9122 KUSHIMA ET AL.

when the core protein was expressed from pcDNA3-C-E1/25,
which encodes the full-length core protein followed by the
N-terminal 25-amino-acid sequence of E1 to ensure that the
core protein is processed properly (see Fig. S3a in the supple-
mental material). These data showed that the dbc-complex was
formed by expression of the core protein only in the cells.

Next, we examined the structural components of the dbc-
complex. Because the dbc-complex was twice the size of the
core protein monomer, it was likely dbd-core. So, we investi-
gated whether the core protein molecules with different tags
were able to form the dbd-core. We first generated expression
plasmids encoding core protein with the N-terminal FLAG and
Myc tags (pcDNA3-FLAG-core and pcDNA3-Myc-core, re-
spectively; Fig. 4a). The tagged core proteins were expressed or
coexpressed with core™" in HuH-7 cells, and the MMF was
analyzed by immunoblotting. The FLAG or Myc tag shifted
the positions of the monomer and the complex bands (Fig. 4b,
lanes 3 and 4) compared with the position of core™T (Fig. 4b,
lane 2). When core™” was coexpressed with FLAG-core or
Myc-core, the core protein complex of an intermediate size
was observed, in addition to the bands obtained when the
constructs were independently expressed (Fig. 4b, lanes 5 and
6, filled arrowheads); the intermediate-sized band disappeared
after treatment with B-ME (see Fig. S3b, lanes 11 and 12, filled
arrows, in the supplemental material), indicating that core™”
and tagged core protein formed a heteromeric disulfide-
bonded dimer. These results demonstrated that the dbc-com-
plex on the ER is a dbd-core. Although we tried to detect the
hetero- or homodimer consisting of the tagged core protein by
using anti-FLAG or anti-Myc antibodies, these dimers were
not detected, possibly because of the lower levels of sensitivity
and specificity of the antibodies compared to those of the
anti-core protein antibody that we used, especially against
epitopes in the dbd-core. The results presented above, coupled
with the similarities of the molecular sizes and sensitivities to
B-ME and DTT, suggested that the dbc-complex in the HCV
particle is most likely a dbd-core.

Core protein Cys128 mediates dbd-core formation. Our re-
sults showed that core protein from JFH1%2F" forms a disul-
fide-bonded dimer on the ER. A search for cysteine residues in
the JFH1E2FL core protein identified amino acid positions 128
(Cys128) and 184 (Cys184) (see Fig. S1 in the supplemental
material). These residues are highly conserved in core proteins
from the approximately 2,000 reported HCV strains (HCVdb,
http:/www.hcvdb.org/, Hepatitis C Virus Database; http:
//s2as02.genes.nig.ac.jp/). To determine which cysteine residue
mediated disulfide bond formation, we generated point muta-
tions in JFH1E?F* that replaced Cys128 and/or Cys184 with
alanine (Ala) (C128A, C184A, and C128/184A in JFH1<'?%4,
JFH1C18A and JFHIC128184A ] respectively; Fig. 5a). As
shown in Fig. 5b, the core proteins from JFH1<'** and JFH1<"?¥
1844 failed to form a dbd-core under nonreducing condition,
whereas the core protein from JFH1<'8*4 formed the dimer,
indicating that Cys128 was the residue responsible. Similar
results were observed when Cys was replaced by serine (Ser)
instead of Ala (see Fig. S5c in the supplemental material).
Recently, Majeau et al. reported that the core protein of the
J6/JFH1 strain with Cys128 replacements by Ala or Ser were
unstable in both Pichia pastoris and human hepatoma cell line
HuH-7.5 (31), although we did not detect any noticeable deg-
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radation of the mutant core proteins of strain JFH1 (Fig. 5b;
see also Fig. S5c in the supplemental material). This difference
may have resulted from the difference in sample preparation
methods, as we used the full-length genome of JFH1%*- strain
bearing the strain JFH1 core protein and HuH-7 cells instead
of a core protein-expressing plasmid for the J6 strain and
HuH-7.5 cells.

To exclude the possibility that mutation of Cys128 inhibited
dbd-core formation by creating a conformational change,
T127A and G129A core protein mutants (JFH1™'*’# and
JHF1C'2%A  respectively) were created and examined for their
effects on dbd-core formation and infectious virus particle pro-
duction. These mutants formed dbd-core, and infectious HCV
particles were detected in the culture medium (see Fig. S4a to
c in the supplemental material), supporting an essential role
for Cys128 in dbd-core and particle formation.

dbd-core contributes to HCV particle production. To exam-
ine the functional roles of dbd-core, infectious HCV particle
production, HCV replication efficiency, colocalization of the
core protein and LDs, and RNA binding of mutant and wild-
type (JFH15?™™) core protein were evaluated. Culture medium
from HuH-7 cells transfected with JFH1<'?4 or JFH1©281844
RNA contained significantly fewer infectious HCV particles
compared with the numbers obtained with JFH1%*F-
JFH1€'84A RNA (Fig. 5c). We also found significant decreases
in the levels of HCV RNA and core protein in the culture
medium of HuH-7 cells transfected with JFH1C'2% or
JFH1C128/184A RNA (Fig: 5d and e). Similar results were ob-
served with J6/JFH1 C128A or the C128/184A mutant strain
(data not shown). To investigate whether these results were
due to suppressed HCV replication, the HCV RNA and pro-
tein levels in cells transfected with mutant RNA were analyzed
using gRT-PCR and immunoblot analyses, respectively. Com-
pared with the results obtained with JFH1%*"%, no significant
changes in the cellular HCV RNA titer at days 1, 3, and 5
posttransfection or in the expression of HCV nonstructural
protein NS5A were observed (Fig. 6a and b). This indicated
that substitution of Cys128 did not significantly affect HCV
RNA genome replication or viral protein production, demon-
strating that the dbd-core functions during HCV particle pro-
duction rather than HCV genome replication. Similar results
were observed using RNA of JFH1 mutant strain JFH1'?55,
in which the cysteine at position 128 was replaced by Ser
instead of Ala (see Fig. S5a, b, and d in the supplemental
material).

