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A small-animal model for hepatitis C virus (HCV) infection was developed using severe combined
immunodeficiency (SCID) mice encoding homozygous urokinase-type plasminogen activator
(uPA) transplanted with human hepatocytes. Currently, limited information is available concerning
the HCV clearance rate in the SCID mouse model and the virion production rate in engrafted
hepatocytes. In this study, several cohorts of uPA*/*/SCID*'* mice with nearly half of their livers
repopulated by human hepatocytes were infected with HCV genotype 1b and used to evaluate
HCV dynamics by pharmacokinetic and pharmacodynamic analyses of a specific NS3-4A
protease inhibitor (telaprevir). A dose-dependent reduction in serum HCV RNA was observed. At
telaprevir exposure equivalent to that in clinical studies, rapid turnover of serum HCV was also
observed in this mouse model and the estimated slopes of virus decline were 0.11-0.17 logqo
h~'. During the initial phase of treatment, the logy reduction level of HCV RNA was dependent on
the drug concentration, which was about fourfold higher in the liver than in plasma. HCV RNA
levels in the liver relative to human endogenous gene expression were correlated with serum HCV
RNA levels at the end of treatment for up to 10 days. A mathematical model analysis of viral
kinetics suggested that 1 g of the chimeric human liver could produce at least 108 virions per day,
and this may be comparable to HCV production in the human liver.

clinically evaluated (Manns et al., 2007; Pereira & Jacobson,

2009). Telaprevir is a novel peptidomimetic slow- and

Hepatitis C virus (HCV) is a major cause for concern
worldwide. More than 3% of the world’s population is
chronically infected with HCV and 3—4 million people are
newly infected each year (Wasley & Alter, 2000). Chronic
HCV infection is relatively mild and progresses slowly;
however, about 20 % of chronic hepatitis C (CHC) carriers
progress to serious end-stage liver disease (Lauer & Walker,
2001; Liang et al, 2000; Poynard et al, 2003). The current
standard treatment for HCV infection is administration of
pegylated alpha interferon (PEG-IFN) in combination with
ribavirin (RBV) for 48 weeks. The overall cure rates with
this intervention are 40-50 % for patients with genotype 1
and more than 75% for patients with genotypes 2’and 3
(Fried et al., 2002; Manns et al., 2001). Several compounds
that inhibit specific stages of the virus life cycle have been

tight-binding inhibitor of HCV NS3-4A protease, which
was discovered using a structure-based drug design
approach (Perni et al, 2006). A rapid decline in viral
RNA was observed in CHC patients treated with telaprevir
(Reesink ef al., 2006) and an increased antiviral effect of a
combination of telaprevir and PEG-IFN has been reported
(Forestier et al., 2007). Recent clinical trials of telaprevir in
combination with PEG-IFN and RBV have indicated a
promising material advance in therapy for CHC patients
(Hézode et al, 2009; McHutchison et al, 2009). First-
generation HCV-specific agents have been developed
despite the lack of small-animal models for HCV infection.
However, early emergence of resistant variants against
novel antiviral agents is a concern. Thus, the use of two or
more investigation agents is strongly recommended for
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clinical studies in CHC patients (Sherman et al, 2007). To
ensure ethical and safe clinical trials, animal models
continue to be necessary for the mechanistic evaluatien of
the ability of specific agents to inhibit the virus life cycle in
vivo and to develop better therapeutic strategies, including
combination regimens (Boonstra et al, 2009). Several
groups have developed a small-animal model for HCV
infection using homozygous urokinase-type plasminogen
activator (uPA)/severe combined immunodeficiency (SCID)
(uPA*/*/SCID*'*) mice transplanted with human hepa-
tocytes (Mercer et al., 2001). These mice are susceptible to
cell culture-grown HCV (HCVcc; Lindenbach et al., 2006)
and have been used to evaluate antiviral agents including
IFN-¢, BILN 2061 (an NS3-4A protease inhibitor) and
HCV796 (an NS5B polymerase inhibitor) (Kneteman et al.,
2006, 2009; Vanwolleghem e al, 2007). However, the HCV
clearance rate in the SCID mouse model and the virion
production rate in hepatocytes engrafted in the mouse liver
are not fully understood. We also generated a mouse model
with an almost humanized liver (Tateno et al., 2004). Using
this mouse model, we reported the infection of a genetically
engineered hepatitis B virus (Tsuge et al, 2005) and
developed a reverse genetics system for HCV genotypes la,
1b and 2a after intrahepatic injection of in vitro-transcribed
RNA as well as intravenous injection of HCVcc (Hiraga
et al, 2007; Kimura et al, 2008). In this study, we
demonstrated the rapid turnover of serum HCV RNA and
the pharmacokinetics {PK) and pharmacodynamics (PD) of
telaprevir treatment. We concluded after quantitative
estimation and the use of a mathematical model that HCV
production equivalent to that in the human liver is possible
in engrafted hepatocytes in this mouse model.

RESULTS

Preliminary dose-finding study

_At the beginning of this study, we attempted to determine
an effective dose regimen for telaprevir in this mouse model.
Nine mice were randomized and treated with telaprevir over
three time periods (Table 1). The lifetime kinetics of serum
HCV RNA and of human serum albumin (HSA) in blood

are represented in Fig. 1. One mouse (A07) exhibited a
rapid reduction in HSA in the blood, which indicated the
instability of human hepatocyte grafts. As a rapid reduction
in HSA levels was not observed in subsequent experiments,
this mouse was excluded from the mean analysis. After
7 days of twice daily (BID) dosing in period 1, the mean
log;o changes in HCV RNA from baseline (4 SEM) after the
100 and 10 mg telaprevir kg™' doses were —0.49 +0.094
and —0.5340.039, respectively, and no dose-dependent
reduction was observed. During period 2, the dose
frequency was changed from BID to three times daily
(TID), and the time of serum sampling was also changed
from 1 to 4 h after the last dose. After the 3-day treatment,
the mean log,o changes of HCV RNA in 100 and 10 mg
telaprevir kg™' TID groups were —1.0040.166 and
—0.28 +0.056, respectively, and the difference between the
two groups was significant. To test the reproducibility of
results, mice were treated with 10 or 100 mg telaprevir kg~
TID for 10 days and then sacrificed 5h after the
administration of the last dose. The mean logo changes in
serum HCV RNA were —1.46+0.265 and —0.27+0.073 in
the 100 and 10 mg kg~ " TID groups, respectively, and the
difference between the means was significant.

Evaluation of HCV turnover in this mouse model

Because of the SCID nature of this mouse model, the virion
clearance mechanism was of interest. Six mice with steady-
state and high viral loads (9.7 x 10°-1.2 x 10® copies ml™")
were administered 200 mg telaprevir kg~' TID for 4 days,
with 5 h intervals between doses and a 14 h intermission
from drug treatment each day. Because the log;, reduction
in HCV RNA appeared to depend on the time of serum
collection during the day (Fig. 2a), the mean log,o changes
in HCV RNA were plotted against time and fitted to a
linear regression model (Fig. 2b). The estimated slopes (i.e.
logo HCV reduction per hour) and 95% confidence
intervals (CI) on days 1, 2 and 3 were —0.165 (—0.268 to
0.0616), —0.115 (—0.131 to 0.0990) and —0.153, respect-
ively. These regression lines also suggested that extra-
polated HCV loads at the actual times of the daily first
doses were 0.0530, —0.220 and —0.0948 log;, copies ml ™',
respectively. Therefore, it appeared that the viral load

Table 1. Telaprevir dose-finding experiment

Period Duration (days) Frequency of dose Dose (mg kg™") No. of mice Mean log;y P value (¢ test)
(per day) changes & SEM
1 7 2 100 4 —0.4910.094 0.7806
10 3* —0.5340.039
0 1 —0.47
2 3 3 100 4* ~-1.001+0.166 0.0064
10 4 —0.28 £ 0.056
3 10 3 100 3 —1.46 + 0.265 0.0125
10 3 —0.27 4£0.073

*One mouse was excluded because of instability of human hepatocyte grafts.
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Fig. 1. Lifelong changes in serum HCV RNA and HSA in the
blood of HCV-infected mice in the preliminary dose-finding
experiment. Nine HCV-infected mice (AO1-A09) were treated
with telaprevir over three independent periods. The mice were
treated with 10 mg telaprevir kg™, 100 mg telaprevir kg™" or
vehicle BID for 7 days (period 1), TID for 3 days (period 2) and TID
for 10 days (period 3). (a) Kinetics of serum HCV RNA. (b)
Kinetics of HSA level in blood. Because the HSA level indicated
the stability of engrafted human hepatocytes in the mice, mouse
A07 was excluded from the summary of the results in Table 1.

reverted back towards baseline levels during the 14 h
intermission from drug treatment.

