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Table 5. Histological findings and IL28 genotypes.
SNP Allele (1/2)

Genotype p value* OR
11 12 22 (95% CI1)®

rs8099917_T/G
Fibrosis ‘ )
FO-1 3 38 79 0036 166
F2-4 5 53 186 (1.03-2.69)
Actvity *
A0-1 2 35 68 0025 175
2 (1.07-2.86)

A2-3 6 56 199

2 pvalue by y? test for the minor allele dominant model.
b 0dds ratio for the minor allele in a dominant model.

(OR=1.75; p=0.025). Similarly, fibrosis was more severe in
patients homozygous for IL28 major alleles (OR =1.66;
p=0.036). We also performed analysis of the association of
IL28 alleles and histological findings after adjusting for other fac-
tors that might influence the activity and fibrosis of the liver,
such as age, gender, and alcoholic consumption. The 1L28 allele
was associated with F and A factors independently with adjust-
ment for these predictive factors related to severity of liver fibro-
sis and inflammation (data not shown).

Relationship between histological activity, the IL28 allele, and
gamma-GTP

As we described above, histological activity is more active in
patients homozygous for IL28 major alleles. However, it seems
contradictory that IL28 major allele homozygosity was associated
with low levels of gamma-GTP, but severe activity was associated
with high gamma-GTP. As shown in Fig. 2, however, when we
compare the allele and activity the frequency of patients with
higher activity (A2 and A3) were statistically more frequent in
patients homozygous for major alleles (Fig. 2 and Table 5). When
we compare gamma-GTP levels of A2 and A3 patients between
patients homozygous for major alleles against the others, the lev-
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Fig. 2. Relationship between gamma-GTP levels, histological activity and I1L28
genotype. gamma-GTP levels are plotted according to IL28 alleles, and histolog-
ical activity. Horizontal bars represent the median. Mann-Whitney U-test was
used to compare gamma-GTP levels.

els were significantly lower in the major allele homozygous
patients (Fig. 2). AO and A1 patients showed similar results
(Fig. 2). gamma-GTP levels are also significantly higher in
patients with higher activities (A2 and A3) than in patients with
lower activities (AO and A1) (Fig. 2).

Discussion

Polymorphism at the IL28 locus has been reported to be associ-
ated with the effectiveness of interferon and ribavirin combina-
tion therapy [15-17]. We have also found that the
polymorphism is associated with the effect of interferon mono-
therapy on genotype 1b infected patients as well as genotype
2a infection in Japanese as well as Taiwanese patients (Chayama
K, personal communication). The polymorphism has also been
reported to be associated with spontaneous eradication of the
hepatitis C virus [19]. As levels of IL28 gene transcripts have been
reported to be higher in patients homozygous for the interferon
response allele [16,17], we hypothesized that the polymorphism
is also associated with inflammation and progression of chronic
hepatitis. As expected, there were significant associations
between 1L28 genotypes and histological inflammatory activity
as well as the degree of fibrosis in chronically HCV infected
patients (Table 5). It seems reasonable that the inflammation is
stronger in patients with elevated IL28 production because this
molecule induces expression of interferon stimulated genes,
including some inflammatory cytokines. As the polymorphism
is associated with the effect of interferon therapy, the interferon
therapy performed before biopsy might alter the results. In fact, a
part of patients in this study were treated with peg-interferon
and ribavirin combination therapy and the treatment outcome
was associated with IL28 genotypes and core amino acid substi-
tutions (data not shown). However, when we analyzed the rela-
tion between the IL28 allele and histological findings or core
amino acid substitutions in only treatment-naive patients, the
results were unchanged, suggesting that the results obtained in
this study are applicable without regard to history of interferon
therapy.

Interestingly, the 1L28 genotype was also associated with
gamma-GTP levels and core amino acid substitutions, both of
which are known to be predictive of response to interferon and
ribavirin combination therapy [7,8,24]. The levels of liver
enzymes such as ALT, AST, and gamma-GTP are usually higher
in patients with high inflammatory activity. However, we
observed that the levels were actually lower in patients with
the favorable allele at the IL28 locus (the major allele in the Jap-
anese population) (Figs. 1A and 2). A lower level of gamma-GTP
has been reported to be associated with positive response to
combination therapy. Further studies are needed to clarify the
mechanism underlying the relation between gamma-GTP levels
and therapy effectiveness. It would also be interesting to study
the relationship between the 1L28 allele and steatosis in the liver
because gamma-GTP tends to be elevated in patients with steato-
sis, and steatosis caused by HCV core protein has been reported
[25].

