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k) t/h-CYP2E1

Fig. 5. h-CYP expressions of h-hepatocytes in RS-treated rat livers. Histological sections were prepared from chimeric rat livers at
3 weeks post-transplantation as in Fig. 4B-J. The liver sections were all stained for h-CK8/18 (A, D, G, J, M), which were then for
h-CYP1A2 (B), h-CYP2C9 (E). r/h-CYP2D6 (H). r/h-CYP2E1 (K), and h-CYP3A4 (N). H-CYP1A2, 2C9, and 3A4 antibodies were
h-specific, and CYP2D6 and 2EI were not h-specific (r/h). The photographs in the right column (C, F, I, L, O) are obtained by merg-
ing the photographs in the left (A, D. G, J, M) and middle columns (B, E, H, K, N) on the corresponding lines. Most h-CK§/18"
cells were also CYP2C9 ", 2D6 ' and 2El . H-CK8/18 " cells near the central veins (“C" in photographs C and O) were positive to
CYP1A2 and 3A4. Open bars indicate 100 pm.

Although we cannot make a direct comparison of indicate a distinct similarity between the prolifera-
the proliferative microenvironment of the host tive microenvironments of the host liver in adults
liver from these independent studies, our results and infants. To compare the pro-proliferative
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potential of the adult and infant hepatic microenvi-
ronment, we calculated the average size of colonies
formed by adult rat donor hepatocytes at 3 weeks
after transplantation in adult and infant rat mod-
els. The average size of a colony is measured in
terms of area in the adult RS/PH rat model and
the infant RS rat model and was found to be
approximately 26 000 um? [28] and 60 000 pm?
(this study), respectively. This result indicates that
the pro-proliferative potential is higher in the
infant liver than in its adult counterpart. This
model has some inherent advantages such as PH,
quite invasive operation to the host, is unnecessary
and the amount of transplanted hepatocytes is
reducible quite much in comparison with the RS-/
PH-treated adult rat model [18,19]. Our RS-treated
infant rat model might be useful as host for liver
repopulation studies using a limited number of
liver stem cells or progenitor cells derived from
adult tissues such as induced pluripotent and
embryonic stem cells as donors.

To incorporate xenogeneic hepatocytes into this
RS-treated infant rat model, we used FK506 to
suppress immune reactivity. We did not notice
lymphocyte infiltrations in the FK506-treated chi-
meric rat livers, which led us to conclude that the
FK506 treatment successfully inhibited the host
rejection reactions. H-hepatocytes engrafted and
repopulated the rat liver at an appreciable level of
RI (I to 5% at 3 week post-transplantation),

although the level was much lower than that (11 to

24% at the corresponding time point post-trans-
plantation) accomplished in the transplantation of
syngeneic r-hepatocytes. However, the RI value by
h-hepatocytes (in the highest case, 5% at 3 weeks
post-transplantation, corresponding to 1.4 x
10° ng/ml h-Alb in plasma) was quite high in rat
liver compared with the previous study [17,27].
These repopulated h-hepatocytes were concluded
to be morphologically normal from microscopical
observations on histological sections and also bio-
chemically functional because they expressed the
representative  h-hepatocyte-specific ~ transcripts
and proteins. However, there are also some differ-
ences between h-hepatocytes in the chimeric rat
liver and in the human body liver. For example, h-
CYP1A2, 3A4, and 2E1 expressions were reported
to show zonation in normal livers in that only he-
patocytes located near the central veins express
these proteins [29]. In the present study, the former
two CYPs were localized near the central veins,
but h-CYP2El was expressed diffusedly in liver
lobules.

The observed difference in RIs between h- and
r-hepatocyte transplantation is not likely to have
been caused by the immunosuppressive therapy
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because the RI of r-hepatocytes did not change in
the host rats that received FK506 daily. Wu et al.
[30] reported that FK506 perturbed neither trans-
planted cell engraftment nor proliferation in synge-
neic r-hepatocyte transplantation using the RS/PH
model, which supports our results. Recently,
we generated chimeric mice using uPA/SCID mice
as hosts and concordant (rat) and disconcordant
(human) hepatocytes as donors [25,31]. The
h-hepatocytes proliferated more slowly in the
mouse liver and required longer periods of time to
achieve near-complete repopulation than the r-he-
patocytes, suggesting the difference in proliferation
kinetics of h- and r-hepatocytes. This difference
could explain the lower RIs of h-hepatocytes. In
addition, r- and h-hepatocytes might respond dif-
ferently to the hepatic microenvironments in the
host liver. Molecular incompatibilities in a discor-
dant xenogeneic combination (human to mouse)
may greatly impair the engraftment and/or growth
efficiency compared with those in a concordant
xenogeneic combination (rat to mouse) [24,25].

