steps: the DNase I step was omitted, and 1.5 mM MgCl, was used in the PCR
mixture.

Primers and probe sets in RTD-PCR for quantifying HBV DNA, HCV RNA,
B-actin DNA, and GAPDH mRNA. The primer sets to quantify the S and X
regions of HBV were the same as those used for PCR-ISH. The TagMan probes
for these regions, the primers and probe designed to quantity the 5'-UTR of
HCV (33). and those used to quantify B-actin genomic DNA and GAPDI
(glyceraldehyde-3-phosphate  dehydrogenase) mRNA (internal control) are
shown in Table 2. Each PCR comprised 50 cycles (95°C for 30 s, 60°C for 40 s,
and 72°C for 30 s) in a real-time PCR system (ABI Prism 7700 sequence detector
system; Applied Biosystems).

Amplicor menitor assays. The Amplicor monitor assays were performed as
described previously (22, 24, 33, 36).

HE staining, HBV- or HCV-infected deparaffinized formaldehyde-fixed sec-
tions or fixed frozen liver tissue sections were stained with hematoxylin and eosin
(HE).

LCM of liver tissue. A frozen liver tissue sample was sectioned by using a
cryostat and fixed in acetone. followed by HE staining. Laser capture microdis-
section (LCM) was performed by using an LM 200 system (Olympus, Tokyo.
Japan) as described previously (G, 11). This procedure produced approximately
30 hepatocytes from each of three areas (perivenular, intermediate, and peri-
portal) in the section. Total RNA was extracted from the L.CM samples, and
HCV RNA and GAPDH mRNA were quantified by RTD-PCR.

ADd-1A Pue HSI-MOd 10 saqoid pue sowilg 7 HT4V.L

aqoxd 1o 1pmmry
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RESULTS

Sensitivity and specificity of PCR-1SH versus RTD-PCR for
detecting HBY DNA and HCV RNA. PCR-ISH showed positive
results for HBV DNA in 10 tissue specimens from eight
HBsAg-seropositive patients and two patients whose serum
HBV DNA was barely detected by RTD-PCR despite being
their HBsAg negative (patients 21 and 22) (Table 1). PCR-ISH
yielded negative results for four patients who were negative for
serum HBsAg and HCV antibody (patients 23, 24, 28, and 29)
and three patients who were negative for serum HBsAg but
positive for HCV antibody (patients 9 to 11).

Thirteen of the 14 tissue specimens from the patients with
serum HCV antibody had a positive result for HCV RNA by
RT-PCR-ISH (sensitivity, 92.9%). In contrast, HCV RNA was
not detected by RT-PCR-ISH in four tissue specimens from
the patients negative for both HCV antibody and HBsAg (pa-
tients 23, 25, 26, and 27) or in the sample from an HBsAg-
positive and HCV antibody-negative patient (patient 6)."

We performed PCR-ISH and RT-PCR-ISH on the same
HBV- or HCV-infected samples from noncancerous and can-
cerous regions in which we had previously quantitated viral
genomic DNA or RNA by RTD-PCR (34). The noncancerous
tissue contained 6.1 X 10° copies of HBV DNA/ug total DNA,
and the cancerous regions included 4.5 X 10% copies/pg total
DNA. Equivalent numbers of cells in the noncancerous and
cancerous tissues stained positive for HBV on PCR-ISH (pa-
tient 4; Fig. 1A). The PCR-ISH results were consistent with the

HBYV DNA copy number previously determined by RTD-PCR .

(34).

Noncancerous tissue from an HCV-positive patient con-
tained 2.0 X 10° copies HCV RNA/pg total RNA, whereas
cancerous tissue contained 2.0 X 10% copies/pg total RNA
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FIG. 1. (A) Panels a and b, HBV DNA detected by PCR-ISH and immunochistochemical staining in noncancerous (Non-Ca) (panel a) and
cancerous (Ca) (panel b) liver tissues obtained from a patient infected with HBV. The numbers of PCR cycles were 37 and 42. respectively. Panels
¢ and d, serial sections were stained with HE. Magnification, X400. S+8, primers and probe targeting the S region of HBV DNA. (B) Panels a
and b, HCV RNA detected by RT-PCR~ISH (45 cycles of PCR) in noncancerous (panel a) and cancerous (panel b) tissues obtained from a patient
infected with HCV. Panels ¢ and d, no HCV RNA was detected in the RT-negative controls. Panels ¢ and f, serial sections were stained with HE.
Magnification, X400.