Similarly, viral wild type core amino acids 70 and 91 (i.e., core
70R and 91L), which were already known to be associated with
positive response to combination therapy [7,8], were also found
to be associated with the favorable human IL28 alleles (Table 3).
If viruses with wild type core amino acids 70 and 91 are more
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susceptible to interferon therapy, such strains should be less fre-
quent in patients with higher cytokine levels. Viruses with wild
type core 70 and 91 amino acids must therefore have some sur-
vival advantage in order to replicate in cells in which the level of
IL28 production is high. Searching for a target molecule in the sig-
naling cascade from sensing of the virus to production of 1L28
might help resolve this question.

We also observed an association between high gamma-GTP
levels and core amino acid 70 and 91 substitutions (Fig. 1C),
although in multivariate analysis only IL28 genotype, liver fibro-
sis, sex, and alcohol consumption were significant predictors of
gamma-GTP. It seems likely that these factors mutually interact
in the presence of the virus and cytokines. Understanding these
relationships will reveal the mechanism underlying the effective
response to combination therapy and may suggest new strategies
to cope with the hepatitis C virus.
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Background: Lamivudine and interferon have been widely
used for the treatment of patients with chronic HBV
infection. Serum HBV RNA is detected during lamivudine
therapy as a consequence of interrupted reverse tran-
scription and because RNA replicative intermediates are
unaffected by the drug. In this study, we aimed to deter-
mine the detectability of serum HBV RNA during sequen-
tial combination therapy of interferon and lamivudine.
Methods: HBV DNA and RNA in serum samples were
quantified by reverse transcription of HBV nucleic acid
extract and real-time PCR. Samples were analysed every
2 weeks to 3 months from three groups of patients: 10
male patients treated with nucleoside analogue mono-
therapy for 44-48 weeks (5 with lamivudine and 5 with
entecavir), 6 males on sequential interferon and lami-
vudine combination therapy, and 3 males on lamivudine
monotherapy for 20-24 weeks.

Results: HBV RNA was not detectable in any patients
before treatment, but became detectable in 15 dur-
ing antiviral treatment. Among the three groups, pre-
treatment HBV DNA (8.1 £2.4 versus 7.7 1.4 versus 5.1
+0.3 log,, copies/ml; P=0.06), treatment and follow-up
durations (45.5 +2.0 versus 49.7 +5.6 versus 48.7 +6.4
weeks; P=0.32) were comparable. HBV RNA was detect-
able at the end of treatment or follow-up in all patients
with monotherapy, but in none of those with sequential
combination therapy (100% versus 0%; P<0.001).
Conclusions: Compared with lamivudine therapy with
detectable serum HBV RNA in patients with chronic HBV
infection, interferon treatment might reduce HBV DNA
replication through the inhibition of HBV RNA replicative
intermediates, resulting in the loss of serum HBV RNA.

Introduction

Although effective HBV vaccines have been available
for more than two decades, HBV infection remains a
global health problem. It is estimated that more than
350 million people are chronic carriers of HBV world-
wide [1,2]. In the US, 1.2 million individuals have
chronic HBV infection [3]. HBV infection causes a wide
spectrum of clinical manifestations, ranging from acute

©2010 International Medical Press 1359-6535 (print) 2040-2058 (online)

or fulminant hepatitis to various forms of chronic liver
disease, including inactive carrier state, chronic hepa-
titis, cirrhosis and even hepatocellular carcinoma [2,4].