The subcellular localizations of the core protein and NSSA
protein in HuH-7 cells transfected with HCV RNA were in-
vestigated using indirect immunofluorescence and confocal mi-
croscopy, because recruiting HCV proteins to LDs is an im-
portant step in infectious HCV particle production (36, 47)
and core trafficking to LDs is dependent on signal peptide
peptidase (SPP)-mediated cleavage of the tail region (34, 41).
JFH1€264 mutant core protein and NS5A protein were effi-
ciently trafficked to LDs, as was observed with wild-type
JHF15?F! (Fig. 6c), suggesting that SPP cleavage and core
protein maturation were not affected by the C128A mutation.
Similar results were obtained with the core proteins derived
from JFH1C'#*4 and JFH1<"?#18*4 (see Fig. S6 in the supple-
mental material) and also Ser mutant JFH1<'? (see Fig. Se in
the supplemental material).
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FIG. 5. The core dimer is formed via a bond between cysteine residues at amino acid position 128. (a) Site-directed mutagenesis of JFH152FL,
(b) Immunoblot analysis of the core protein in MMFs collected from HuH-7 cells under nonreducing conditions 3 days post-transfection with
JFH1®?F- (WT), JFH1'%A (C128A), JFH1C!8#A (C184A), or JFH1C128184A (C128/184A) RNA. (c) Infectivity of culture medium collected and
concentrated on day 5 posttransfection from HuH-7 cells transfected with WT, C128A, C184A, or C128/184A RNA. (d) Real-time qRT-PCR
analysis of HCV RNA titers in culture medium collected at the indicated time points from HuH-7 cells transfected with WT, C128A, C184A,
C128/184A, or PP/AA (JFH1P"A*) RNA. (e) ELISAs of core protein levels in culture medium collected at the indicated time points from HuH-7
- cells transfected with WT or C128A RNA. Data are representative of those from three independent experiments (b and c) or are the means *

standard deviations from three independent experiments (d and e).

Because HCV core protein can bind to RNA, including the
HCV genome, during viral particle assembly (43), we analyzed
RNA binding by the core protein using in vitro-translated
core“’ 4, core™T, and poly(U) agarose resin. Core€128A and
core™" bound similarly to the poly(U) resin (Fig. 6d).

dbd-core is important for HCV particle assembly. The mu-
tational analysis of the core protein indicated that core€1284
and core™T similarly localize to LDs, recruit NS proteins to the
LD, and bind to RNA. Moreover, this mutation did not mark-
edly affect HCV genome replication. How does core1284 af.
fect the production of HCV particles? An important function
of the core protein is multimerization, which is followed by
capsid construction and packaging of the RNA genome in the
viral particles. We therefore determined whether core€'284
had a dominant negative effect on virus-like particle produc-
tion. Wild-type JFH1®* - RNA and different amounts of
JFH1“'?%A RNA were cotransfected into HuH-7 cells, and the
HCV RNA titer and infectivity of the virus-like particles in the
culture medium were analyzed. As expected, the HCV RNA
titer in the cells increased with higher levels of transfected
RNA (see Fig. S7a in the supplemental material). In contrast,
the HCV RNA titer and infectivity in the culture medium
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decreased in a JFH1<'28A RNA dose-dependent manner when
this mutant RNA was cotransfected with wild-type RNA (Fig.
7a, b). This suppressive effect was not observed when either
wild-type RNA or core deletion mutant JFH19°> RNA was
used instead of mutant RNA:in a similar experiment (see Fig.
S7b to e in the supplemental material), indicating that higher
levels of HCV RNA alone did not inhibit HCV particle pro-
duction. Thus, core“’** had a dominant negative effect on
HCV particle production. Together, these results suggest that
dbd-core is involved in the assembly of HCV particles.

The nucleocapsid-like particle of HCV was resistant to tryp-
sin treatment. To further investigate the structure of the HCV
nucleocapsid-like particle most likely formed by dbd-core, we
examined the sensitivity of the particle to trypsin, which cleaves
polypeptides at the C-terminal end of basic residues. Whereas
trypsin digested the core protein in the whole-cell lysates (Fig.
8a, left panel), dbd-core from buoyant density-fractionated
JFH1®?F" particles was resistant to digestion, despite NP-40
treatment (Fig. 8a, right panel), although it was sensitive to
proteinase K, which has a broad specificity (Fig. 1c). The N-
terminal hydrophilic domain of the core protein (from residues
6 to 121) contains a number of trypsin cleavage sites (25 sites
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collected from cells transfected with WT, C128A, C184A, or C128/184A RNA at day 3 posttransfection. (c) Confocal microscopy of the
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C128A

in vitro-translated core™' and core

using poly(U) agarose as the resin. +RNase and —RNase, samples with and without RNase

treatment, respectively, as described in Materials and Methods. Input indicates that 1/40 of the amount of translated product was used in
this assay. Data represent the means * standard deviations from three independent experiments (a) or are representative of those from three

independent experiments (b to d).

in strain JHF1) (see Fig. S1 in the supplemental material),
suggesting that the N-terminal domain faces inward and/or
that the conformation prevents protease access. To address
this idea, buoyant density-fractionated JFH15% particles
were treated with trypsin under stricter.conditions in the
presence of NP-40. Cleavage of dbd-core by various levels of
trypsin correlated with the appearance of a shorter molecule
(Fig. 8b, white arrowhead). The shorter molecule was pre-
sumed to be partially digested dbd-core with an intact N-
terminal region because it was recognized by anti-core pro-
tein antibodies, which bind to an epitope located from
amino acids 20 to 40 of the core protein (M. Kohara, The
Tokyo Metropolitan Institute of Medical Science, personal
communication). These results suggest that dbd-core is as-
sembled into the nucleocapsid-like particle such that most
of the N-terminal domain is inside.
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DISCUSSION

In the present study, we have shown that the nucleocapsid-
like particle of HCV most likely contains a dimer of core
protein that is stabilized by a disulfide bond. Mutational anal-
ysis revealed that Cys128 forms a disulfide bond between core
monomers. Several reports have shown that disulfide bonds in
the capsid proteins of some viruses are involved in virus par-
ticle assembly and stabilization of the viral capsid structure (4,
21, 27, 28, 57); these viruses are characterized by icosahedral
nucleocapsids. Because, like these viruses, the HCV virion is
spherical (2, 20), it has been suggested that HCV may contain
a nucleocapsid with a similar structure (20). We found the
dbc-complex, which is most likely to be the dbd-core in
JFH1®?* virus-like particles (Fig. 1c and 8a). The dbd-core in
the capsid structure was digested by proteinase K but not
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transfected with the indicated ratio of WT and C128A RNA. (b) The
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transfected with the indicated ratio of WT and C128A RNA was
analyzed as described in Materials and Methods. Data represent the
means = standard deviations from three independent experiments (a)
or are representative of those from three independent experiments (b).