(patient 12; Fig. 1B). HCV RNA was observed by RT-PCR-~
ISH in hepatocytes of the liver tissue sections from an HCV-
infected patient (Fig. 1B). In the noncancerous tissue, an in-
tense hybridization signal was found at the perinuclear sites of
almost all the hepatocytes in the section (Fig. 1B, panel a). In
contrast, in the cancerous tissue, there was only a weak HCV
RNA hybridization signal in the hepatocytes (Fig. 1B, panel b).
When the RT step was omitted (control), no HCV RNA was
detected in the noncancerous or cancerous tissue sections (Fig.
1B, panels ¢ and d). These results were consistent with the
previous quantitation of HCV RNA copy number by RTD-
PCR (34).

Detection of HBV DNA by PCR-ISH. HBV DNA was de-
tected by PCR-ISH in the tissue sections obtained from an
HBV DNA-seropositive patient. Amplified PCR products
were detected by using a probe for either the S or the X region
(Fig. 2A, panels a to d) but were not detected by using a
heterologous probe (Fig. 2A, panels e and f). Amplification of
either the S or the X region of HBV DNA gave the same
pattern of hybridization (Fig. 2A, panels a to d). HBV DNA
was detected by PCR-1SH in almost all hepatocytes (Fig. 2A,
panels a to d) and was very obvious even under low magnifi-
cation (Fig. 2A, panels a and ¢). An intense hybridization
signal was observed predominantly at the perinuclear site un-
der high magnification (Fig. 2A, panels b and d). In contrast,
HBYV DNA was not detected by using HBs- and HBx-matched
primer and probe combinations in sections obtained from an
HBV DNA-seronegative patient (data not shown). DNA frag-
ments amplified by using the S and X region primer sets were
179 bp and 161 bp, respectively (Fig. 2B). Sections from an
HBV DNA-seronegative patient were negative in the PCR
analysis (data not shown).
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FIG. 2. (A) Panels a to f, HBV DNA detected in liver tissue sections from a patient with chronic hepatitis B by PCR-ISH (42 cycles of PCR).
Panels g and h, serial sections were stained with HE. Magnifications, X100 (panels a, ¢, e, and g) and X400 (b. d, f, and h). S+8, primers and probe
targeting the S region; X+X, primers and probe targeting the X region; S+X, primers and probe targeting the S and X regions, respectively.
(B) Amplified DNA fragments in the PCR mixture of the section in panel A visualized by 3% agarose gel electrophoresis. The PCR product of

the X region was 161 bp, and that of the S region was 179 bp.

Localization of HBV DNA, HBV RNA, HBsAg, and HBcAg
in liver tissue. HBV DNA, HBV RNA, HBsAg, and HBcAg
were detected by PCR-ISH, RT-PCR-ISH, and immunohisto-
chemical staining of serial sections from an HBV-infected pa-
tient (patient 5; Fig. 3A, panels a to h). HBV DNA was de-
tected in almost all the hepatocytes by PCR-ISH, although
there was wide variation in the hybridization signal intensity
between different areas of the section (Fig. 3A, panels aand b).
The staining pattern of HBV RNA was similar to that of HBV
DNA (Fig. 3A, panels ¢ and d). Intracytoplasmic and intranu-
clear staining for HBsAg and HBcAg, respectively, was found

in some hepatocytes (Fig. 3A, panels f and h). PCR and RT-

PCR results were confirmed by gel electrophoresis of the am-
plified products in the supernatant from the tissue section (Fig.
3B, panels a and b).