PK analysis

To assess drug exposure after repeated dosing in this
mouse model, mice were administered 100 or 300 mg
telaprevir kg~ ' BID for 4 days. The mice receiving 300 mg
kg™' BID for 4 days had a mean 2 logj-fold HCV
reduction, whereas those receiving 100 mg kg~' BID had
up to a 1.5 logo-fold reduction by day 3 (Fig. 3a). Plasma
telaprevir concentrations after administration of the final
dose are indicated in Fig, 3(b). The estimated half-life of
telaprevir in the 100 and 300 mg kg~ ' groups was 2.4 and
3.8 h, respectively.

PK/PD analysis and the dose-dependent
reduction in HCV RNA

To evaluate the correlation between telaprevir concentra-
tion and HCV reductions in this mouse model, we used
another cohort of 12 HCV-infected mice with high viral
loads (1.6 x 10°-3.9 x 10® copies ml™'). In this crossover
study, mice were randomized into three groups (n=4
each), each of which underwent two periods of dosing for
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Fig. 2. Estimation of virus clearance rate. Six HCV-infected mice
were treated with 200 mg telaprevir kg™ TID for 4 days. Individual
kinetics of logye reductions in serum HCV RNA (a) and of mean
log1o changes (£SEm) at each sampling time (b) are represented.
Arrows indicate the times of dosing. The slopes of mean log:o
HCV RNA reduction were estimated by linear regression analysis.
P and R? values are indicated on the figure.

5 days separated by a 1-week washout period. Serum and
plasma samples were collected once daily 5 h after dosing.
The mean log,o changes in HCV RNA ( £ sem) at different
dose levels were calculated from the combined results of
both periods (Fig. 4a). The mean log;o reductions from
baseline in the 100 and 300 mg kg~' groups were
approximately 1 log; and 1.5-2 log,q, respectively, and
the difference between the two groups was statistically
significant. The means calculated in each period separately
are also shown in Fig. 4(b). The plasma telaprevir
concentration was positively correlated with the logo
HCV RNA reduction level in each period (Fig. 4c).

Drug concentrations and HCV levels in blood
correlate with those in the liver

The correlation between telaprevir concentrations in the
plasma and liver was analysed in a double logarithmic plot
5 {dose-finding cohort) or 8 h (PK and PK/PD cohorts}
after the last dose (Fig. 5). The linear regression lines
suggested that telaprevir concentrations in the liver were 5
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Fig. 3. PK analysis of telaprevir in the HCV-infected mouse model.
Six HCV-infected mice were administered 100 (n=3) or 300
(n=3) mg telaprevir kg™' BID for 4 days and serum samples were
collected once daily to assess antiviral activity, After the last dose,
plasma samples were collected at 1, 4 and 8 h for PK analysis. (a)
Mean log;o changes ( + SeMm) in serum HCV RNA from mice treated
with telaprevir. Arrows indicate the times of dosing. (b) Kinetics of
telaprevir concentrations in plasma after the last dose.

10-fold higher at 5 h and approximately fourfold higher at
8 h than those in plasma. Total cellular RNA samples were
extracted from two, one and four discrete small sections
(approx. 50 mg) of the liver in the preliminary dose-
finding, PK and PK/PD cohorts, respectively. HCV RNA
levels in the total cellular RNA extract were relatively
quantified by duplex real-time RT-PCR analysis using
human f,-microglobulin (hf,m) as an internal standard of
human endogenous gene expression. Neither the threshold
cycle (Ct) of hfym (Ctygam) nor the Ct of HCV (Ctucy)
correlated with total RNA from a small section of the
chimeric human livers (data not shown). This result
indicated that occupancy rates of human cells varied
individually and/or among small sections of the chimeric
human liver. Therefore, the mean difference in Ct
(ACt=Ctycv— Ctngam) in each mouse was calculated and
plotted against the viral load in serum (Fig. 6). After
treatment with telaprevir for up to 10 days, mean ACt
values ranged between 11 (HCV RNA content:
21=2 % 10°-fold lower than hf,m expression) and 17

(1 x10°-fold lower) among the HCV-infected mice and
correlated linearly with logye serum HCV RNA levels.

Viral dynamics model analysis

To evaluate time-dependent reductions in HCV with BID
dosing, 12 HCV-infected elderly mice, which maintained
high and steady-state viral loads (1.2 x 10°-8.5 x 10’ copies
ml ') for more than 6 months, were treated with 200 mg
telaprevir kg ™' BID for 3 days. The mice were divided into
two groups, and serum samples were collected just before
the second dose and 4 (n=6) or 8 (n=6) h after every two
administrations. The single administration of telaprevir
resulted in a mean 0.8-1.0 log;o-fold reduction in HCV
RNA in both groups. After the second dose, the pattern of
viral kinetics appeared to depend on the time of serum
collection, and the mean HCV RNA reduction level was
higher in the 8 h group than in the 4 h group and
plateaued at approximately a 2 log;p-fold reduction in both
groups after treatment for 3 days (Fig. 7). Finally, we
attempted to estimate parameters of efficacy (&) and virus
clearance (¢} per hour in this mouse model for comparison
with estimates derived from human studies. Because the
mean viral kinetics of the 8 h group was biphasic, the
values in the 8 h group were used together for the
mathematical model analysis. The estimated ¢ and ¢ values
were 0.992 (95 % CI 0.982-1.00) and 0.200 (95 % CI 0.110—
0.291), respectively.

DISCUSSION

Using a mouse model with a chimeric human liver for
HCV infection, we analysed the PK/PD of telaprevir
treatment and investigated HCV dynamics during the
initial phase of protease inhibitor treatment. All the mice in
this study were expected to have more than half of their
livers repopulated by human hepatocytes (Tateno et al,
2004}, which simulates a human drug metabolism profile
(Katoh et al.,, 2007, 2008). After the infection with HCV
genotype 1b, high viral loads were maintained in the mice
for more than 6 months. Recent studies have indicated the
utility of a human/mouse chimera model for HCV
infection to evaluate antiviral efficacy (Kneteman et al,
2006, 2009) and preclinical safety (Vanwolleghem et al,
2007). However, PK/PD studies and estimations of virus
clearance rate have rarely been performed in this mouse
model. HCV production, including intracellular replication
in engrafted hepatocytes, has also not yet been elucidated.
Despite the SCID nature of this mouse model, a 2 log¢-
fold HCV RNA reduction was observed within 0.5 days, as
has been observed previously in CHC patients (Forestier
et al., 2007; Reesink et al., 2006). In this mouse model, the
rapid rebound in HCV load during the intermission from
drug exposure indicated the rapid production and release
of HCV into the circulation. This finding indicates that a
virion-clearing compartment, which does not depend on
T- and B-cell responses, may exist in this mouse model.
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Fig. 4. PK/PD analysis and the dose-dependent reduction in HCV, Twelve HCV-infected mice were randomized into three
groups (n=4 each) and then underwent two periods of telaprevir BID dosing for 5 days, separated by a 1-week washout
period. Before the second period, the mice in the vehicle control group were additionally assigned to active drug groups. During
the second pericd, mice that received the high or low doses were crossed over o the alternative treatment. Serum and plasma
samples were collected once daily 5 h after dosing. Mean logqo changes (£ 8em) in serum HCV RNA were calculated from the
combined results from both periods (a) and each period separately (b). Arrows indicate the times of dosing. *, P<0.05 versus
vehicle contral group; #, P<0.05 versus 100 mg kg~' group. {c) Correlation between logso reduction in serum HCV and
telaprevir concentrations in plasma. Linear regressions (solid lines) and 85% Cl (dashed lines) are indicated.

One possible explanation is that viral kinetics after liver
transplantation in humans may play a role in HCV
clearance under immunosuppressed conditions {Dahari
et al., 2005; Powers et al., 2006; Schiano et al., 2005). This
observation suggests that this mouse model is capable
of evaluating ‘first-phase’ HCV clearance after drug
treatment.

In a clinical trial of telaprevir, CHC patients who exhibited
a continuous decline in viral kinetics had mean plasma
trough levels above 1000 ng ml™!; therefore, a dose of
750 mg TID was selected for further clinical studies
(Sarrazin et al, 2007). When HCV-infected mice were
administered 100 or 300 mg telaprevir kg~', a plasma
concentration above 1000 ng ml~' was maintained beyond
8 h in mice treated with 300 mg kg™ but not in those
treated with 100 mg kg~ '. This result suggests that the
extrapolation of telaprevir doses from this mouse model to
human studies depends on body surface area, ie.
approximately 15th of a dose in this mouse model may
be equivalent to a dose in humans. In another cohort of
mice treated with 100 and 300 mg telaprevir kg™’ BID, a

dose-dependent reduction in HCV was observed and the
plasma telaprevir concentration correlated significantly
with the HCV reduction level. Therefore, the PK/PD
results in this mouse model may be able to indicate a
targeted dose range in clinical studies.