HBV is a unique DNA virus that replicates via
pre-genomic RNA. There are several key steps in HBV
replication. Firstly, in the nucleus of infected hepa-
tocytes, the asymmetric DNA in virions converts to
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covalently closed circular DNA (cccDNA); the cccDNA
is then transcribed to pre-genomic RNA. Next, the
" minus strand of viral DNA is synthesized by reverse
transcriptase. Finally, there is synthesis of the plus strand
to form mature genomic DNA [5]. Both interferon and
nucleos(t)ide analogues have been approved for the
treatment of chronic hepatitis B (CHB). All of these
agents have viral suppression effects, whereas interferon
has additional immunomodulatory properties [6]. Lam-
ivudine is the first approved nucleoside analogue for the
treatment of CHB; however, it does not affect the inte-
grated HBV DNAs or their transcripts, the RNA rep-
licative intermediates [7]. Thus, lamivudine, as well as
other nucleos(t)ide analogues, needs indefinite duration
of therapy for continued viral suppression. By contrast,
interferon has a finite duration of therapy and a higher
rate of hepatitis B surface antigen (HBsAg) seroclear-
ance than nucleos(t)ide analogues [8]. Our study and
others showed that serum HBV RNA could be detected
during lamivudine therapy, as the consequence of unaf-
fected RNA replicative intermediates as well as inter-
rupted reverse transcription [9,10]. In addition, serum
HBV RNA might serve as a predictor of early emergence
of viral mutation during lamivudine therapy [10].
Previous clinical trials indicated that simultaneous
combination therapy of interferon-c. plus lamivudine
leads to greater on-treatment viral suppression and
higher sustained response rates than lamivudine mono-
therapy [8]. However, the detectability and patterns of
serum HBV RNA in patients receiving sequential combi-
nation therapy of interferon and lamivudine compared
with those on lamivudine monotherapy remain largely
unknown. Thus, we explored the differential effects of
interferon and lamivudine on serum HBV RNA inhibi-
tion in CHB patients with various treatment regimens.

Methods

Patients

We enrolled 19 CHB patients treated with nucleoside
analogue alone or sequential combination therapy of
conventional interferon and lamivudine, These patients
were divided into three groups on the basis of treatment
regimen. Group I consisted of 10 male patients (mean
age 44.2 years; range 30-74) treated with nucleoside
analogue monotherapy for 44-48 weeks (5 patients
with lamivudine and 5 with entecavir}. Group II con-
sisted of six male patients (mean age 47.3 years; range
39-56). Five of these patients were treated with lamivu-
dine for 34-52 weeks and then shifted to conventional
interferon for 24-36 weeks; there was an overlap of
the two drugs for 4-20 weeks. The remaining patient
in this group was treated with conventional inter-
feron for 36 weeks and then shifted to lamivudine for
32 weeks; there was an overlap of the two drugs for
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12 weeks. Group III consisted of three male patients
(mean age 51.3 years; range 41-64) who were treated
with lamivudine for 20-24 weeks and then followed
for 22-36 weeks. Serum samples from enrolled patients
were obtained just before the initiation of therapy and
every 2 weeks to 3 months until the end of treatment
or follow-up. These samples were stored at -80°C until
use. Informed consent was obtained from each patient.

Extraction of HBV nucleic acid and reverse transcription
Extraction of HBV nucleic acid and reverse transcrip-
tion with subsequent quantification were performed as
previously described [10]. Nucleic acid was extracted
from 100 pl serum using the SMI TEST EX-R&D kit
{Genome Science Laboratories, Tokyo, Japan) and dis-
solved in 18 pl of ribonuclease-free water. The extract
was then divided into two aliquots of equal size, termed
solutions I and II, Solution I was mixed with an equiv-
alent amount of water for DNA quantification. Solu-
tion IT underwent reverse transcription using a random
primer {Takara Bio Inc., Shiga, Japan) and M-MLV
reverse transcriptase (ReverTra Ace, TOYOBO Co.,
Osaka, Japan) with subsequent DNA plus cDNA quan-
tification. The steps in reverse transcription were as fol-
lows: 25 pM random primer was added and the sample
heated to 65°C for 5 min; the sample was then put on ice
for 5 min; 5x reverse transcription buffer (4 pl), 10 mM
dNTPs (2 pl), 0.1 M dithiothreitol (2 pl), 8 units of
ribonuclease inhibitor and 100 units of M-MLV reverse
transcriptase were added; the sample was incubated at
30°C for 10 min and 42°C for 60 min; and inactivation
was carried out at 99°C for 5 min.