Detection of HCV RNA by RT-PCR-ISH. HCV RNA could
be detected by RT-PCR~ISH in almost all the hepatocytes in
the liver sections obtained from an HCV RNA-seropositive
patient (Fig. 4A, panels a and b). Under high magnification, a
strong HCV RNA signal was detected in the perinuclear area
(Fig. 4A, panel b). A negative-control test (no RT) did not
detect any HCV RNA (Fig. 4A, panels ¢ and d). The expected
162-bp DNA fragment amplified by RT-PCR in the superna-
tant from the tissue section was detected (Fig. 4B, lane 2). In

contrast, HCV RNA was not detected in the liver section
obtained from an HCV RNA-seronegative patient, regardless
of whether RT was used (data not shown).

Isolation of HCV RNA in hepatocytes by LCM. Hepatocyte
groups were captured from the perivenular, intermediate, and
periportal areas by LCM (Fig. 4C, panel a). HCV RNA was
quantified by RTD-PCR in approximately 30 hepatocytes cap-
tured by LCM and normalized against the picogram weight of
GAPDH mRNA (Fig. 4C, panels b to d); the HCV RNA levels
were equivalent in all three regions (Fig. 4C, panel d).

Detection of HCV RNA in the epithelium of the large bile
duct. HCV RNA was detected by RT-PCR~ISH in the epithe-
lium of the large bile duct, which was surrounded by dense
fibrous and elastic tissue (Fig. 4D, panels a and b). In contrast,
no HCV RNA was detected in the epithelium of the small bile
duct. Further, HCV RNA was not detected in the portal vein
or its branches (Fig. 4D, panel a).

Detection of HBV DNA and HCV RNA in noncancerous and
cancerous liver tissue sections obtained from a patient with
HBYV and HCV coinfection. Figure 5 shows the results for HBV
DNA and HCV RNA in liver samples from a patient with HCC
having HCV and HBV coinfection. The amounts of serum
HBV DNA and HCV RNA were 39 copies/ml and 5 X 107
copies/ml, respectively (patient 21) (34). In the noncancerous
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FIG. 3. (A) Panels a to h, HBV DNA, HBV RNA, HBsAg, and
HBcAg detected in OCT-embedded frozen liver tissue from a patient
with chronic hepatitis B by PCR-ISH (panels a and b), RT-PCR-ISH
(panels ¢ and d), and immunohistochemical staining (panels € to h).
Panels i and j, HE staining of serial sections. The primers and probe
targeted the S region to detect HBV DNA and HBV RNA. Antibodies
to the envelope and core proteins were used to detect HBsAg and
HbcAg, respectively. Magnifications, X50 (panels a, ¢, e, g, and i) and
X400 (panels b, d, f, h, and j). The number of PCR cycles was 42.
(B) Amplified DNA fragments in the PCR mixture of the section in
pancl A. Panel a, the DNA fragments amplified by 42 cycles of PCR
were visualized by 3% agarose gel electrophoresis. Panel b, RT-PCR
after DNase I treatment (3 U/pl) and negative controls (no RT).
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tissue from the patient with HBV and HCV coinfection, there
was an intense hybridization signal for HCV RNA on RT-
PCR-ISH in almost all the hepatocytes (Fig. 5A, panel b).
There was also a positive but weak RT-PCR~ISH signal for
HCV RNA in the tumor hepatocytes (Fig. 5B, panel b). Few
hepatocytes in the cancerous tissue were positive for HBV
DNA by PCR-ISH (Fig. 5B, panel a), and no HBV DNA
hybridization signal was detected in the noncancerous tissue
(Fig. 5A, panel a).

DISCUSSION

The standard assay for detecting replication of HBV and
HCV in tissue is ISH, but results are often inconsistent and
sometimes difficult to reproduce. The specificity of ISH is high
but its sensitivity low, and it is difficult to detect low copy
numbers of the HBV or HCV genome in tissue. PCR technol-
ogy has been adapted to in situ amplification of viral genomes
or their replicative intermediates in liver tissue sections, but
sensitivity and specificity remain major challenges to the ap-
plication of this approach (13, 18, 23, 25, 26, 30, 31). Here, we
describe the use of a novel, highly specific and sensitive PCR-
ISH method to determine the distribution and localization of
HBV DNA, HBV RNA, and HCV RNA in both normal and
cancerous liver tissues.