Whereas a telaprevir concentration in plasma equivalent to
its dosage in clinical trials was achieved in this mouse
model, the serum HCV RNA level plateaued at a decrease
of approximately 2 logjo-fold within several days of
treatment. A saturated reduction of approximately 2
log,o-fold after treatments with BILN 2061 and IFN was
also reported in an analogous mouse model (Kneteman
et al., 2006; Vanwolleghem et al., 2007). These observations
led us to examine HCV replication in the chimeric human
liver. In the relative quantification of HCV RNA against
human-specific endogenous gene expression, we observed
a correlation between the serum HCV RNA level and the
mean ACt value in the liver, despite no correlation between
the total RNA concentration and each Ct value of two
target genes in the liver RNA extracts. This result can be
interpreted to indicate that HCV replicated only in
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engrafted human hepatocytes, and the observed HCV
reduction in serum might reflect virus replication in the
human hepatocyte grafts. Moreover, the relative content of
HCV RNA was 2x10°-1x10°-fold lower than hf,m
expression, whereas an HCV replicon cell line, which had
approximately 1000 replicon genomes per cell (Quinkert
et al., 2005), contained nearly equal amounts of both genes
(data not shown). HCV replication was much lower in the
engrafted human hepatocytes than in an HCV replicon cell
line, and HCV infected only a small portion of the
engrafted human hepatocytes. It has been reported that 4-
25% of hepatocytes in a CHC patient were positive for
replicative-intermediate RNA, and the mean number of
viral genomes per productively infected hepatocyte ranged
from 7 to 64 molecules (Chang ef al., 2003). Also, a more
recent report suggested that the percentage of HCV
antigen-positive hepatocytes in patients varied from 0 to
40 %, and the HCV content in 2000 microdissected HCV-
positive cells ranged from 40 to 1800 international units
using a branched DNA assay (Vona et al,, 2004). Therefore,
we suggest that HCV replication efficiency in engrafted
human hepatocytes is equivalent to that in CHC patients.
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Fig. 6. Correlation between HCV content in the liver and serum,
Relative quantification of HCV RNA levels in the liver was
determined by the difference between threshold cycles (ACY) of
HCV RNA and hfzm in a duplex real-time RT-PCR analysis. Linear
regressions (solid line) and 95 % CI (dashed lines) are indicated.

The differences observed between the engrafted human
hepatocytes and the HCV replicon cell line can be
explained by the following assumptions: approximately
10% of engrafted human hepatocytes are productively
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Fig. 7. Viral dynamics under BID telaprevir treatment. Mice were
administered 200 mg telaprevir kg™! BID at the times indicated by
arrows. Serum samples were collected just before the second
dose was administered and 4 (n=8) or 8 (n=6) h after every two
doses were administered. Mean log,o changes {£SEM) in serum
HCV RNA are plotted. The solved equation described in Methods
was fitted to the values in the 8 h group (solid ling), and the
estimated efficacy and virion clearance rates were 0.992 (95 9% Cl
0.982-1.00) and 0.200 (85 % Cl 0.110-0.291), respsctively.
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infected and harbour approximately ten HCV genomes per
cell at baseline steady state and a 2 log,,-fold reduction is
achieved with drug treatment.

Mathematical models have proven valuable in understanding
the in vivo dynamics of HCV, and very rapid dynamic
processes occur on timescales of hours to days, and slower
processes occur on timescales of weeks to months (Perelson &
Ribeiro, 2008). In the last experiment, we observed a biphasic
decline in the HCV RNA level after BID dosing for 3 days.
During the first 2 days of the treatment, a discrepancy in viral
kinetics between the serum-sampling time points was noted.
Similarly, fluctuations in viral kinetics during the first-phase
slope were observed in patients who received IFN three times
a week (Pawlotsky et al, 2004). Variable efficacy rate
determined by PK parameters can explain fluctuations during
the first-phase slope in mathematical model analysis (Talal
et al., 2006). However, it is difficult to evaluate the individual
temporal changes in viral and drug kinetics using a mouse
model as only a limited volume of blood is available for
analysis. Therefore, we assumed a constant efficacy rate (&)
and omitted a turnover rate of hepatocytes because of the
short duration of treatment. The estimated clearance rate (¢)
in this study was 4.8 day'. Additionally, the mean slope of
0.144 log, h™' (Fig. 2b) could be transformed to
0.332 h™'=8.0 day ' according to the change of base of a
logarithm. The estimated clearance rates in this mouse model
basically agreed with estimates determined in humans
infected with HCV genotype 1 and undergoing IFN-based
therapies (Herrmann et al, 2003; Neumann et al, 1998;
Pawlotsky et al, 2004) or large-volume plasma apheresis
(Ramratnam et al, 1999). Total virion production during
steady-state viral kinetics in this mouse model was calculated
by multiplying ¢ by the initial viral load (V) and then
normalizing the extracellular fluid volume. From previous
studies, it was determined that 10''-10"? virions are produced
daily in patients with high HCV loads (Neumann et al., 1998;
Ramratnam et al., 1999). In this mouse model, the volume of

extracellular fluid and weight of the liver were approximately.

20 and 9% of the body weight (data not shown), and the
mean log;, V, (£ $EM) among the mice with mean clearance
rates of 4.8 and 8.0 per day were 6.961+0.26 and 7.00£0.33,
respectively. The results of the calculations indicated that 1 g
of the chimeric human liver produced 1 x 10°-2 x 10° virions
per day. The typical weight of the human liver is 1-2 kg; thus,
the capacity of human hepatocytes to produce HCV in this
mouse model may be equivalent to that in CHC patients. In
conclusion, a mouse model with a chimeric human liver can
simulate HCV replication in human patients quantitatively
and dynamically, and this mouse model may be suitable for
preclinical evaluations of novel HCV-specific agents and
other therapeutic strategies, including combination regimens.

METHODS

Generation of mice with chimeric human livers and HCV
infection. The generation of WPA*'*/SCID™'* mice and trans-
plantation of frozen human hepatocytes was performed at

PhoenixBio. Graft function was monitored on the basis of HSA
levels in blood (Tsuge et al., 2005). All the mice had high HSA levels,
which suggested that nearly half of their livers were repopulated by
human hepatocytes (Tateno et al, 2004). After obtaining written
informed consent, we collected sera periodically from patients who
were chronically infected with HCV genotype 1b and failed to
respond to PEG-IFN and RBV therapy. The mice were inoculated
with the serum samples via the orbital vein after anaesthetization. The
experimental protocol was approved by the Ethics Review Committee
for Animal Experimentation of the Graduate School of Biomedical
Sciences, Hiroshima University.

Compound preparation and experimental designs. The telapre-
vir formulations were kindly provided by Vertex Pharmaceuticals. A
telaprevir suspension was prepared as described previously (Perni et
al., 2006) and used in experiments 1 and 2. In the other experiments,
a telaprevir suspension was prepared daily as in the tablet formulation
(Forestier et al,, 2007; Hézode et al, 2009; McHutchison et al., 2009).
A suspension of telaprevir was administered via oral gavage.

Experiment 1: preliminary dose-finding study. Ten out of 11 mice
developed serum HCV loads greater than 10* copies ml™'. Nine mice
with high viral loads (>10° copies ml™') were randomized and
administered 10 or 100 mg telaprevir kg ' BID or TID over three
periods, During period 1, the mice were administered 100 (n=4} or
10 (n=4) mg telaprevir kg~' or vehicle (n=1) BID at 18:00 and
10:00 h for 7 days, and serum samples were collected before
treatment and 1 h after administration in the morning on the third
and/or seventh day. During period 2, the mice were administered 100
(n=5) or 10 (n=4) mg telaprevir kg~' TID for 3 days, and serum
samples were collected before treatment and 4 h after administration
of the last dose. Three mice died between periods 2 and 3. During
period 3, the mice were administered 100 (#=3) or 10 (n=3) mg
telaprevir kg™' TID for 10 days. The mice were sacrificed 5 h after
administration of the last dose, and plasma, serum and liver samples
were collected.

Experiment 2: evaluation of HCV turnover. Eleven mice were
infected with HCV and eight mice survived for more than 15 weeks
with steady-state and high viral loads (10°-10® copies ml™"). Six of
the mice were administered 200 mg telaprevir kg™' TID at 9:00,
14:00 and 19:00 h for 4 days. On day 1, serum samples were
collected before dose administration, 4 h after the first and second
doses were administered, and 2 h after the third dose was
administered (n=2 each). On day 2, serum samples were collected
1 h after each of the three doses was administered (n=2 each). Serum
samples were also collected 4 h after the first and second doses were
administered on day 3 (n=3 each) and 4 h after the second dose was
administered on day 4.

Experiment 3: PK analysis. After a washout period, six mice from
experiment 2 were administered 100 or 300 mg telaprevir kg ™' (n=3
each) BID at 19:00 and 9:00 h for 4 days. Serum samples were
collected before dose administration, 4 (n=1) or 8 (n=2) h after
administration of the second dose, and 5 h after every two doses were
administered. After the final dose was administered, plasma for PK
analysis was collected at 1 and 4 h. The mice were sacrificed at 8 h,
and 'serum, plasma and liver samples were collected.