Quantification of HBY DNA and cDNA by real-time PCR
HBV DNA and cDNA quantification were performed
as previously described [10]. A 1 pl aliquot of solution
I and solution II were each amplified by real-time PCR
with an ABI Prism 7300 Sequence Detection System
{(Applied Biosystems, Foster City, CA, USA) according
to the manufacturer’s instructions. Amplification was
performed in a 25 pl reaction mixture containing SYBR
Green PCR Master Mix (Applied Biosystems), 200 nM
forward primer (5-TTTGGGGCATGGACATTGAC-3,
nucleotides 1893-1912), 200 nM reverse primer
(5"-GGTGAACAATGGTCCGGAGAC-3, nucleotides
2029-2049) and 1 pl of solution I or solution II. The steps
in real-time PCR were as follows: incubation at 50°C for
2 min, denaturation at 95°C for 10 min, and PCR cycling
comprising 40 two-step cycles of 15 s at 95°C and 60 s at
60°C. The lower detection limit of this assay was 10° cop-
ies/ml. The HBV RNA quantity is obtained by subtract-
ing the quantification result of solution I from solution II
(that is, HBV nucleic acid determined by real-time PCR
after reverse transcription reaction minus HBV DNA
determined by real-time PCR).

©32010 International Medical Press
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Serological assays

Serum hepatitis B e antigen (HBeAg) and levels of
antibodies against HBV e antigen (anti-HBe) were
tested by chemiluminescent immunoassay (Architect
HBeAg and Architect HBeAb, Abbott Japan, Tokyo,

Japan).

Statistical analysis

Baseline characteristics including age, gender, serum
alanine aminotransferase (ALT) level, HBeAg and HBV
DNA level were compared among study groups. Con-
tinuous variables were expressed as mean + sp and eval-
uated by Student’s ¢-test for comparison between two
groupsand by Kruskal-Wallis test for comparisonamong
three groups. Categorical variables were expressed as
frequencies with proportions and compared using Pear-
son’s ¥? test; Fisher’s exact test was applied when at
least one cell of the table has an expected frequency <5.
All of the tests were two-tailed and a P-value <0.05 was
considered statistically significant.

Results

Demographic profiles of patients

Baseline characteristics of CHB patients treated with
nucleoside analogues and/or conventional interferon are
shown in Table 1. There was no significant difference in

Effects of interferon and lamivudine on HBY RNA

terms of age, gender ratio, ALT level, HBeAg status or
HBV DNA level among the three groups.

Serum HBV RNA levels after nucleoside analogue
therapy

The detectability of serum HBV RNA before, after and
at the end of nucleoside analogue therapy or follow-up
is shown in Table 2. Serum HBV RNA was undetect-
able in all patients before the initiation of nucleoside
analogue therapy; however, it became detectable in
15 patients (79%) after therapy. Of 14 patients treated
with lamivudine, serum HBV RNA was detectable in
10 (71%). By contrast, of five patients treated with
entecavir, all (100%) had detectable serum HBV RNA.
The peak serum HBV RNA level ranged from 4.2 to 7.0
log,, copies/ml in lamivudine-treated patients and from
7.2 to 9.6 log, , copies/m] in entecavir-treated patients.

Serum HBV RNA levels after interferon treatment in
patients with prior lamivudine therapy

In patients with detectable serum HBV RNA after
nucleoside analogue monotherapy, HBV RNA per-
sisted until the end of therapy (group I; Table 2).
Similarly, serum HBV RNA was persistently detect-
able after short-term lamivudine therapy (group III;
Table 2). By contrast, those with sequential lamivu-
dine and interferon therapy experienced undetectable

Table 1. Baseline characteristics of chronic hepatitis B patients treated with nucleoside analogues andfor conventional interferon

Group
Characteristic |2 1o e P-value
Patients (3TC/ETV), n 10 (5/5) 6 3 -
Mean age, years +so 442 +13.7 473 +8.5 51.3 +11.7 0.31¢
Gender (male/female), n 10/0 610 3/0 1.0¢
Mean ALT, U/l £s0 164.4 £1055 180.3 +121.2 154 +142 0.884
HBeAg, % (+/-} 70 (7/3) 17 (1/5) 66.7 (2/1) 0.13"
Mean HBV DNA, log,, copies/ml £sp 8.1 +24 7.7 14 51103 0.067

*Group |, lamivudine (3TC) ar entecavir (ETV) monotherapy for 44-48 weeks. ®Group Il, sequential 3TC for 34-52 weeks and conventional interferon for 24-36 weeks;
there was overlap of the two drugs for 4-20 weeks. Group lil, 3TC therapy for 20-24 weeks, then follow-up for 22-36 weeks. “Kruskal-Wallis test; Fisher's exact test.