trypsin in the presence of NP-40 (Fig. 1c and 8a, lane 4). The
resistance to trypsin suggested a tight conformation for dbd-
core in the capsid and no exposed trypsin cleavage sites. The
truncated form of dbd-core that was observed under certain
trypsin treatment conditions likely resulted from cleavage in
the C-terminal portion of the protein (e.g., arginine residues at
positions 149 and 156) (see Fig. S1 in the supplemental mate-
rial), although it is possible that the truncation of dbd-core was
due to nonspecific cleavage by trypsin. These results imply that
dbd-core is configured such that the N- and C-terminal ends
are located at the inner and outer surfaces of the capsid,
respectively. Because the N-terminal region of the core protein
includes the RNA binding domain (43), the HCV RNA ge-
nome likely interacts with the core protein as it is packed in the
nucleocapsid. On the other hand, the C-terminal hydrophobic
domain probably faces the lipid membranes to form the enve-
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FIG. 8. The nucleocapsid-like particle of JFHIF*™- is assembled
with the C-terminal region of the core protein on the outer surface. (a)
Immunoblot analysis of the core protein in JFH1®*"- particles col-
lected from sucrose density gradient fractions with high HCV RNA
titers (particle) (Fig. 2a, fractions 8 to 13). The fractions were treated
with 10 pg/ml trypsin at 37°C for 15 min in the presence or absence of
1% NP-40 (right panel). As a positive control, WCL prepared from
JFH1E?L RNA-transfected HuH-7 cells in lysis buffer was treated with
10 pg/ml trypsin at 37°C for 15 min (left panel). (b) Immunoblot
analysis of the core protein in JFH1E?F" particles collected from su-
crose density gradient fractions with high HCV RNA titers (Fig. 2a,
fractions 8 to 13). The fractions were treated with the indicated con-
centrations of trypsin at 37°C for 10 min in the presence of 1% NP-40.
Open and filled arrows indicate the positions of dbd-core and the
trypsin-digested fragment, respectively. Data are representative of
those from three independent experiments.

lope structure. Only part of the N-terminal hydrophilic region
of the core protein has been structurally examined using X-ray
crystal structural analysis (35) and structural bioinformatics
and nuclear magnetic resonance analysis (11). Although the
C-terminal half of the core protein has been structurally inves-
tigated by the use of bioinformatics (8), the three-dimensional
structure containing the Cys128 residue is unknown. Thus,
determination of the structure of the core protein in the nu-
cleocapsid containing the Cys128 residue should be required
for understanding the whole structure of this protein in the
virus particles.

Because cotransfection of JFH1<'284 RNA with wild-type
JFH1E?F RNA inhibited particle production in a mutant
RNA dose-dependent manner (Fig. 7a and b), the C128A core
variant clearly inhibited HCV particle formation by wild-type
core protein. Cys128 was also previously reported to be a
residue included in the region important for the production of
infectious HCV (39). This residue is located near the N-ter-
minal end of the hydrophobic region of the core (amino acids
122 to 177) and belongs to the hydrophilic side of an amphi-
pathic helix expected to interact in the plane of the membrane
interface (7). Therefore, it is possible to think that dbd-core
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formation via Cys128 can stabilize the interaction between the
core protein and the membranes. The N-terminal half of the
core protein (amino acids 1 to 124) reportedly assembles into
nucleocapsid-like particles in the presence of the 5 UTR from
HCV RNA (24), suggesting that some nucleocapsid-like par-
ticles may assemble via only homotypic interactions from the
core protein. In addition to weak homotypic interactions, the
HCV core protein forms a disulfide bond to stabilize the capsid
structure, thus making dbd-core indispensable in the stable
virus-like particle. We observed that culture medium from
JFH1<'?84- or JFH1<"*S-transfected cells included slight in-
fectivity (Fig. 5c; see also Fig. S5d in the supplemental mate-
rial). This made us speculate that this mutant may produce
some infective particle-like structure formed by a homotypic
interaction of the core. Such a slight infectivity may have re-
flected the optimized in vitro culture conditions compared with
the in vivo conditions, allowing relatively unstable virus parti-
cles to survive.

A nucleocapsid must be resistant to environmental degrada-
tion yet still be able to disassemble after infection. Disulfide
bonds could help with this process by switching between a
stable and unstable virus capsid on the basis of different intra-
cellular and extracellular oxidation conditions (12, 30). During
the virus life cycle, the disulfide bond strengthens the viral
capsid structure and protects the viral genome from oxidative
conditions and cellular nucleases when virus particles are
formed. Upon infection, the disulfide bond may be cleaved
under cytoplasmic reducing conditions, thereby releasing the
viral genome into the cell for replication. HCV may utilize the
core protein disulfide bond in this way as HCV enters the host
cell via clathrin-mediated endocytosis (5) into a low-pH, en-
dosomal compartment (25, 52); this is presumably followed by
endosomal membrane fusion and release of the.viral capsid
into the cytoplasm (38)."

Treatment of HCV infection with pegylated interferon in
combination with ribavirin is not effective for all patients. Re-
cently, drugs targeting viral proteins NS3/4A and NS5B have
been examined in clinical trials. Although these drugs are rel-
atively specific, resulting in fewer side effects and potent anti-
viral activity, monotherapy can be complicated by rapidly
emerging resistant variants carrying mutations that reduce
drug efficacy, perhaps due to conformational changes in the
target (23, 48, 51). Therefore, viral proteins that are highly
conserved among strains and those characterized by low mu-
tation rates may be better targets for drug development. Be-
cause the core protein is the most conserved HCV protein and
Cys128 is conserved among almost all HCV strains examined,
drugs that interact with Cys128 and/or the region around or
near this residue will likely show broad-spectrum efficacy to
block stable infectious particle formation. Structural analysis of
dbd-core should aid with the development of new STAT-Cs
that target Cys128 by direct interaction with the sulfide group
and/or region around this residue. Until now and still, the
mechanism of disulfide bond formation of the core protein on
the ER is unknown. Dimerization of the capsid protein by
disulfide bond has been reported in some enveloped viruses (9,
19, 54, 56), although some were shown not to be important for
virus particle formation (26, 55). Unlike vaccinia virus (46), no
redox system of its own has been reported for these viruses.
Therefore, further investigations addressing the mechanisms
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underlying dbd-core formation on the ER may reveal a new
mechanism for disulfide bond formation of viral proteins in
infected cells.
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The lack of a small-animal model has hampered the analysis of hepatitis C virus (HCV) pathogenesis. The
tupaia (Tupaia belangeri), a tree shrew, has shown susceptibility to HCV infection and has been considered a
possible candidate for a small experimental model of HCV infection. However, a longitudinal analysis of
HCV-infected tupaias has yet to be described. Here, we provide an analysis of HCV pathogenesis during the
course of infection in tupaias over a 3-year period. The animals were inoculated with hepatitis C patient serum
HCRG or viral particles reconstituted from full-length cDNA. In either case, inoculation caused mild hepatitis
and intermittent viremia during the acute phase of infection. Histological analysis of infected livers revealed
that HCV caused chronic hepatitis that worsened in a time-dependent manner. Liver steatosis, cirrhotic
nodules, and accompanying tumorigenesis were also detected. To examine whether infectious virus particles
were produced in tupaia livers, naive animals were inoculated with sera from HCV-infected tupaias, which had
been confirmed positive for HCV RNA. As a result, the recipient animals also displayed mild hepatitis and
intermittent viremia. Quasispecies were also observed in the NS5A region, signaling phylogenic lineage from
the original inoculating sequence. Taken together, these data suggest that the tupaia is a practical animal