Experiment 4: dose dependence and PK/PD analysis, Thirty-six
mice were infected with HCV and 13 survived for more than 13
weeks. The median survival time of this cohort was 81 days after
infection. Twelve HCV-infected mice were randomized into three
groups (A-C; n=4 each) and underwent two periods of BID dosing
for 5 days, which were separated by 1-week washout periods, During
the first period, the mice in groups A, B and C were administered
300 mg telaprevir kg™!, 100 mg telaprevir kg™' and vehicle,
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respectively, Because two mice in group A and two mice in group C
died before the second period, two remaining mice in group C and
one back-up mouse were assigned to group A (n=2) and group B
(n=1). During the second period, mice that received high or low
doses were crossed over to the alternative treatment. Serum samples
were collected before the first dose was administered and 5 h after
every two doses were administered. Plasma samples were also
collected at the same time on days 1, 3 and 5 in the first period
and days 1, 3 and 4 in the second period. The mice were sacrificed 8 h
after administration of the final dose, and serum, plasma and liver
samples were collected.

Experiment §: viral kinetics with BID dosing After infection of 45
mice, 12 HCV-infected mice maintained steady-state and high viral
loads (1.2 x 10°-8.5 x 107 copies ml ') for more than 6 months. The
median survival time of this cohort was 131 days after infection.
These mice were treated with 200 mg telaprevir kg~ BID at 19:00
and 9:00 h for 3 days. The mice were divided into two groups and
serim samples were collected just before the second dose was
administered and 4 (n=6) or 8 (#=6) h after every two doses were
administered.

Serum RNA exiraction and HCV RNA quantification. HCV RNA
was isolated from 10 pl serum under denaturing conditions using a
SepaGene RV-R kit (Sanko Junyaku). The dried precipitates were
dissolved in 10 pl diethylpyrocarbonate-treated water. Extracts were
duplicated and assayed by quantitative real-time RT-PCR using
TaqgMan EZ RT-PCR core reagents (Applied Biosystems). Nucleotide
positions of the probe and primer sets refer to HCV H77 strain
{GenBank accession no. AF009606). The TagMan probe 5'-6-FAM-
CTGCGGAACCGGTGAGTACAC-BHQ-1-3' (nt 148-168) was pur-
chased from Biosearch Technologies, and the forward (5'-
CGGGAGAGCCATAGTGG-3"; nt 130-146) and reverse (5'-
AGTACCACAAGGCCTTTCG-3'; nt 272-290) primers were pur-
chased from Sigma-Aldrich. The 25 pl RT-PCR mixture contained
0.2 nmol forward and reverse primers mi ™', 0.3 nmol TagMan probe
ml™" and 5 pl extracted RNA, and was monitored using a PRISM
7900HT sequence detection system (Applied Biosystems). The
thermal profile was 2 min at 50 °C, 30 min at 60 °C for reverse
transcription and 5 min at 95 °C, followed by 45 cycles of 20 s at
95 °C and 1 min at 62 °C. The HCV replicon I3zneo/NS3-3'/5.1
(Lohmann et al, 1999) RNA was transcribed in vitro using a T7
RiboMax Express Large Scale RNA Production System (Promega)
and purified twice using gel filtration. The concentration of this
transcribed RNA was determined by absorbance at 260 nm and
serially diluted 10-fold to prepare a standard curve for each assay.

Liver RNA extraction and HCV RNA quantification. A Wizard SV
total RNA Isolation System (Promega) was used to obtain a DNase I-
treated total RNA sample. The total RNA concentration was
determined by absorbance at 260 nm. Total RNA samples were
assayed by duplex real-time RT-PCR for relative quantification of
HCV RNA using endogenous control gene expression of human §,-
microglobulin (hf;m; GenBank accession no. NM_004048), the
TagMan probe 5'-CAL Fluor Orange 560-AGTGGGATCG-
AGACATGTAAGCAGCATCAT-BHQ-1-3’ (nt 401-430), and the
forward and reverse primer set of 5'-TTGTCACAGCCCAA-
GATAGTT-3' (nt 379~399) and 5'-TGCGGCATCTTCAAACC-3'
(nt 434-450). To adjust the efficacy of PCR amplification of both
target genes, the reaction condition was modified from the HCV
single-probe assay. The temperature for extension was 60 °C, the
concentration of the HCV probe was 0.24 nmol mi~' and the
reaction mixture contained the TagMan probe/primer set for hf.m:
0.2 nmol primers ml™" and 0.12 nmol TaqMan probe ml™". Because
both target genes double after one cycle of PCR, a difference in Ct
between HCV and hf2m (ACt=Ctycy— Ctypm) theoretically indi-

cates a relative quantity of HCV RNA per control gene expression of
2788

Determination of drug concentration. Plasma and liver samples
were analysed using chiral liquid chromatography followed by
tandern mass spectrometry. After reconstitution, sample extracts
were separated by normal-phase chromatography on a 2 x 250 mm
Hypersil CPS-1 column (Thermo Hypersil-Keystone} with a mobile
phase of heptane: acetone: methanol (82:17:1). Analyte concentra-
tions were determined by turbo ion spray liquid chromatography/
tandem mass spectrometry in the positive-ion mode. Analysis was
performed at SRL or Mitsubishi Chemical Medience.

Statistical analysis. The HCV RNA level in serum was normalized
by logarithmic conversion. Statistical analysis was performed with a
mixed linear model using sas (SAS Institute). Mean differences
between two groups were evaluated with Student’s #-test. The
difference compared with vehicle control at each time point was
evaluated by Dunnett’s multiple comparisons test. Linear and non-
linear regression analyses were performed using GraphPad Prism 5
(GraphPad Software). :

Viral dynamics model analysis. The basic mathematical model for
the analysis of HCV infection in vivo, which is a system of three
ordinary differential equations for uninfected cells (T), productively
infected cells (I) and free virus {V), has been reviewed elsewhere
(Perelson & Ribeiro, 2008). Briefly, one of the three equations (dW/
dt=pl—cV}, where viral particles are produced at rate p per infected
cell and cleared at rate ¢ per virion, was solved. During treatment for
2-3 days, if one assumes that the number of [ is approximately
constant and equal to its pre-treatment value and that the viral level
was at its set-point value (Vy), then pI=cV;. Using this relationship in
the equation dVidt=(1—¢)pl—V, where & is the effectiveness in
blocking virion production, yields dV/di=(1—¢) ¢V, —V, V(0)=V,
with the solution W{£)=Vy(1—g+ge ). Because the log change of
viral load at time [log AV(t)] equals log W{#)/Vy, the solved equation
flog AV(H)=log(1—e +ge~“)] was fitted to the values obtained in this
study via non-linear least-squares regression in order to estimate ¢
and c.
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HBx protein is indispensable for development of
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The non-structural X protein, HBx, of hepatitis B virus (HBV) is assumed to play an important role
in HBV replication. Woodchuck hepatitis virus X protein is indispensable for virus replication, but
the duck hepatitis B virus X protein is not. In this study, we investigated whether the HBx proteinis
indispensable for HBV replication in vivo using human hepatocyte chimeric mice. HBx-deficient
(HBx-def) HBV was generated in HepG?2 cells by transfection with an overlength HBV genome.
Human hepatocyte chimeric mice were infected with HBx-def HBV with or without hepatic HBx
expression by hydrodynamic injection of HBx expression plasmids. Serum virus levels and HBV
sequences were determined with mice sera. The generated HBx-def HBY peaked in the sucrose
density gradient at points equivalent to the generated HBV wild type and the virus in a patient's
serum. HBx-def HBV-injected mice developed measurable viraemia only in continuously HBx-
expressed liver. HBVY DNA in the mouse serum increased up 1o 9 logqo copies ml™" and the
viraemia persisted for more than 2 months. Strikingly, all revertant viruses had nucleotide
substitutions that enabled the virus to produce the HBx protein. It was concluded that the HBx
protein is indispensable for HBV replication and could be a target for antiviral therapy.

(Seeger & Mason, 2000; Tang et al, 2001). Although

previous works have demonstrated that HBx protein is

Chronic hepatitis B virus (HBV) infection is associated
with the development of virus-related liver diseases,
including chronic hepatitis, liver cirrhosis and hepatocel-
lular carcinoma (HCC). HBV is a member of the family
Hepadnaviridae, which consists of hepatotropic, small
DNA viruses that infect their respective animal hosts
(Ando et al, 1999; Ganem & Schneider, 2001; Raney &
McLachlan, 1991), HBV particles contain a 3.2 kb partially
double-stranded circular DNA genome encoding four open
reading frames (ORFs). The preS/S, pre-core/core, poly-
merase/reverse transcriptase and non-structural X protein
(HBx) mRNAs are transcribed from each of the four ORFs

The GenBank/EMBL/DDBJ accession number for the nucleotide
sequence of the HBV genome cloned into plasmid pTRE-HB-wt is
AB206817. )

necessary for maximal HBV replication in cultured cells
(Bouchard et al., 2001; Keasler et al, 2007; Leupin et al,
2005; Tang et al., 2005) and in mouse hepatocytes (Keasler
ef al., 2007), the precise function of HBx in the virus life
cycle remains poorly defined in human hepatocytes under
physiological conditions because there is no natural
infection—replication system available. Accordingly, all
previous work has been done using hepatocarcinoma cell
lines with transfection or mouse hepatocytes with hydro-
dynamic injection. Analysis of HBx under physiological
conditions will provide more accurate information for the
function of the HBx protein.