ALT, alanine aminotransferase; HBeAg, hepatitis B e antigen.

Table 2. Serum HBV RNA in chronic hepatitis B patients treated with nucleoside analogues and/or conventional interferon

Group

j It e P-value
Patients (3TC/ETV), n 10 (5/5) 6 3 -
Detectability before treatment, % 0 0 0 1.0¢
Detectability after treatment, n (%) 8/2 {80.0) 5/1(83.0) 2/1(86.7) 10¢
Mean peak level, log,, copiesiml £sp 7.4 £1.9 6.1 +0.9 4.6 0.1 0.084
Mean total duration (treatment plus follow-up), weeks +5p 455 +2.0 49,7 +5.6 48.7 +64 0.327
Detectability at end of treatment plus follow-up, n (%) 8/0 (100) 0/5 () 2/0 (100) <0.001¢

°Group |, lamivudine (3TC) or entecavir (ETV) monotherapy for 44-48 weeks. *Group If, sequential 3TC for 34-52 weeks and conventional interferan for 24-36 weeks;
there was overlap of the two drugs for 4-20 weeks, Group Ill, 3TC therapy for 20-24 weeks, then follow-up for 22-36 weeks. “Kruskal-Wallis test; Fisher's exact test.
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Figure 1. Sequential changes of serum HBV RNA, DNA and ALT levels in patients treated with lamivudine or entecavir monotherapy

for 44-48 weeks with detectable serum HBV RNA {(group |}
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Serum HBV RNA was detectable until the end of treatment. ALT, alanine aminotransferase,

serum HBV RNA at the end of treatment (group II;
Table 2),

Sequential changes of serum HBV RNA levels in
patients with various treatments

The sequential changes of serum HBV RNA in patients
with detectable HBV RNA in group I, Il and Il are shown
in Figure 1, Figure 2 and Figure 3, respectively. As early
as 2—4 weeks after starting nucleoside analogue therapy,
serum HBV RNA could be detected in 13 patients (87 %)
and reached the peak level in 11 {73%).

Discussion

The specific presence of serum HBV RNA in patients
with CHB infection was confirmed in our previous study
using ribonuclease digestion [10]. Ribonuclease treat-
ment reduced the amount of HBV DNA detected by
real-time PCR after reverse transcription to about 1%
of that originally detected [10]. In this study, detectable
serum HBV RNA persisted during nucleoside analogue
therapy including lamivudine and entecavir (group I),
whereas it was inhibited under sequential lamivudine
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and interferon therapy (group II). The difference between
these two groups is significant even in a small number
of patients, demonstrating the substantial HBV RNA
inhibitory effect of interferon. The decline in serum HBV
RNA level was not simply the result of discontinuation
of lamivudine, because serum HBV RINA was persist-
ently detectable even after discontinuation of short-term
lamivudine therapy in group III patients. The inhibition
of serum HBV RNA was found in patients treated with
lamivudine and then shifted to conventional interferon
and in those on conventional interferon treatment and
shifted to lamivudine. In the latter patients, the inhibi-
tion of serum HBV RNA might be due to the delayed
therapeutic effect of interferon.

Several previous studies have proven that sequential
combination therapy of lamivudine and interferon has
a better efficacy than lamivudine monotherapy. For
example, sequential lamivudine and interferon therapy
increased HBeAg seroconversion rate [11] and had a
higher response rate in terms of sustained HBeAg sero-
conversion, ALT normalization, HBV DNA loss and
reduced rates of relapse after stopping therapy [12]. In
addition, the initial use of lamivudine before interferon
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Figure 2. Sequential changes of serum HBV RNA, DNA and ALT levels in patients treated with lamivudine for 34-52 weeks with

detectable serum HBV RNA (group I}
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Patients were treated with lamivudine for 34-52 weeks and then shifted to conventional interferon therapy for 24-26 weeks; there was overlap of the two drugs for
4-20 weeks. Serum HBV RNA was undetectable at the end of treatment. ALT, alanine aminotransferase.

led to an improved sustained virological response
compared with the use of interferon alone from the
start [13]. Nevertheless, the underlying mechanisms of
these convincing findings remain unclear and deserve
further investigation. In this study, the inhibitory effect
of interferon on serum HBV RNA in lamivudine-
treated patients might explain why these patients have
a higher sustained response rate than those treated
with lamivudine monotherapy.