model for experimental studies of HCV infection.

Hepatitis C virus (HCV) is a small enveloped virus that
causes chronic hepatitis worldwide (32). HCV belongs to the
genus Hepacivirus of the family Flaviviridae. Its genome com-
prises 9.6 kb of single-stranded RNA of positive polarity
flanked by highly conserved untranslated regions at both the 5’
and 3’ ends (4, 27, 29). The 5" untranslated region harbors an
internal ribosomal entry site (29) that initiates translation of a
single open reading frame encoding a large polyprotein com-
prising about 3,010 amino acids (35). The encoded polyprotein
is co- and posttranslationally processed into 10 individual viral
proteins (15).

In most cases of human infection, HCV is highly potent and
establishes lifelong persistent infection, which progressively
leads to chronic hepatitis, liver steatosis, cirrhosis, and hepa-
tocellular carcinoma (9, 16, 21). The most effective therapy for
treatment of HCV infection is administration of pegylated
interferon combined with ribavirin. However, the combination
therapy is an arduous regimen for patients; furthermore, HCV
genotype 1b does not respond efficiently (19). The prevailing
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scientific opinion is that a more viable option than interferon
treatment is needed.

The chimpanzee is the only validated animal model for in
vivo studies of HCV infection, and it is capable of repro-
ducing most aspects of human infection (5, 18, 23, 28, 35,
36). The chimpanzee is also the only validated animal for
testing the authenticity and infectivity of cloned viral se-
quences (8, 14, 35, 36). However, chimpanzees are relatively
rare and expensive experimental subjects. Cross-species
transmission from infected chimpanzees to other nonhuman
primates has been tested but has proven unsuccessful for all
species evaluated (1).

The tupaia (Tupaia belangeri), a tree shrew, is a small non-
primate mammal indigenous to certain areas of Southeast Asia
(6). It is susceptible to infection with a wide range of human-
pathogenic viruses, including hepatitis B viruses (13, 20, 31),
and appears to be permissive for HCV infection (33, 34). In an
initial report, approximately one-third of inoculated animals
exhibited acute, transient infection, although none developed
the high-titer sustained viremia characteristic of infection in
humans and chimpanzees (33). The short duration of follow-up
precluded any observation of liver pathology. In addition to the
putative in vivo model, cultured primary hepatocytes from
tupaias can be infected with HCV, leading to de novo synthesis
of HCV RNA (37). These reports strongly support tupaias as
a valid model for experimental studies of HCV infection. How-
ever, longitudinal analyses evaluating the clinical development
and pathology of HCV-infected tupaias have yet to be exam-
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TABLE 1. Experimental HCV infections performed in this study

Inoculum
Tupaia no. Quanti Biopsy/sacrifice”
Type (GE/lupa?;)”
Group I
Tup.4 RCV 1% 107 84, 94/144 wk p.i.
Tup.5 HCR6 6 X 10° 95, 105/155 wk p.i.
Tup.6 HCR6 6% 10° 95, 105/155 wk p.i.
Tup.8 RCV 1x 107 84, 94/144 wk p.i.
Group II*
Tup.9 Tup.5 (5 wk p.i.) 1 X 10? NT
Tup.10  Tup.5 (5 wk p.i.) 1 X 10? NT
Tup.1l  Tup.8 (10 wk p.i.) 1x10? NT
Tup.12  Tup.8 (10 wk p.i.) 1x10? NT
Tup.13  Tup4 (8 wk p.i.) 1x10% NT
Tup.14 Tup.4 (8 wk p.i.) 1% 10? NT
Group III*
Tup.15 None 92/100 wk
Tup.17 None 92/100 wk
Tup.38 None 242 wk
Tup.39 None 242 wk

“Viral RNA GE/tupaia was estimated by Quantitative real-time RT-PCR
(GE, genome equivalents; sensitivity > 10 GE/ml serum).

® Liver biopsy was performed at indicated time-point. p.i., postinoculation;
NT, not tested.

¢ Group I, primary infection experiment in which 1-year-old animals were
inoculated with two different types of inocula.

¢ Group 11, reinfection experiment, where HCV RNA-positive sera from
Group I experimental infections were passaged to naive animals.

¢ GrouplII, no-infection control.

ined. In the present study, we describe the clinical develop-
ment and pathology of HCV-infected tupaias over an approx-
imately 3-year time course.

MATERIALS AND METHODS

Animals. Table 1 summarizes the tupaias used in this study. Tupaias born in
laboratory captivity were obtained from the Laboratory Animal Center at the
Kunming Institute of Zoology (Chinese Academy of Sciences). Tupaias were
imported with permission from the Convention on International Trade in En-
dangered Species of Wild Fauna and Flora (7), quarantined for medical inspec-
tion, and housed individually in standard rat cages supplied with filtered air. The
animals were fed a daily regimen of eggs, fruit, and the CMS-1 commercial diet
for marmosets (CLEA, Japan). Their appetites and feces were carefully moni-
tored. Animal care and experimental handling conformed to study guidelines
established by the Subcommittee on Laboratory Animal Care at the Tokyo
Metropolitan Institute of Science.

‘Patient serum used for animal infection. HCV genotype 1b serum, designated .

HCRG, was obtained from a patient with chronic active hepatitis C. The infec-
tious titer of HCR6 was determined in chimpanzee and Molt4 cells and denoted
plasma K (HCRG) by Shimizu et al. (24). The HCRG serum exhibited a PCR titer
of 6 X 10° genome equivalents/ml and an infectious titer of 3.7 X 10* 50%
chimpanzee infectious doses/ml. Serum aliquots were frozen at —80°C until they
were used.