The nucleotide and amino acid sequences of the X genes are
well-conserved among all mammalian hepadnaviruses.
Expression of HBx protein in hepatocytes has been reported
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both in humans (Su et al., 1998) and in woodchucks (Dandri
et al., 1996; Jacob et al., 1997). Previous reports have shown
that the X protein of the woodchuck hepatitis virus (WHV)
is important for the virus life cycle (Chen et al, 1993;
Sitterlin et al., 2000a; Zhang et al., 2001; Zoulim et al., 1994).
In contrast, in non-oncogenic avian hepatitis viruses, such as
duck hepatitis B virus (DHBV), the X protein (DHBx) is not
necessary for virus replication in vivo (Meier et al,, 2003).
The HBx and WHYV X proteins (WHX) localize both in the
cytoplasm and in the nucleus (Dandri et al, 1998; Doria
et al., 1995; Sitterlin ef al,, 2000b; Wang et al., 1991}, and both
of them have similar multi-phasic activities for transcription,
DNA repair, cell growth and apoptotic cell death in tissue-
culture cells (Arbuthnot et al., 2000; Murakami, 2001). HBx
and WHx have also been shown to stimulate virus replication
in cell lines by activating viral transcription (Colgrove et al,
1989; Melegari et al, 2005; Zhang et al, 2001) or by
enhancing the reverse transcription activity of the viral
polymerase (Bouchard et al, 2001; Klein et al, 1999).
Although it has been shown that the WHx protein is
indispensable for virus replication in vivo (Zoulim et al,
1994), which of the above functions is indispensable remains
unknown. As HBV infects only humans and chimpanzees, it
has been difficult to perform intensive studies in vivo.

Recently, Mercer et al. (2001) reported that transplanted
human hepatocytes in SCID mice homozygous for the Alb-
uPA transgene resulted in replacement of the mouse liver.
They also reported that the highly replaced mice are
susceptible to hepatitis C virus (Mercer et al, 2001).
Tateno et al. (2004) also created human hepatocyte chimeric
mice with an improved replacement rate. Using this chimeric
mouse model and the cell-culture-created HBV, we showed
previously that hepatitis B e antigen (HBeAg) is dispensable
for virus infection and replication (Tsuge et al, 2005).

In this study, we tested whether the cell-culture-generated
HBx-defective (HBx-def) HBV infects and replicates in the
chimeric mice. As HBx-def HBV did not develop
measurable viraemia, we expressed the HBx protein in
the chimeric mouse liver by hydrodynamically injecting
HBx-expression plasmid. It was noted that this trans-
complementation of HBx helped the replication of HBx-
def virus in the chimeric mice, and revertant viruses
showed nucleotide substitutions that reversed the intro-
duced stop codon [CAA to TAA created by a C-to-T point
mutation at nt 1395 (aa 7) in the HBx gene; Fig. 1a] and
restored expression. The HBx protein is thus indispensable
for infection and proliferation of HBV. The protein thus
might be a target for therapy development against HBV.

RESULTS

Production of HBV particles and antigens in cell

culture and effect of HBx ablation

We initially examined nucleotide sequences of the cell-line-
produced HBV by direct sequencing of the PCR products

using cell-culture supernatants. As expected, HBV DNA
was released from HepG2 cells transfected with the HBx-
def plasmid with an introduced stop codon mutation by
calcium phosphate precipitation (data not shown}. We
then analysed hepatitis B surface antigen (HBsAg), HBeAg
and HBV DNA in the supernatants 3 days after transfec-
tion. While HBV DNA titres were not significantly
different between the wild-type (WT)- and HBx-def
HBV-transfected cultures, the HBsAg and the HBeAg
levels were significantly lower in HBx-def HBV- than in
WT-transfected cultures (Fig. 1b).

To examine the particle formation in the transfection
experiments, we analysed the density of generated HBV
by sucrose density gradient sedimentation analysis. The
density of the cell-culture-produced HBx-def HBV was
compared with those of WT HBV and HBV obtained from
human serum. As shown in Fig. 1(c), each of the three
preparations of HBV sedimented at sucrose density
1.18 g ml™", suggesting that cell-culture-produced HBV
particles were similar to those obtained from human
serum.

Infectivity of HBx-def HBV particles

To analyse the infectivity of HBx-def HBV, we inoculated
cell-culture-produced recombinant HBV (WT HBV or
HBx-def HBV) into chimeric mice. All seven mice injected
with cell-culture-generated WT HBV developed meas-
urable viraemia 2-7 weeks after inoculation. The virus
titre reached 6-10 log;; copies ml™' and the viraemia
persisted for more than 4 months (Fig. 2a). In contrast,
we did not observe any measurable viraemia in HBx-def
HBV-injected mice within a period of 16 weeks after
inoculation (Fig. 2b). Only five of 16 HBx-def HBV-
inoculated mice became occasionally positive for HBV
DNA by nested PCR assay. We then examined the mouse
livers 14 weeks after inoculation by immunchistochemical
staining with anti-HB core (HBc) antibody. As shown in
Fig. 2(c), human hepatocytes of WT-injected mice were
positive for HBV core antigen (HBcAg). In contrast, the
staining was negative in mouse liver injected with HBx-def
HBV.

Effect of trans-complementation of entire and
partial HBx protein on replication of HBx-def HBV

We then investigated the effect of trans-complementation
of the HBx protein both in vitro and in vivo. Since the C-
terminal two-thirds (aa 51-154) domain of HBx has been
reported to contain a transactivation domain (Tang et al.,
2005), we constructed three plasmids (full length and
residues 1-50 and 51-154), as shown in Fig. 3(a). To
analyse the effect of co-transfection of these three plasmids
on intracellular replication of HBYV, the cells transfected
using TransIT-LT1 reagent were harvested 24 h after
transfection and analysed by Southern blotting. As shown
in Fig. 3(b), trans-complementation of HBx enhanced the
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Fig. 1. Construction of HBV expression plasmids. (a) Wild type (WT) 1.4x genome length HBV was cloned into the pTRE2hyg
vector (pTRE-HB-wt) and a nucleotide substitution, C1395T, was introduced to create the HBx-def mutant pTRE-HB-X-def.
(b) Comparison of expression of HBsAg, HBeAg and HBV DNA in culture medium between WT and HBx-def. (c) Sucrose
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supernatants from a cell culture transfected with WT HBV (pTRE-HB-wt, middle) and HBx-def pTRE-HB-X-def. C.O.l,, cut-off
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replication of HBV to the WT level. The effects of HBx
protein were also evident on the expression of HBsAg
(Fig. 3c) and HBeAg (Fig. 3d). As reported previously, the
effect of the C-terminal two-thirds (aa 51-154) of the HBx
protein was stronger than that of the entire protein and the
N-terminal one-third (aa 1-50) (Tang et al., 2005). The
production of replication intermediates was increased
similarly by co-transfection of the X proteins (Fig. 3e).
To further study the effect of HBx expression, we analysed
the levels of intracellular core protein expression. As shown
in Fig. 4(a), the expression levels of the core protein were
upregulated with the expression of the entire (WT) and C-
terminal two-thirds (aa 51-154) of the HBx protein.
Immunocytochemical analysis showed that only the cells
with strong HBx protein expression were stained with the

core protein (Fig. 4b). The core and HBx proteins in these
cells were stained mainly in the cytoplasm.

Expression of HBx protein in mouse liver by
hydrodynamic injection

Next, we expressed the HBx protein in the chimeric mouse
liver with hydrodynamic injection. As shown in Fig. 5(a), a
dose-dependent expression of the HBx protein with a
haemagglutinin (HA) tag was confirmed by Western blot
analysis. Although Henkler et al. (2001) showed an
aggregation of HBx under the control of the human
cytomegalovirus (CMV) promoter, we were able to observe
expression of properly sized HBx. Immunohistochemical
analysis also revealed HBx protein expression in the mouse

1856

Journal of General Virology 91

- 134 -



Functional analysis of HBx protein

e 4

(~/+) e
I

Time after inoculation (weeks)
(b)
12

1 2345678 91011121314151617
(n=7)

10}

HBV DNA [log,, (copies mI™)]

4
(-/+)

fo Fal L

(S

Time after inoculation (weeks)

No. analysed mice

012 3456 7 891011121314151617
(n=186)

Weeks 2 4

6 8 16
HBV (=/+) 1 3 3 0 1 0 0 0
6 9 3

DNA (= 15 10

(c)

x40 %200

Fig. 2. Infection of human hepatocyte chimeric mice with
cell-culture-derived HBV. (a, b) WT (a) and HBx-def (b) HBV
particles generated from HepG2 cell lines by transfection of
overlength HBV plasmid injected into chimeric mice. (©)
Immunohistochemical analysis of mouse liver infected with
WT (upper panel) and HBx-def (lower panel) HBV using anti-
HBc antibody. HBV-infected hepatocytes were stained
brown.

liver. Notably, the HBx protein staining was strong around
the central vein (Fig. 5b).