PCR-ISH is the most sensitive technology currently avail-
able for the detection of viral genomes, but a major potential
limitation of this approach is the low specificity. We were able
to improve the specificity of PCR-ISH by careful optimization
of certain steps. PCR was performed using sets of antisense
and sense primers that were complementary to the sequences
located in the S and X regions of HBV and the 5-UTR
upstream of the core region of HCV. We added PCR tem-
plates to the PCR mixture and then added the PCR mixture to
the HBV- or HCV-negative tissue sections. The slides were
placed in the GeneAmp in situ PCR system 1000 unit, and
PCR-ISH was performed as described in Materials and Meth-
ods. Following these results, we selected the primer and probe
set that did not stain the HBV- or HCV-negative tissue sec-
tions by PCR-ISH. Second, the type and concentration of pro-
tease and the treatment time were adjusted to optimize per-
meabilization of membranes and release of protein-nucleic
acid cross-linking while avoiding overdigestion. Third, to im-
prove the specificity for detecting viral genomes, we limited the
number of PCR cycles and fixed the liver tissue sections in 4%
paraformaldehyde immediately after PCR amplification. This
step 1s essential to avoid diffusion of PCR products into neigh-
boring cells, a phenomenon known as the diffusion artifact.
Limiting the number of PCR cycles was also important for
eliminating the background staining, as too many cycles re-
sulted in high background staining and loss of tissue morphol-
ogy. Fourth, we added a DIG-dUTP tail at the 3" ends of the
probes for PCR-ISH and RT-PCR-ISH. These 45-mer probes
were optimized to improve their sensitivity without impairing
the specificity.

HBV DNA was detected by PCR-ISH in a large number of
hepatocytes in tissue sections from an HBV DNA-seropositive
patient (Fig. 1A, panel a). HBV DNA was also observed by
PCR-ISH in tumor hepatocytes in a section of cancerous tissue
from the same patient (Fig. 1A, panel b). As shown in Fig. 2A,
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FIG. 4. (A) Panels a and b, HCV RNA detected in liver tissue samples from a patient with chronic hepatitis C by RT-PCR-ISH. Panels ¢ and
d, HCV RNA was not detected in a negative control (no RT). The number of PCR cycles was 45. Panels ¢ and £, serial sections were stained with
HE. Magnifications, X40 (panels a, ¢, and e) and X400 (panels b, d, and f). (B) DNA fragments in the PCR mixture of the section in panel A were
amplified with the RT step and detected by 3% agarose gel electrophoresis. Amplification without the RT step resulted in no detection of DNA
fragments. (C) Panel a, after LCM of nine areas, sections of liver tissue obtained from a patient with chronic hepatitis C were stained with HE,
Panels b and ¢, HCV RNA and GAPDH mRNA in each of the areas were quantified by RTD-PCR. and the results are expressed as copy number
per LCM area. Panel d, the copy number of HCV RNA was corrected by using the picogram weight of GAPDH. (D) Pancls a and b, HCV RNA
detected in the epithelium of the large bile duct by RT-PCR~ISH. The number of PCR cycles was 43. Panels ¢ and d, serial sections were stained

with HE. Magnifications. X60 (a and ¢) and X600 (b and d).

we obtained clear and reproducible patterns of distribution or
localization of the viral genomes in the tissue sections. The
visual patterns of HBV DNA distribution were similar, irre-
spective of the primer sets and probes (Fig. 2A, panels a to d).
These data indicate that our technique is highly specific and
reproducible for the detection of HBV DNA.

The staining pattern of HBV RNA was similar to that of

HBV DNA (Fig. 3A, panels ¢ and d). HBV DNA was also
observed by PCR-ISH in tumor hepatocytes in a section of
cancerous tissue from an HBV DNA-seropositive patient (Fig.
1A, panel b), but neither HBsAg nor HBcAg was detected in
this section (data not shown). As shown in Fig. 3, the intensity
of HBV DNA by PCR-ISH was almost the same as that of
HBV RNA by RT-PCR-ISH but did not coincide with the
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