Virion reconstitution of cloned HCV. As described previously, pHCRG6 (geno-
type 1b; 9,611 nucleotides; GenBank accession no. AY045720) is a plasmid
carrying HCV genomic cDNA cloned from HCR6 serum (30). pHCR6Rz was
designed for precisely trimmed RNA expression, with the entire genomic region
of pHCR6Rz recloned under the control of the T7 promoter and the 5" and 3’
distal ends flanked by hammerhead- and hepatitis D virus ribozyme-encoding
sequences, respectively (22, 25).

For molecular reconstitution of HCV particles, pHCR6Rz was transfected
into IMY-N9 cells as described previously (12). Briefly, semiconfluent IMY-N9
cells in 100-mm plastic dishes were transfected with 15 wg of plasmid using 40 pl
of cationic lipids (DMRIE-C reagent; Life Technology) in accordance with the
manufacturer’s instructions. Five hours after transfection, the cells were infected
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with AdexCAT?7 (2) (kindly provided by Y. Matsuura) at a multiplicity of infec-
tion of 20. After infection, the culture medium was replaced with Hepato-STIM
(Becton Dickinson). The culture supernatants were collected at 24 h postinfec-
tion and stored at —80°C.

Virus inoculation and collection of serum samples. Animals were infected at
6 months of age. The anesthetic agent, ketamine hydrochloride, was adminis-
tered intramuscularly at 50 mg/kg body weight prior to virus inoculation and
bleeding of the tupaias. The inocula were introduced intravenously at 6 x 10°
genome equivalents/animal for patient serum HCR6 and 1 X 107 genome equiv-
alents/animal for reconstituted virions derived from the pHCRG6Rz inoculation.
Blood samples were drawn from infected and control animals pre- and postin-
fection. Briefly, the animals were bled weekly for 20 weeks and biweekly there-
after. At each time point, 0.5 ml of blood was drawn from the thigh vein; the sera
were separated, aliquoted, and stored for subsequent assays.

Reinfection experiments were performed by transmission of HCV RNA-pos-
itive serum from group I (Table 1) to naive animals.

Serum alanine aminotransferase (ALT) concentrations were determined using
a Transnase Nissui kit (Nissui Pharmaceutical Co.), standardized, and displayed
as [U/liter.

RNA isolation and quantitative RTD-PCR assay for HCV RNA. Serum sam-
ples (100 wl) were tested for circulating HCV RNA in vivo using quantitative
real-time detection (RTD)-PCR (TagMan). RNA was extracted from the sera
and livers of sacrificed animals using the acid guanidium-phenol chloroform
method with tRNA as a carrier (3). Two tupaias (Tup.5 and Tup.6) were inoc-
ulated with patient serum HCRG. Another two animals (Tup.4 and Tup.8) were
inoculated with reconstituted viral particles (RCV). Tup.15 served as a mock-
infected control. Liver specimens (3- to 4-mm? blocks) from these tupaias were
homogenized with 1.5 ml of 5 M guanidine thiocyanate using a polytron-type
homogenizer (Ultra-Turrax T25; IKA Laborteehnik, Staufen, Germany). RNA
was then reextracted with 4 M guanidine thiocyanate.

RNA samples were subjected to RTD-PCR on an ABI 7700 sequence detector
(Applied Biosystems) as described previously (26). The extracted RNA was
dissolved in 200 pl of diethyl pyrocarbonate-treated water containing 10 mM
dithiothreitol and 200 units/ml RNase inhibitor in a siliconized tube. RTD-PCR
was performed using 1 g of total RNA, one set of PCR primers, and a probe for
a location within the 5’ noncoding region using the EZ r7Tth RNA PCR kit
(Perkin Elmer) and the ABI Prism 7700 sequence detector system. A standard
curve was constructed using a 10-fold dilution series of in vitro-transcribed and
previously titrated synthetic HCV RNA.

Consequently, the quantities represented by genome equivalents correspond
to an absolute standard curve (26). All quantitative RTD-PCR assays were
performed using duplicate samples, with both negative control serum and HCV-
positive serum included. The control sera were diluted before use and were
estimated to contain low copy numbers of HCV RNA (100 genome equiva-
lents/ml serum). Samples were deemed positive for HCV RNA if both duplicates
yielded PCR-amplified product. Averages of the two estimated values are shown
in the figures.

Histological analysis. Tissue samples were carefully collected from anesthe-
tized animals by abdominal incision, fixed in 10% neutral buffered formalin,
embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E).
Silver and Sudan IV (Wako Pure Chemical Industries, Ltd.) staining were also
carried out to visualize fiber generation and lipid degeneration, respectively. All
histological staining was performed in accordance with conventional procedures.
The histological status was determined using the modified hepatitis activity index
scoring system, which grades necrosis and inflammation on a scale of 0 to 18
(periportal inflammation and necrosis, 0 to 10; lobular inflammation and necro-
sis, 0 to 4; portal inflammation, 0 to 4) (11). Fibrosis was scored using the Ishak
fibrosis scale of 0 to 6 (0, no fibrosis; 1 or 2, portal fibrosis; 3 or 4, bridging
fibrosis; and 5 or 6, cirrhosis). The values in each group (Table 2) represent the
averages of the scores in five visual fields.

Statistical analysis. The statistical significance of differences between controls
and HCV-infected animals was analyzed with the nonparametric Mann-Whitney
U test. All comparisons were two tailed. The statistical analysis was conducted
with SPSS 12.0 software (SPSS Inc., Chicago, IL).

RESULTS

Inoculation of HCV causes acute hepatitis and transient
viremia in tupaias. To begin this study, two distinct but related
inocula were chosen for infection of tupaias. Serum from a
chronic hepatitis patient (designated HCR6) was chosen for its
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TABLE 2. .Grading: necroinflammatory scores and fibrosis

Grade

Group Inoculum Tupaia ne.