Infection of HBx-def HBV particles with
intrahepatic expression of the HBx protein

As the infection experiments with HBx-def HBV failed to
result in measurable viraemia (Fig. 2b), we then tried to
infect HBx-def HBV after expression of HBx protein by
hydrodynamic injection. As shown in Fig. 6(a), six of seven
mice developed measurable viraemia 2-8 weeks after
inoculation. The incidence of measurable viraemia was
significantly higher in mice that received hydrodynamic
injection than in those without (Fig. 2b versus Fig. 6a,
P<0.0001). Immunohistochemical analysis of the infected
mice showed simultaneous staining for human serum
albumin (hAlb) and HBcAg in the same portion of the liver
(Fig. 6b).

Sequence analysis of inocula and the infected
mouse sera

We analysed nucleotide sequences of the virus recovered
from all six infected mice and compared them with those
of inoculated HBx-def HBV. As shown in Fig. 7(a), direct
sequencing analyses of the amplified HBV DNA products
showed that all revertant viruses had T1395C (mouse

MHX#1, 3, 5-7) or TI395A (mouse MHX#2) point
mutations, which reverted the introduced stop codon to
amino acids. We further analysed nucleotide sequences of
HBV by cloning and sequencing using serum samples
obtained from two mice (MHX#1, 33 clones; MHX#2, 38
clones) (Fig. 7b). Only one of 33 clones obtained from
MHZX#1 and none of the 38 clones from MHX#2 had
the stop codon mutation that was introduced into the
transfected plasmid.

DISCUSSION

In previous studies, HBx has been reported to be a multi-
functional protein affecting cell growth and proliferation
and activating transcription of mRNA (Arbuthnot et al.,
2000; Bouchard et al., 2001; Klein et al., 1999; Murakami,
2001) and virus replication in HCC cell lines (Bouchard
et al., 2001; Keasler et al., 2007; Leupin et al., 2005; Tang
et al., 2005) and mouse hepatocytes (Keasler et al., 2007;
Xu et al., 2002). However, these results were obtained by
introduction of HBV genomes into cells using artificial
methods such as transfection, gene transfer and hydro-
dynamic injection. Recently, we established an in vivo
HBYV infection system using human hepatocyte chimeric
mice (Tsuge et al., 2005). The system enabled us to
perform infection experiments using HBV-containing
patient sera and cell-culture medium. Using this system,
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Fig. 3. Recovery of reduced formation of replication intermediate and HB antigens from HBx-def HBV by trans-
complementation of HBx. (a) Construction of HBx expression plasmids. Full-length and deletion mutants of HBx gene were
cloned into the p3FLAG-CMV10 or pcDNA3 or pcDNA3.1-3HA vector. Examples of three FLAG-tagged plasmids are shown.
(b) Trans-complementation of HBx protein restored the reduced formation of replication intermediates of HBx-def HBV. The
core-associated HBV replication intermediates were collected from HepG2 cells and detected with Southern blot hybridization
with a full-length HBV probe. (c—e) Recovery of reduced production of HBsAg (c) and HBeAg (d) in culture medium and
replication intermediates (e) of HBx-def HBV with trans-complementation of HBx expression plasmids. HBx (WT) and HBx(51-
154), but not HBx(1-50), effectively enhanced the formation of HBV products. (b, €) The levels of core-associated HBV DNA
are shown at the bottom of each lane. Data in (c) and (d) are mean +sp of three experiments.

we showed previously that HBeAg is dispensable for HBV
infection and active replication in vivo (Tsuge et al,
2005). Virus replication following infection of HBV
particles is quite similar to natural infection. We thus
applied the system to study the function of HBx protein
in this study. We also utilized hydrodynamic injection of
HBx expression plasmid to trans-complement the defect-
ive HBx. As shown by Western blot analysis (Fig. 4a),
HBx protein of the expected size was produced without
development of antibody in this SCID-mouse-based
model system.

This natural infection mode is quite different from
previous animal studies. Virus titres of HBx-def HBV were
approx. 50-99% compared with WT HBV in vitro

(Bouchard et al., 2001; Keasler et al., 2007; Leupin et al.,
2005; Tang et al., 2005) and in vivo (Keasler et al., 2007; Xu
et al., 2002). High-level HBx-def virus production seen in
these experiments may be the result of expression of HBV
proteins other than HBx following forced introduction of
plasmids into mouse liver cells by hydrodynamic injection
or transgenes. Such introduction probably resulted in virus
production that is similar to in vitro transfection experi-
ments using cultured cells.

In vitro experiments in this study showed that normal-
density HBV particles (Fig. 1c) were produced in the
absence of HBx. Curiously, the amount of HBV DNA
released from the cells into the supernatant was not
different between WT and HBx-def HBV, even though the
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Fig. 4. Upregulation of intracellular core protein formation by trans-complementation of the HBx proteins. (a) Western blot
analysis of intracellular proteins. Expression of the HBx proteins (percentage adjusted volume) is shown by staining the fused
FLAG tag (upper panel). The membrane was also stained by the anti-HBc (middle) and anti--actin (lower) antibodies. Values
obtained by scanning via densitometer are shown at the bottom of each lane. (b) Immunohistochemical analysis of HepG2 cells
co-transfected with pTRE2-HB-X-def and p3FLAG-HBx plasmids. The expression of HBx and HBc proteins was detected by
anti-FLAG (upper left) and anti-HBc (upper right) antibody, respectively. The merged image is shown in the lower right and
nuclei are shown in the lower left panel. Note that only cells positive for HBx are also positive for HBc protein.

amounts of HBsAg and HBeAg as well as the amount
of HBV DNA in cells were significantly greater in WT
(Fig. 1b). Efficacy of release of the virus from the cells
might be different between WT and HBx-def HBV.
Alternatively, production of defective virus, which
appeared as the second peak of HBV DNA in the sucrose
gradient experiment (Fig. lc, right panel), might be
enriched in HBV DNA in the supernatant of HBx-def
HBV. The reason for this discrepancy is unknown.
Previous papers did not mention such production of
HBYV into the supernatant.

Similarly, in the absence of HBx protein in vitro, the
formation of the replication intermediates (Fig. 3) and
production of intracellular core protein (Fig. 4) continued,
although their amounts were much lower. It is thus
difficult to explain the inability of HBx-def HBV to infect
in vivo simply from its transcription-activating ability,

although our results confirmed that HBx has trans-
activation ability, as reported previously (Keasler et al.,
2007; Tang et al., 2005; Xu et al., 2002). A different mode of
introduction of viral nucleic acid might explain the
difference seen in in vitro and in vivo experiments. In the
transfection experiments, a relatively large amount of HBV
DNA is introduced by transfection. In contrast, only
successfully attached virus particles can introduce viral
DNA into liver cells.

Strikingly, all but one (70 of 71 clones) revertant viruses
had nucleotide substitutions that reversed the introduced
stop codon to a coding amino acid. This is in contrast to
the fact that HBV replicates in the HBx-def form in
cultured cells, even though the efficacy is lower than in
WT. We assumed that complemented HBx protein
stimulated the replication of HBx-def HBV and increased
the chance of nucleotide sequence substitutions in the HBx
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mouse liver proteins). Dose-dependent expression of the protein was observed with different doses of the injected plasmid. (b)
Immunohistochemical analysis of mouse liver using anti-HA antibody revealing expression of HBx protein. The protein was
mainly expressed around the central vein.

gene, and that only revertant HBV variants predominantly
increased, due to their rapid replication ability through the
infection—replication cycle that only exists in the in vivo
model. One might consider the possibility that the HBx

protein works as a mutagen. However, we did not observe
clear differences in the incidence of nucleotide sequence
substitutions between the presence and absence of HBx
(Fig. 7b and data not shown).
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Fig. 6. Infection of HBx-def HBV particles after hydrodynamic injection of HBx expression plasmid. (a) Full-length HBx protein
expression plasmid was hydrodynamically injected twice a week into human hepatocyte chimeric mice. Two weeks after the
beginning of the injections, cell-culture-derived HBx-def HBV particles were injected through the tail vein. HBV DNA (upper
panel) and hAlb (lower panel) were measured. (b) Immunohistochemical analysis of the infected mouse. The liver was stained
with haematoxylin and eosin (HE) (upper), antibody against hAlb (middle) and anti-HBc antibody (lower).
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Fig. 7. Nucleotide sequence analysis of HBV recovered from HBx-def HBV-injected mice. (a) Nucleotide sequences of the
HBx region of HBV determined by direct sequencing of PCR products using serum samples obtained from three mice (#1, #2
and #3 in Fig. 6a). The sequences were compared with that of inoculated HBV. Note that one of the three mice (#2) had a
unique sequence different from the original sequence before introduction of the stop codon (C1395T). (b) Nucleotide
sequences of the HBx gene determined by cloning and sequencing of PCR-amplified DNA from mice #1 and #2. Note that only
one of 63 clones showed the introduced stop codon mutation. As we used a large amount of HBV plasmids, special care was
taken to avoid contamination of DNA. Water was used as a negative control for all experiments and we observed no

inappropriate amplification in these experiments.