The weak point of this study is the small number
of patients in groups II and II. Because this is a pilot
study on the differential effects of various treatment regi-
mens on serum HBV RNA, and because the treatment
regimens in group II and group III patients are not the
current standard of care, we did not intend to include
additional patients treated with these regimens. In line
withi this study, however, our unpublished data on three
patients also indicate that de novo combination therapy
of pegylated interferon plus lamivudine therapy could
inhibit serum HBV RNA levels. In these three patients,
sernm HBV RNA levels started to rise at 12—24 weeks of
combination therapy and became undetectable at 48-72
weeks of therapy (YWH, JHK, et al., unpublished data).

Antlviral Therapy 15.2

Figure 3. Sequential changes of serum HBV RNA, DNA and
ALT levels in patients treated with short-term lamivudine for
20-24 weeks with detectable serum HBV RNA (group I11)
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Serum HBV RNA was detectable until the end of follow-up at 44-56 weeks.
ALT, alanine aminotransferase,
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The presence of serum HBV RNA in patients treated
with nucleoside analogues could be explained by in vitro
data obtained in HBV-transfected HepG2.2.15 cell
lines. Doong et al. {7] demonstrated that HBV-specific
RNAs in cell lysate were not reduced after lamivudine
and other nucleoside analogue treatments. Our unpub-
lished data also showed persistent detectable HBV RNA
in supernatant from day 4 to 17 of nucleoside analogue
treatment when all the cells died (YWH, JHK, et al.,
unpublished data). Lamivudine and other nucleoside
analogues do not affect the integrated HBV DNAs from
which HBV RNAs are transcribed [7]. Further studies
are needed to evaluate the effect of long-term treatment
of nucleoside analogues on serum HBV RNA.

The inhibition of serum HBV RNA by interferon-o
might be supported by previous studies on transgenic
mice, Intrahepatic HBV replicative intermediates were
cleared by a single injection of the interferon-¢/p inducer
polyinosinic-polycytidylic acid [14]. It was postulated
that the mechanism of action of interferon involves the
post-transcriptional steps of the HBV life cycle, as the
intrahepatic HBV replicative intermediates were cleared
while the steady-state content of HBV RNA was unaf-
fected [14]. This same group of researchers further
demonstrated that the inhibitory effect of interferon-
o/B is at the level of the capsids containing pre-genomic
RNA, acting either to accelerate their degradation or to
prevent their assembly [15]. Interferon might directly
inhibit HBV synthesis or could act through the cel-
lular immune response against HBV-infected hepato-
cytes [16]. HBV inhibition in immortalized hepatocyte
cell lines from HBV transgenic mice by interferon-f
and interferon-y confirms the non-cytolytic inhibition
pathway [17]. This inhibition might act through the
2’,5"-oligoadenyl synthetase/RNAse L pathway [18].
Interferon can induce this multienzyme pathway that
includes 2’,5'-oligoadenyl synthetase, endoribonucle-
ase RNAse L and 2’,5"-oligoadenyl phosphodiesterase.
Among these enzymes, RNAse L theoretically inhibits
all viral replication that uses an RINA intermediate step
[16]. Furthermore, activation of this ribonuclease has
been proposed as the major driver by which interferon
inhibits viral replication [18].

In the current study, we performed frequent detection
of serum HBV DNA and RNA, in some cases as often
as every 2 weeks, to determine the sequential change
of serum HBV DNA and RNA during monotherapy or
combination therapy. Our data showed that the peak
serum HBV RNA level with entecavir treatment was
significantly higher than that with lamivudine treat-
ment (8.6 +1.0 versus 5.6 +1.0; P<0.001). There was
also a trend towards higher detectability of serum HBV
RNA in patients treated with entecavir in compari-
son with those treated with lamivudine (100% versus
71%; P=0.48). These findings suggest that the serum
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HBV RNA level might reflect the antiviral potency of
nucleoside analogues [19]. Further studies are needed
to clarify this interesting and important issue.
Although Rokuhara e al. [20] showed that HBV
RNA was detectable before lamivudine therapy in
serum samples of 24 patients, the detection rate was
not specified. Their results of sucrose density gradient
fractionation studies indicated that viral particles con-
taining HBV DNA were dominant at the start of treat-
ment, whereas those containing HBV RNA became
more prevalent after 1 and 2 months of treatment.
They also suggested that under untreated conditions,
viral particles containing HBV RNA accounted for
only about 1% of total HBV virions. However, these