A

Total Avg SD Staging

B C D

94 wk p.i. (biopsy)
1 HCR 6 Tup.5
Tup.6
Tup.4
Tup.8

Control Tup.15

III Tup.17
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Tup.39

RCV
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defined genotype (genotype 1b), and genetic heterogeneity was
ascertained by the process of cloning consensus cDNA. The
infectivity of this serum was also experimentally defined in
chimpanzees; a 50% chimpanzee infectious dose was estimated
at 3.7 X 10* 50% chimpanzee infectious doses/ml. Further-
more, the consensus genomic sequence of HCV was cloned
from the serum (pHCRG; 9,611 bases; GenBank AY045702.1).
For the second inoculum (referred to as RCV), clonal viral
particles were reconstituted as described in Materials and
Methods. This inoculum was expected to be free of neutraliz-
ing antibodies and thus was considered potentially more infec-
tious than patient sera. In the case of RCV infection, genetic
diversification of viral RNA, also known as quasispecies, can
be regarded as a direct indication of de novo synthesis of
progenitor virus in vivo.

Either patient serum or cDNA-derived RCV was inoculated
into tupaias (Table 1, group I). Two animals (one female and
one male) were tested against each inoculum. Age-matched
animals were bred as infection-free controls.

All experimental infections are described in Materials and
Methods and Table 1. Prior to experimental infection, the
normal serum ALT level in tupaias was measured at 22.3
IU/liter (n = 23).

Inoculation with patient serum HCR6 caused rapid fluctu-
ations in the serum ALT concentrations, from two- to fivefold,
in both inoculated tupaias, suggesting acute hepatitis in vivo
(Fig. 1A and B). Correlative quantitative RTD-PCR revealed
HCV viremia soon after serum inoculation in Tup.5, which
continued to show transient viremia long term. The appear-
ance of viremia sometimes coincided with a steep elevation in
the serum ALT (Fig. 1A). Conversely, HCV RNA was not
detected in the serum of Tup.6 up to 60 weeks postinoculation
and only twice thereafter. Acute-phase ALT elevations (3 to 4
weeks postinoculation) in Tup.6 might represent tight control
of HCV infection by the host immune system (Fig. 1B).

Distinct results were obtained for the two animals (Tup.4
and Tup.8) inoculated with RCV. Both animals displayed sus-
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tained viremia up to 10 weeks postinoculation (Fig. 1C and D),
indicating persistent HCV infection and inability to eradicate
the virus. Viremia was detected intermittently throughout the
course of infection, sometimes accompanying the elevation of
serum ALT. Humoral immune responses in Tup.5 and Tup.6
(see Fig. SIA in the supplemental material) and Tup.4 and
Tup.6 (see Fig. S1B in the supplemental material) were indi-
cated.

We performed RTD-PCR to confirm whether HCV could
replicate in the tupaias’ livers (Tup.4, Tup.5, Tup.6, and Tup.8)
and obtained the following results (Fig. 1E): 310 + 117 cop-
ies/p.g total RNA in Tup.5, 80 * 11 copies/pg in Tup.6, 199 +
77 copies/pg in Tup.4, and 292 * 48 copies/pg in Tup.8. In
contrast, HCV RNA was not detected in the liver of the mock-
infected animal (Tup.15).

HCV RNA was also not detected in samples from either
preinoculation or age-matched, infection-free control tupaias
(Table 1, group III), nor were significant elevations in serum
ALT observed for any of the three infection-free controls (data
not shown).

HCV causes chronic hepatitis in tupaia liver, leading to
fibrosis and cirrhosis. Serum ALT and circulating HCV RNA
levels in primary infected tupaias (Table 1, group I) were
monitored for 3 years postinoculation. As described above, the
magnitudes of serum ALT fluctuations varied substantially
among infected animals (Fig. 1A, B, C, and D). Tupaia livers
were examined for histological lesions in order to elucidate if
HCV caused chronic hepatitis. Liver biopsies via abdominal
incisions were performed at 2 years postinoculation. All ani-
mals were sacrificed at 3 years postinoculation (4.5 years for
uninfected animals). H&E staining of liver specimens from
HCV-infected tupaias showed infiltrating lymphocytes within
sinusoids and around portal areas, indicating chronic hepatitis
in the tupaia livers (Fig. 2B, D, and H). Infiltrating lympho-
cytes were also observed in limiting plates, indicating ongoing
inflammation (Fig. 2G and H). Furthermore, a comparison of
liver samples at 2 and 3 years postinoculation revealed that the
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concentrations were combined and plotted to show the course of infection in Tup.5. The bars and the ordinates on the left represent HCV RNA
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HCV RNA in hepatocytes from tupaia (Tup.4, Tup.5, Tup.6, Tup.8, and Tup.15) livers was isolated 172 weeks after HCV infection and quantified
by RTD-PCR. As few as 10 copies of the genome were detected, and the quantification range was between 10* and 10® copies (26).

HCV RNA in liver (copies/ug total RNA) M
N
3

203

6002 ‘Gl 19qWa0aQ uo A LISHIAINN OLOWYINNY ¥ Bi0"wse Al woy pepeojumoq



VoL. 84, 2010 CHRONIC HEPATITIS C VIRUS INFECTION IN TUPAIA 307

2 year pi (biopsy)

HCRS6 inoculated

RCV inoculated

uninfected
control

Tup. 39

FIG. 2. Micrographs of liver specimens stained with H&E. Liver tissue from HCR6-inoculated tupaias (A to D) and RCV-inoculated tupaias
(E to H) was obtained at 2 and 3 years postinoculation (pi). (I and J) Liver specimens from uninfected animals age matched to each inoculated
animal were also obtained. The HCV-infected tupaia livers harboréd infiltrating lymphocytes (white arrowheads) and fibrosis (broken lines and
black arrowheads), which indicate chronic hepatitis.
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FIG. 3. Macro- and microscopic features of tupaia liver. (A) Infection-free control tupaia (Tup.15; 92 weeks). (B) RCV-infected animal
displaying liver cirrhosis (Tup.8; 84 weeks postinoculation). (C) RCV-infected animal with massive surface nodules (Tup.8; 144 weeks postinocu-
lation). (D and G) H&E staining of the uninfected Tup.15 at 92 weeks (D) and the uninfected Tup.39 at 242 weeks (G). (E, F, H, and I) H&E
and silver staining of Tup.8 at 84 weeks postinoculation (E and F) or at 144 weeks postinoculation (H and I).

hepatitis had worsened with time in all HCV-infected tupaias
(Fig. 2A to H and Table 2).