It is thus still uncertain why the HBx protein is
indispensable for virus replication in vivo. However, the
fact that HBV cannot replicate in the absence of HBx
protein may allow development of therapeutic medicine by
disturbing the unknown action of HBx. To this end, it is
interesting to identify a substance that binds to HBx.

The indispensability of the X protein for virus replication is
a common feature shared by HBV and WHYV (Chen et al,
1993; Zoulim et al, 1994). Both of them cause chronic
infection, inflammation, fibrosis and cancer. In contrast,
DHBV, which can replicate without DHBx expression,
does not cause such a pathological situation (Meier et al.,

2003). Further analysis of the X protein may pave the way
to clarify the mechanism of cancer development caused by
HBV infection.

METHODS

Human hepatocyte chimeric mice experiments. Care of
WPA T/ T/SCID*'* mice and transplantation of human hepatocytes
were performed as described previously (Tateno et al, 2004). The
experiments were performed in accordance with the guidelines of the
local committee for animal experiments at Hiroshima University.
Infection, extraction of serum samples and sacrifice were performed
under ether anaesthesia as described previously (Tateno et al., 2004).
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hAlb in mouse serum was measured with a Human Albumin ELISA
Quantification kit (Bethyl Laboratories Inc.) according to the
instructions provided by the manufacturer. Serum samples obtained
from mice were aliquotted and stored in liquid nitrogen until use.

Analysis of HBV markers. HBsAg and HBeAg were measured using
a commercially available ELISA kit (Abbott). For quantitative analysis
of HBV DNA, 10 ul mouse serum sample or 100 pl of culture
supernatant was used. DNA was extracted from these samples using
the SMITEST R&D (Genome Science Laboratories) and dissolved in
20 pl H,O, and HBV DNA was quantified by real-time PCR using the
7300 Real-Time PCR System (Applied Biosystems). Amplification was
performed as described previously (Tsuge et al, 2005). The lower
detection limit of this assay is 300 copies. For detection of small
amounts of HBV DNA, we also performed nested PCR. The
amplification conditions were as described previously (Tsuge et al.,
2005).

Plasmid construction. The construction of wild-type (WT) HBV
1.4 genome length, pTRE-HB-wt, was described previously (Tsuge
et al., 2005). We used pTRE2 vector without pTet-off vector and
doxycycline because a sufficient amount of HBV transcripts was
produced from internal HBV promoters, and transcription from the
pTRE2 promoter is negligible under these conditions. The nucleotide
sequence of the HBV genome that we cloned into plasmid pTRE-HB-
wt was deposited in GenBank under accession number AB206817. A
modified plasmid, pTRE-HB-X-def, was generated by introducing a
C-to-T point mutation at nt 1395 (aa 7) to create a stop codon (CAA
to TAA) in the HBx gene (Fig. la). The substitution was introduced
by using a QuikChange Site-Directed Mutagenesis kit (Stratagene).
For the construction of the HBx gene expression plasmid, the
HBx gene was amplified from pTRE-HB-wt and cloned into
pcDNA3, pcDNA3-3 x HA, p3 X FLAG-CMV10 vectors and desig-
nated pcDNA-HBx, pcDNA3-HA-HBx, p3FLAG-HBx, respectively.
Partially truncated HBx plasmids, with a deletion of the N-terminal
50 aa [HBx(51-154)] and the C-terminal 50 aa [HBx(1-50)], were also
cloned into pcDNA3 or p3FLAG-CMV10 vectors.

Transfection of HepG2 cell lines with HBV expression plas-
mids. HepG2 cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% (v/v) fetal bovine serum at 37 °C
and under 5% CO,. For functional analysis of the HBx protein in
vitro, the HBV or HBx-def HBV expression plasmid was transfected
with/without HBx expression plasmid using TransIT-LT1 (Mirus)
reagent according to the instructions provided by the supplier. Three
to five days after transfection, core-associated HBV DNA was
extracted from cells for HBV DNA quantification (Noguchi et al,
2005). For analysing the infectivity of recombinant HBV particles,
HBV expression plasmids were transiently transfected into HepG2
cells. The cells were seeded to semi-confluence in 90 mm dishes. WT
HBV particles were generated from cells transfected with 20 pg
pTRE2-HB-wt by calcium phosphate precipitation. HBx-def HBV
particles were also generated from cells co-transfected with 10 pg
pTRE2-HB-X-def and 10 pg pcDNA-HBx. Three days after transfec-
tion, the culture medium was collected and stored in liquid nitrogen
until use.

Analysis of cell-culture-produced HBV by sucrose density
gradient sedimentation. Five millilitres of HBV-positive human
serum (8 log,, copies ml ™ 'Y or 50 ml cell culture supernatant (8 logo
copies ml™') was layered on a 20% (w/w) sucrose cushion, and
centrifuged at 24 000 r.p.m. (maximum 103864 g) for 12 h at 4 "C
with a Beckman SW28 rotor (Beckman Coulter). The precipitate was
resuspended in 500 pl PBS. These HBV samples were layered on a
linear 20-50% (w/w) sucrose gradient. Centrifugation was carried
out at 24000 r.p.m. (maximum 102445 g) for 21 h at 4 "C with a
Beckman SW40 rotor. The gradients were fractionated into 500 pl

samples, and the density of each fraction was calculated from the
weight and volume. Each fraction was diluted 10-fold and tested for
HBV DNA by real-time PCR.

Analysis of replication intermediate of HBV. The cells were
harvested 5 days after transfection and lysed with 250 pl lysis buffer
[10 mM Tris/HCl (pH 7.4), 140 mM NaCl and 0.5% (v/v) NP-40]
followed by centrifugation for 2 min at 15000 g. The core-associated
HBV genome was immunoprecipitated by mouse anti-HBV core
monoclonal antibody 2A21 (Institute of Immunology, Tokyo, Japan)
and subjected to Southern blot analysis after SDS/proteinase K
digestion, followed by phenol extraction and ethanol precipitation.
Quantitative analysis was performed by real-time PCR with SYBR
Green using the 7300 Real-Time PCR System and the amounts of the
replication intermediates were compared. The HBV-specific primers
used for amplification were 5'-TTTGGGCATGGACATTGAC-3’ and
5'-GGTGAACAATGTTCCGGAGAC-3'. The amplification condi-
tions included initial denaturation at 95 °C for 10 min, followed by
45 cycles of denaturation at 95 °C for 15 s, annealing at 58 °C for 5 s
and extension at 72 °C for 6 s. The lower detection limit of this assay
was 300 copies.

Immunocytochemistry of HepG2 cells transfected with pTRE2-
HB-X-def and p3FLAG-HBx plasmids. HepG2 cells were seeded to
semi-confluence in two-well chamber plates. Each 1 pg pTRE2-HB-
X-def and p3FLAG-HBx plasmids was co-transfected using TransIT-
LT1 reagent (Mirus) according to the instructions provided by the
supplier. The cells were harvested 24 h after transfection and then
washed with PBS and fixed with 4% (v/v) paraformaldehyde. After
fixation, the cells were stained with mouse monoclonal antibody
directed to FLAG (Sigma) or rabbit polyclonal antibody against
hepatitis B core antigen (HBcAg; DAKO Diagnostika) as the primary
antibody. The bound antibodies were detected with an Alexa Fluor
488-conjugated antibody against rabbit IgG or Alexa Fluor 568-
conjugated antibody against mouse IgG, respectively (Molecular
Probes). Nuclei were counterstained with 6-diamidino-2-phenylin-
dole (DAPI) (Vector Laboratories).

Hydrodynamic injection of HBx expression plasmids.
Hydrodynamic injection was performed as reported previously
(Yang et al, 2002) with slight modifications. As the human
hepatocyte chimeric mice were quite small (12-15 g) and weak for
the rapid injection and the stress, we reduced the amount of DNA
solution and injection speed: 1 ml PBS containing 30 pg HBx
expression plasmids was injected rapidly through the mouse tail vein
within 30 s. For analysis of infectivity of HBx-def HBV particles, the
plasmids were injected twice a week.