. specific particles became the major component under

lamivudine treatment [9]. They concluded, therefore,
that HBV RNA particles seemed to exist in <1% of the
HBYV virions among patients without lamivudine treat-
ment [21]. By contrast, the undetectable pre-treatment
HBV RNA data in this study was consistent with our
previous report, showing that serum HBV RNA levels
increased soon after the administration of nucleoside
analogues [10]. Furthermore, our data was supported
by the in vitro data obtained in HBV-transfected
HepG2.2.15 cell lines (YWH, JHK, et al., unpublished
data), suggesting that HBV RNA was undetectable in
the supernatant before nucleoside analogue treatment
but became detectable after administration of these
agents. In addition, Rokuhara and colleagues [20]
reported a more significant decline of the serum HBV
DNA level than HBV RNA level during lamivudine
therapy, which confirmed our findings.

Serum HBV RNA was persistently detectable
even after discontinuation of short-term lamivudine
therapy in group Il patients. This finding suggested
that, although new viral particles containing HBV
RNA were no longer produced after discontinuation
of lamivudine, the existing viral particles containing
HBV RNA during lamivudine administration were not
quickly degraded. The study by Rokuhara et al. [20]
showed a more significant decline in serum HBV DNA
than RNA during lamivudine therapy, also confirming
our findings on the poor immediate inhibition of serum
viral particles containing HBV RNA by nucleoside
analogues. Nevertheless, further studies are needed to
demonstrate how long the viral particles containing
HBV RNA persist in serum,

Following sequential combination therapy of
lamivudine and conventional interferon, the serum
HBV DNA level declined but was still detectable in
all patients until the end of treatment. By contrast,
serum HBV RNA was inhibited and undetectable
at the end of treatment. The persistent presence of
serum HBV DNA was due to the discontinuation of
nucleoside analogue treatment and, thus, the lack of
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continuous inhibition. The shift to interferon led to
the inhibition of serum HBV RNA, but the inhibi-
tory effect of interferon on HBV DNA was not as effi-
cient as that of the nucleoside analogue [8]. Although
northern and Southern hybridization data of intracel-
lular RNA and DNA were not available, our study
and others have confirmed the possibility of detecting
serum HBV RNA, We reported the discrepant meas-
urement of HBV nucleic acid by the transcription-
mediated amplification and hybridization protection
assay (TMA-HPA) and the Amplicor HBV Monitor
test [10]. Because TMA-HPA uses RNA transcrip-
tion and amplification of transcripts by T7 RNA
polymerase [22], we assumed that the discrepancy
was a result of the persistence of serum HBV RNA in
nucleoside-analogue-treated patients. Zhang et al. {9]
reported the preserice of serum HBV RNA in a patient
treated with lamivudine. The study mainly analysed
truncated HBV RNA, which was assumed to be tran-
scribed from the integrated HBV genome; the authors
showed a marked difference between truncated HBV
RNA and HBV DNA. In this study, HBV DNA and
HBV nucleic acid were assayed by real-time PCR and
real-time reverse transcriptase PCR, and <1 log,, dif-
ference was shown; this observation suggests that the
effect of truncated serum HBV RNA was minimal.
In addition, Rokuhara et al. [20] investigated the
incorporation of HBV RNA into virus particles using
sucrose gradient analyses: HBV RNA made a single
peak in one fraction, whereas both HBV DNA and
HBYV core-related antigen made single peaks at three
different time points during lamivudine treatment.

In conclusion, interferon can inhibit serum HBV
RNA induced by lamivudine therapy. The persistence
of serum HBV RNA as a consequence of unaffected
HBV RNA replicative intermediates might lead to
indefinite nucleoside analogue therapy. By contrast,
the inhibitory effect of interferon on HBV RNA repli-
cative intermediates might potentiate the suppression
of HBV replication.
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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 uPAT/+/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 log, o 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 10° virions per day,
and this may be comparable to HCV production in the human liver.