Fibrosis and cirrhosis were also examined. Mild fibrosis was
seen in Tup.6, while severe fibrosis was seen in Tup.8. Cirrhosis
was histologically investigated in all animals (Table 2). There
was no significant difference between groups I and III at 94
weeks postinfection (P = 0.194), but at 144 weeks postinfec-
tion, a slight difference was observed (P = 0.059; SPSS 12.0).
Macroscopic observation of the liver biopsy specimens (taken
2 years postinoculation) indicated liver cirrhosis in Tup.8 (Fig.
3B) compared with Tup.15 (uninfected control) (Fig. 3A),
while silver staining of histology samples revealed fibrosis and
cirrhotic nodules (Fig. 3E and F). Macroscopic observation
upon sacrifice (3 years postinoculation) indicated that liver
cirrhosis in Tup.8 had worsened (Fig. 3C). In contrast, age-
matched infection-free negative control tupaias displayed none
of these pathologies (Fig. 3A, D, and G).

Progressive lipid degeneration was noted in infected tupaias
throughout the course of infection (Fig. 4). In particular, Tup.5
displayed microvesicular lipid droplets in the first biopsy spec-
imens (at 2 years), which developed into macrovesicular drop-
lets and foamy degeneration in biopsy specimens at 3 years
(Fig. 4C and D). Liver specimens from other infected animals
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displayed intracellular micro- and macrovesicular lipid drop-
lets in hepatocytes at 3 years postinoculation (Fig. 4F, H, and
J). These anomalies were not present in liver specimens from
infection-free control animals (Fig. 4A and B).

Transmission of viral-RNA-positive serum to naive animals
reproduces acute hepatitis and viremia. To confirm virion
regeneration in vivo, and to exclude the possibility of false-
positive serum HCV RNA results due to amplification of the
original inocula, HCV RNA-positive sera from primary inoc-
ulated tupaias were used to inoculate naive tupaias. Three
different sera were tested in this passage experiment, with two
naive tupaias used as recipient animals for each trial (see
Materials and Methods) (Table 1, group II).

In the first reinfection experiment, serum from Tup.5 (orig-
inally infected with patient serum HCRG6) was collected at 5
weeks postinoculation and used to infect two naive animals.
The recipient animals showed intermittent viremia over the
subsequent 3 months (Fig. 5A). In the second and third cases
of reinfection, sera from Tup.8 at 10 weeks postinoculation and
from Tup.4 at 8 weeks postinoculation also induced viremia in
the naive inoculated animals, similar to the first reinfection
experiment (Fig. 5B and C). Furthermore, the PCR titers of
the recipient tupaias were significantly greater than the inoc-
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uninfected
control

HCRG6 inoculated

RCYV inoculated

FIG. 4. Sudan IV-stained liver specimens exhibiting fatty liver de-
generation. Cryosections of liver stained by Sudan IV as described in
Materials and Methods show fatty liver degeneration. The left and
right columns display biopsy specimens of infected animals (2 years
postinoculation) and animals sacrificed at 3 years postinfection, re-
spectively. (A and B) Uninfected controls at 2 years (Table 1 shows
sample timing). (C to F) Patient serum HCRé6-infected animals. (G to
J) RCV-infected animals.

ulation titers (10> genome equivalents/animal) (Table 1). For
Tup.11, serum from 4 weeks postinoculation contained almost
10* genome equivalents/ml of HCV RNA (Fig. 5B). In addi-
tion, significant increases in serum ALT accompanied detec-
tion of serum HCV RNA. These results indicate that HCV
RNA-positive sera from group I actually contained infectious
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FIG. 5. Results of a reinfection experiment. (A) Quantitative
RTD-PCR for HCV RNA and serum ALT levels are shown. Two
naive animals were inoculated with tupaia serum (using serum taken at
5 weeks postinoculation from Tup.5, originally inoculated with patient
serum HCRG6) containing 100 genome equivalents (GE)/ml and were
monitored for 15 weeks postinoculation (Table 1). (B) Tupaia serum
(taken at 10 weeks postinoculation from Tup.8, originally inoculated
with RCV) that was positive for HCV RNA was passaged into two
naive animals. The animals were inoculated with tupaia serum at 100
GE/animal and monitored for 15 weeks postinoculation. (C) Tupaia
serum (taken at 8 weeks postinoculation from Tup.4, originally inoc-
ulated with RCV) that was positive for HCV RNA was passaged into
naive animals. The animals were inoculated with serum at 100 GE/
animal and monitored for 20 weeks postinoculation.

virion particles. They also suggest that reconstituted HCV par-

ticles made from cDNA are infectious in tupaias.

We amplified a portion of the NS5A sequence, which is
known as the interferon sensitivity determining region, by re-
verse transcription-PCR as described in the supplemental ma-
terial. Each PCR product was subcloned and sequenced to
compare the encoded amino acid sequences. For the purposes
of this study, animals were inoculated with a molecular clonal
virus consisting of a unique viral sequence of cDNA. The
interferon sensitivity determining region sequences recovered
from an animal infected with clonal inoculum (Tup.8 at 103
weeks postinoculation) were found to be heterogeneous, with
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a few amino acid substitutions (K2212M for 2/10 cases, L2232P
for 1/10 cases, and L2253S for 6/10 cases) (see Fig. S2E in the
supplemental material). Interestingly, the codon for amino
.acid 2224 encodes valine, but it was found to be variant for
alanine and valine in sequences from the original patient se-
rum (HCR®6). Tupaias infected with patient serum also exhib-
ited variability at position 2224; valine occupancy was rare, as
was seen in the original HCR6 population (see Fig. S2B and C
in the supplemental material). On the other hand, this position
was occupied solely by valine for sequences recovered from
Tup.8 (see Fig. S2E in the supplemental material), indicating
that genetic variations shown for Tup.8 originated from the
pHCR6 cDNA sequence. Taken together, quasispecies detec-
tion of circulating virus represents further evidence demon-
strating intrinsic replication of HCV in tupaias despite low
. levels and infrequent detection of viremia.

DISCUSSION

In the present study, we described persistent HCV infection

in tupaias. Long-term follow-up was performed and revealed -

histological progression of HCV-related liver disorders in in-
fected tupaias, including steatosis, fibrosis, and cirrhosis, in
addition to acute and chronic hepatitis. HCV genomic RNA
was detected in animal sera intermittently throughout the en-
tire course of infection. However, HCV RNA was detected in
the liver upon sacrifice (3 years postinoculation). Furthermore,
HCV RNA in serum contained genomic variants that had
diverged from the inoculated virus (see Fig. S1 and S2 in the
supplemental material). These data strongly indicate an estab-
lished persistent infection in the tupaias studied. All animals
exhibited HCV viremia soon after inoculation, yet the viremia
was intermittent and accompanied by relatively low RTD-PCR
titers compared with equivalent human and chimpanzee infec-
tions. The discrepancy between humans and tupaias might be
due to host-dependent differences in replication efficiency.
Over the course of HCV infection in these tupaias, serum ALT
profiles indicated repeated liver injury, probably due to host
immune responses mediated by agents such as cytotoxic T
lymphocytes rather than direct viral cytopathic effects.