Western blot analysis. Mouse liver tissues or transfected HepG2
cells were cooled on ice and treated with RIPA-like buffer [50 mM
Tris/HCI (pH 8.0), 0.1 % SDS, 1% NP-40, 150 mM sodium chloride
and 0.5% sodium deoxycholate] containing protease inhibitor
cocktail (Sigma). Cell lysates were separated on SDS-polyacrylamide
gels [5-20 % (w/v)] (Bio-Rad) and then transferred onto nitrocellu-
lose membranes (GE Healthcare) by electroblotting. The membranes
were incubated with anti-haemagglutinin fusion epitope (anti-HA)
monoclonal antibody (Roche) or with anti f-actin monoclonal .
antibody (Sigma) followed by incubation with horseradish
peroxidase-conjugated sheep anti-mouse immunoglobulin (GE
Healthcare). Proteins were visualized via the ChemiDoc XRS
system (Bio-Rad). Expression of HBc protein was quantified from
the densities of the immunoblot signals by Quantity One software
(Bio-Rad).

Immunohistochemical analysis of mouse liver. The liver speci-
mens of HBV-infected mice were fixed with 10% buffered
paraformaldehyde and embedded in paraffin blocks for histological
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examination. The liver sections were stained with haematoxylin—eosin
or subjected to immunohistochemical staining using an antibody
against HBcAg (DAKO Diagnostika), anti-HA antibody or HSA
(Bethyl Laboratories Inc.). Endogenous peroxidase activity was
blocked with 0.3% H,0, and methanol. Immunoreactive materials
were visualized by using a streptavidin-biotin staining kit (Histofine
SAB-PO kit; Nichirei) and diaminobenzidine.

Sequence analysis of the HBV genome. Genome-length HBV
DNA was amplified by PCR as described by Giinther et al. (1995).
HBV genome-length PCR products were subjected to 1% agarose gel
electrophoresis and the 3.2 kbp band was extracted using a QiaEx II
Gel Extraction kit (Qiagen). Direct sequencing, cloning and
sequencing {Ohishi ef al, 2004) were performed in an ABI PRISM
3100-Avant Genetic Analyzer (Applied Biosystems) with a Big Dye
Terminator version 3.0 Cycle Sequencing Ready Reaction kit (Applied
Biosystems).

Statistical analysis. All data are expressed as mean + sp. Differences
between groups were examined for statistical significance by using
Student’s t-test. A Pvalue <0.05 denoted the presence of a statistically
significant difference.

ACKNOWLEDGEMENTS

This work was carried out at the Research Center for Molecular
Medicine, Faculty of Medicine, Hiroshima University, and the
Analysis Center of Life Science, Hiroshima University. The authors
thank Chiemi Noguchi and Waka Ohishi for their helpful discussion,
Kana Kunihiro for her excellent technical assistance, and Yoshiko
Nakata and Aya Furukawa for secretarial assistance. Financial support
was provided by the Ministry of Education, Sports, Culture and
Technology and Ministry of Health, Labour and Welfare (Grants-in-
Aid for scientific research and development).

REFERENCES

Ando, T., Sugiyama, K., Goto, K., Miyake, Y., Li, R, Kawabe, Y. &
Wada, Y. (1999). Age at time of hepatitis Be antibody seroconversion
in childhood chronic hepatitis B infection and mutant viral strain
detection rates. J Pediatr Gastroenterol Nutr 29, 583-587.

Arbuthnot, P., Capovilla, A. & Kew, M. (2000). Putative role of
hepatitis B virus X protein in hepatocarcinogenesis: effects on
apoptosis, DNA repair, mitogen-activated protein kinase and JAK/
STAT pathways. J Gastroenterol Hepatol 15, 357-368.

Bouchard, M. J., Wang, L. H. & Schneider, R. J. (2001). Calcium
signaling by HBx protein in hepatitis B virus DNA replication. Scfence
294, 2376-2378.

Chen, H. S, Kaneko, S., Girones, R,, Anderson, R. W., Hornbuckle,
W. E, Tennant, B. C, Cote, P. )., Gerin, J. L, Purcell, R, H. & Miller,
R. H. (1993). The woodchuck hepatitis virus X gene is important for
establishment of virus infection in woodchucks. J Virol 67, 1218—
1226.

Colgrove, R., Simon, G. & Ganem, D. (1989). Transcriptional
activation of homologous and heterologous genes by the hepatitis B
virus X gene product in cells permissive for viral replication, J Virol
63, 4019-4026.

Dandri, M., Schirmacher, P. & Rogler, C. E. (1996). Woodchuck
hepatitis virus X protein is present in chronically infected woodchuck
liver and woodchuck hepatocellular carcinomas which are permissive
for viral replication. J Virel 70, 5246-5254.

Dandri, M., Petersen, J.,, Stockert, R. J,, Harris, T. M. & Rogler, C. E.
(1998). Metabolic labeling of woodchuck hepatitis B virus X protein

in naturally infected hepatocytes reveals a bimodal half-life and
association with the nuclear framework, J Virol 72, 9359-9364.

Doria, M., Klein, N., Lucito, R. & Schneider, R. 1. (1995). The hepatitis
B virus HBx protein is a dual specificity cytoplasmic activator of Ras
and nuclear activator of transcription factors. EMBO [ 14, 4747-4757.

Ganem, D. & Schneider, R. J. (2001). Hepadnaviridae: the viruses and
their replication. In Fields Virology, 4th edn, pp. 2923-2969. Edited
by D. M. Knipe, P. M. Howley, D. E. Griffin, R. A. Lamb, M. A.
Martin, B. Roizman & S. E. Straus. Philadelphia, PA: Lippincott
Williams & Wilkins.

Ginther, S, Li, B. C., Miska, S., Kruger, D. H., Meisel, H. & Will, H.
(1995). A novel method for efficient amplification of whole hepatitis
B virus genomes permits rapid functional analysis and reveals deletion
mutants in immunosuppressed patients. J Virol 69, 5437-5444.

Henkler, F., Hoare, J,, Waseem, N,, Goldin, R. D,, McGarvey, M. J,,
Koshy, R. & King, |. A. (2001). Intracellular localization of the hepatitis
B virus HBx protein. J Gen Virol 82, 871-882.

Jacob, J. R., Ascenzi, M. A, Roneker, C. A, Toshkov, L. A, Cote, P. I,
Gerin, J. L. & Tennant, B. C. (1997). Hepatic expression of the
woodchuck hepatitis virus X-antigen during acute and chronic
infection and detection of a woodchuck hepatitis virus X-antigen
antibody response. Hepatology 26, 1607-1615,

Keasler, V. V., Hodgson, A. J., Madden, C. R. & Slagle, B. L. (2007).
Enhancement of hepatitis B virus replication by the regulatory X
protein in vitro and in vivo. | Virol 81, 2656-2662.

Klein, N. P., Bouchard, M. J, Wang, L H., Kobarg, C. & Schneider,
R. ). (1899). Src kinases involved in hepatitis B virus replication.
EMBO [ 18, 5019-5027.

Leupin, O., Bontron, S., Schaeffer, C. & Strubin, M. (2005). Hepatitis
B virus X protein stimulates viral genome replication via a DDBI-
dependent pathway distinct from that leading to cell death. J Virol 79,
4238-4245.

Meier, P., Scougall, C. A, Will, H,, Burrell, C. J. & Jilbert, A. R. (2003).
A duck hepatitis B virus strain with a knockout mutation in the
putative X ORF shows similar infectivity and in vivo growth
characteristics to wild-type virus. Virology 317, 291-298.

Melegari, M., Wolf, S. K. & Schneider, R. J. (2005). Hepatitis B virus
DNA replication is coordinated by core protein serine phosphoryla-
tion and HBx expression. J Virol 79, 9810-9820.

Mercer, D. F, Schiller, D. E, Eliiott, 1. F., Douglas, D. N,, Hao, C,,
Rinfret, A.,, Addison, W. R, Fischer, K. P,, Churchill, T. A, & other
authors (2001). Hepatitis C virus replication in mice with chimeric
human livers. Nat Med 7, 927-933.

Murakami, S. (2001). Hepatitis B virus X protein: a multifunctional
viral regulator. J Gastroenterol 36, 651-660.

Noguchi, C, Ishino, H, Tsuge, M, Fujimoto, Y., Imamura, M.,
Takahashi, S. & Chayama, K. (2005). G to A hypermutation of
hepatitis B virus. Hepatology 41, 626-633.

Ohishi, W., Shirakawa, H., Kawakami, Y., Kimura, S,, Kamiyasu, M.,
Tazuma, S., Nakanishi, T. & Chayama, K. (2004), Identification of
rare polymerase variants of hepatitis B virus using a two-stage PCR
with peptide nucleic acid clamping. ] Med Virol 72, 558-565.
Raney, A. K. & McLachlan, A. (1991). The biology of hepatitis B virus.
In Molecular Biology of the Hepatitis B Virus, pp. 1-37. Edited by A
McLachlan. Boca Raton, FL: CRC Press.

Seeger, C. & Mason, W. S. (2000). Hepatitis B virus biology.
Microbiol Mol Biol Rev 64, 51-68.

Sitterlin, D., Bergametti, F., Tiollais, P, Tennant, B. C. & Transy, C.
(2000a). Correct binding of viral X protein to UVDDB-p127 cellular
protein is critical for efficient infection by hepatitis B viruses.
Oncogene 19, 44274431,

http://virsgmjournals.org

1863

- 141 -