INTRODUCTION.

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 ez al., 2003). The current
standard treatment for HCV infection is administration of
pegylated alpha interferon (PEG-IEN) 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

clinically evaluated (Manns et al., 2007; Pereira & Jacobson,
2009). Telaprevir is a novel peptidomimetic slow- and
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 et 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-IFEN 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 evaluation 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-a, BILN 2061 (an NS3-4A protease inhibitor) and
HCV796 {(an NS5B polymerase inhibitor) (Kneteman et al,
2006, 2009; Vanwolleghem et 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 1a,
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,, changes in HCV RNA from baseline { & 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,, 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 log;, 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,, changes
in HCV RNA were plotted against time and fitted to a
linear regression model (Fig. 2b). The estimated slopes (i.e.
log;p 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;, P value (¢ test)
(per day) changes £ sEM
1 7 2 100 4 —0.494-0.094 0.7806
10 3* —0.53+0.039
0 1 -0.47
2 3 3 100 4* —1.00+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+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 (A01-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). (2) 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
AO7 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 log-fold HCV
reduction, whereas those receiving 100 mg kg~' BID had
up to a 1.5 loge-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

log4, changes in HCV RNA

R?=09999
R%=p9504 P =0.0070

P =0.0205

Mean log 15 change in HCV RNA

24 36 48 60 72 84
Time from the first dose (h)

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
logyo changes (& SEM) at each sampling time (b) are represented.
Arrows indicate the times of dosing. The slopes of mean logqq
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;, reductions from
baseline in the 100 and 300 mg kg™' groups were
approximately 1 log;, and 1.5-2 log,,, 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 log
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=8) 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 logyo changes (% SEM) 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
cydle (Ct) of hf,m (Ctypom) nor the Ct of HCV (Ctycv)
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=Ctacy— Ctypam) 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=2x 10*-fold lower than hf,m expression) and 17

(1% 10°-fold lower) among the HCV-infected mice and
correlated linearly with log;, 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,-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 4h group and
plateaued at approximately a 2 log;,-fold reduction in both
groups after treatment for 3 days (Fig. 7). Finally, we
attempted to estimate parameters of efficacy (¢} and virus
clearance (c) 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 9% 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;q-
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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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™Y; 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, i.e.
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 logo-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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(a) or 8 (b) h after the last dose. Linear regressions (solid lines) and
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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 et 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 (ACt) of
HGV RNA and hf,m 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=6) or 8 (n=6) h after every two
doses were administered. Mean logyo 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 line), and the
estimated efficacy and virion clearance rates were 0.992 (359% Cli

. 0.982-1.00) and 0.200 (95 % CI 0.110-0.291), respectively.
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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 (e)
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 logy, V; (£ sEM) among the mice with mean clearance
rates of 4.8 and 8.0 per day were 6.9610.26 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 uPA*/*/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) 2nd 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 (n=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 5: 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
serom samples were collected just before the second dose was
administered and 4 (n=6) or 8 (n=6) h after every two doses were
administered.

Serum RNA extraction 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
TagMan 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 Wl RT-PCR mixture contained
0.2 nmol forward and reverse primers ml~', 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 I35neo/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 f,-
microglobulin (hf;m; GenBank accession no, NM_004048), the
TaqMan 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'-TGCGGCATCITCAAACC-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 ml™"' and the
reaction mixture contained the TagMan probe/primer set for hf,m:
0.2 nmo! 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= Ctucy— Clypam) theoretically indi-

cates a relative quantity of HCV RNA per control gene expression of
2—'AACX.

Determination of drug concentration. Plasma and liver samples
were analysed using chiral liquid chromatography followed by
tandem 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 vive, 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 (dV/
dt=pI—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 I is approximately
constant and equal to its pre-treatment value and that the viral level
was at its set-point value (Vp), then pI=cV. Using this relationship in
the equation dV/dr=(1—e)pI-cV, where & is the effectiveness in
blocking virion production, yields dV/dt=(1—¢) ¢V, <V, V(0)=V,
with the solution V(#)=Vy(1—e+ee™). Because the log change of
viral load at time [log AV(#)] equals log V(1)/Vp, the solved equation
[log AV(t)=log(1—e+ee )] 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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