In cases of tupaia infection, experimental inoculations rarely
led to sustained viremia, which for most human cases lasts for
the entire course of infection. Even the course of infection
appeared transient and self-resolved. It seems likely that HCV
replication is less compatible with the tupaia host environment.
This possibility was substantiated by a previous report by Xu et
al. (34), where tissue-cultured virions of cloned genotype 1b,
referred to as HCVcc in the paper, could not cause chronic
infection with sustained viremia in tupaias. Although HCVcc
actually infected most of the inoculated tupaias (83%; 10/12),
chronic infection was seen for only a fraction of them (20%;
2/10). In this study, we also tried to detect a humoral response
to HCV core antigen. We found that tupaia sera were HCV
positive for antibodies only at occasional time points, observ-
able as intermittent steep responses (data not shown). Overall,
sustained seroconversion was not seen in this study, probably
because HCV propagation in vivo was so limited or well con-
trolled by host immunity. Given that models of HCV propa-
gation are severely limited, the most important and interesting
finding of this study is the successful detection of HCV RNA in
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livers of infected tupaias 3 years after inoculation, indicating
that HCV persists in tupaias. Although the limited propagation
of HCV in tupaias is a drawback of this model at the present
time, the isolation of tupaia-adapted HCV may be feasible by
performing multiple infection passages. This possibility is sup-
ported by both quasispecies development and successful rein-
fection.

The chimpanzee is the animal species most closely related to
humans, and as a model, it has contributed significantly to our
understanding of HCV infection and pathogenesis. However,
reproducing HCV pathogenesis in humans or chimpanzees can
take as long as 10 to 20 years. The chronically infected tupaias
in the present study developed complicated liver disorders in a
much shorter time. Using tupaias, with their relatively short
life span (3 to 5 years in the laboratory), as a model of HCV
infection, we can evaluate HCV pathogenesis and correlate
senescence and duration of infection.

The recent development of a primary human hepatocyte
xenograft-uPA/SCID mouse model opened up opportunities
to test putative antivirals against HCV replication in vivo (10,
17). In this innovative model, human hepatocytes, which are
transplanted into the lobe of a mouse liver, can support HCV
replication effectively. As a result, the level of circulating HCV
RNA is comparable to that of a human patient. However, this
mouse model is immunodeficient, and thus, it lacks the inter-
play between host immunity and viral infection. Therefore, it
does not provide a suitable platform for characterizing im-
mune responses to HCV infection.

HCYV infection in tupaias represents an important model of
HCV infection, particularly for the study of key determi-
nants controlling virus propagation in vivo. The pathogen-
esis of HCV infection can be substantially different among
humans, chimpanzees, and tupaias, and the mechanisms
governing these differences are of great interest. Compara-
tive studies of HCV infection in these different species will
help us to understand the basic mechanisms of persistent
infection.
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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 cell-
depleted mice between 0.5 and 1 day as com-
pared to non-treated mice. These data indicated
that NK cells participate in the 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.
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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,
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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 I 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
HCV 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. CALNCN2,
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 cDNA, 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 2.0 ml
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-p monoclonal antibody (TM-BI,
rat IgG2b) [Tanaka et al., 1993] in 500 pl of PBS(—) once,
2 days before Cre/loxP switching.

Quantification of HCV Core Proteins in
Mouse 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 (100-150pg) were lysed with 300 pl of
RIPA buffer (1% SDS, 0.5% Nonidet P40, 0.5 mmol/L
EDTA,150 mmol/L. NaCl, and 1mmol/LL. DTT and
10 mmol/L Tris, pH 7.4). After the supernatant protein
concentration was determined, 30 pg 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 5153
(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 pug) 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 32P-dCTP-
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labeled CALNCN2 (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 ug) 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; pEF-core), HCV-E1 (aa: 168—383; pEF-E1), and
HCV-E2 (aa: 367—830; pEF-E2) [Takaku et al., 2003]
under the control of the EF2-« 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], IL-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

HCV 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: 431+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: 2+ 2pg/mg (Fig. 1B). ALT levels were 489 +
150 IU/L in the CN2-8 Tg mice and 2,282 4+ 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 + 150 IU/L) at day 0.5 in the
CN2-29 Tg mice injected 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-I).

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 + 53 I/U vs. 489 + 142 IU/L; Fig. 1A).

HCV core protein expression levels were higher in NK
cell-depleted mice with anti-IL2 receptor-p antibodies
than in non-treated CN2-29 Tg mice (1,597 + 153 pg/mg
vs. 47 £ 13 pg/mg), while ALT levels were lower (608 +
258IU/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 + 703IU/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 IU/L) had decreased;
they were also relatively low on day 2 (Fig. 4A).

Both the HCV core protein expression level (2,900 +
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+ 511IU/L on day 1) were lower in IRF-1 knockout
BALB/c mice than in wild-type BALB/c mice (Fig. 4A,B).
In contrast, in wild-type BALB/c mice hydrodynamically
transfected with the pCAL-LacZ plasmid, the p-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 +90IU/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
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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 to return
to the baseline level after day 3. Hepatocyte core protein levels peaked
twice, on day 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
activity on day 0.5. Serum ALT activity peaked at 2,282 + 358 IU/L and
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
detectable on day 0.5 (47 & 13 pg/mg), peaked on day 2 (1,189 + 210 pg/
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 observed 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-y, 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 IL-12

2¥8

1549
IRF-1KO/CN2-8 Tg mice
A
wl ESIHCV core (pgimg) | eoo
- F ~8-ALT (UL} .
o J
g w 7
-y 3
g >
by |20
© 100
I
0
0 05 1 2 3 4 6 8
Days
NK cell depleted CN2-29 Tg mice
B 2000 3000
- EZIHCV core (pgimg)
o 1600} I 1 ~8=ALT (IUL) -
[ 1 2000 &
émo- 'g_,
£ 800 - 2
E [ 'I\ 1000
g 400 / \ g
0 "-elir—El L1l o

Days
Southern blot

O 75 72 12 7 10
Transgene recombination efficiency (%)

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 (194+53IU/L) was lower than in wild-type mice
(490 + 150 IU/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+142IU/L) was lower than in wild-type mice
(2,282 4 3581U/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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