This study was performed by comparing the
results and data on the chimeric mouse model. We
transplanted 1.0 x 10® human child (6 yrs old)
hepatocytes/6 g body weight (1.67 x 10° cells/g)
in the mouse model [24]. However, in the rat
model, we transplanted the same donor cells, but
in lower quantities (5.0 x 10° cells/20 g body
weight, 0.25 x 10° cells/g), accounting for 85%
less donor cells/g body weight. The transplant
was delivered through the spleen in the mouse
model, but through the portal vein in the rat
model. Irrespective of the fact that only 15% of
donor cells in the mouse model were transplanted,
h-Alb levels at 3 weeks post-transplantation
(0.4 to 1.4 x 10° ng/ml) in the rat model were
comparable to those (1.7 to 5.9 x 10° ng/ml) in
the mouse model [24]. When child (9 months
old) cells were injected, h-Alb levels at 3 weeks
post-transplantation were 2.3 + 0.6 x 10° ng/ml
(n=3) (7.4 & 4.1% in the repopulation rate) [25]
and 0.9 £ 0.4 x 10° ng/ml (n = 35) (2.5 + 1.5%)
for the mouse and rat models, respectively. These
data showed that engraftment in the host liver and
early growth in the rat model took place at compa-
rable levels to the mouse model. This finding indi-
cates that the number of adopted h-hepatocytes
was sufficient for repopulation at comparable lev-
els to the mouse model. As such, no problems exist
concerning the quality of the donor cells. We also
examined donor cell quality prior to transplan-
tation. Taken together, we concluded that
h-hepatocytes are able to engraft the host liver and
grow well therein, for at least 3 weeks post-
transplantation.
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The combined treatment of infant rats with RS
and FK 506 was lethal, whereas the singular treat-
ment with RS or FK506 did not influence mortal-
ity. Although r-hepatocyte transplantation could
improve mortality rates at some extent, h-hepato-
cytes could not. This may be attributable to the
above-mentioned differences in growth Kkinetics
between the h- and r-hepatocytes. We are not able
to utilize the presently developed humanized rat
model for studies that require long-term observa-
tions of the xenograft. The depletion of immune
cells by antibodies against immune-responsive cells
[32-34] could be an alternative method to the
administration of immunosuppressive agents.
Recently, X-SCID rats were generated using the
zinc-finger nuclease method [35]. X-SCID or SCID
rats will be preferable hosts for the production of
h-hepatocyte chimeric rats. The RS-treated infant
rat model presented in this study should be appli-
cable for X-SCID or SCID rats to develop liver-
humanized chimeric rats. In the present study,
infant rats were treated with 10 mg/kg of RS
before hepatocyte transplantation. Rats younger
than approximately 20 days are known to be more
sensitive to the hepatotoxic effects of RS than older
animals. Gender-based differences in the metabo-
lism of RS were significantly observed at approxi-
mately 30 days [36]. In our preliminary study, we
treated 1- and 2-week-old infant rats with RS.
When r-hepatocytes were transplanted into
I-week-old RS-treated rats, the repopulation index
at 3 weeks after transplantation was lower than
that at 2 weeks after transplantation. We also
attempted 2 RS doses—>5 mg/kg and 10 mg/kg—
because the LD50 of RS is known to be 10 to
14 mg/kg in 2-week-old rats [36]. When 5 mg/kg
of RS was injected into 2-week-old rats, we
observed that liver damage was not severe and the
liver to body weight ratio did not change. Thus, we
selected 10 mg/kg as the final dose. Currently, it is
considered that the conditions to treat rats with
RS for damaging the rat liver should be optimized
to obtain a better host survival rate. Overexpres-
sion of uPA in the mouse model has been well
accepted as a suitable method to induce host liver
injury for repopulation by xenogeneic hepatocytes.
This is not the case for RS treatment.

Rodents are widely used as animal models for
investigating the physiology and pathology of the
liver. However, the liver characteristics of differ-
ent species are well documented, especially
between humans and rodents. This hinders the
ability to correlate experimental data from animal
models to the human. Therefore, h-hepatocytes
are vital tools to investigate liver function, and,
as such, it is important to know their physiologi-

Development of human hepatocyte chimeric rats

cal and pathological characteristics under experi-
mentally controllable conditions. Our ultimate
goal is to generate rats with >70% h-hepatocytes.
It is evident that these rats (hepatocyte-human-
ized rats) greatly contribute to deepening our
understanding concerning the characteristics of h-
hepatocytes. This rat model is superior to the
conventional mouse model because blood samples
are more easily accessible and available in larger
volumes. These samples are a critical source of
understanding the characteristics of h-hepato-
cytes. This rat model will be useful in pharmaco-
kinetic studies, HBV- or HCV-infection studies,
toxicity tests, and carcinogenicity studies for drug
development. In addition, this model will prove
to be an important tool for xenograft studies
with the ultimate goal of enhancing our under-
standing of clinical hepatocyte transplantation
across species.
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Viral hepatitis

Combination therapies with NS5A, NS3 and NS5B
inhibitors on different genotypes of hepatitis C virus
in human hepatocyte chimeric mice
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ABSTRACT

Objective We recently demonstrated that combination
treatment with NS3 protease and NS5B polymerase
inhibitors succeeded in eradicating the virus in genotype
1b hepatitis C virus (HCV)-infected mice. In this study,
we investigated the effect of combining an NS5A
replication complex inhibitor (RC1) with either NS3
protease or NS5B inhibitors on elimination of HCV
genotypes 1b, 2a and 2b.

Design The effects of Bristol-Myers Squibb (BMS)-
605339 (NS3 protease inhibitor; Pl), BMS-788329
(NS5A RCl) and BMS-821095 (NS5B non-nucleoside
analogue inhibitor) on HCV genotypes 1b and 2a were
examined using subgenomic HCV replicon cells. HCV
genotype 1b, 2a or 2b-infected human hepatocyte
chimeric mice were also treated with BMS-605339,
BMS-788329 or BMS-821095 alone or in combination
with two of the drugs for 4 weeks. Genotypic analysis of
viral sequences was achieved by direct and ultra-deep
sequencing.

Results Anti-HCV effects of BMS-605339 and BMS-
821095 were more potent against genotype 1b than
against genotype 2a. In in-vivo experiments, viral
breakthrough due to the development of a high
prevalence of drug-resistant variants was observed in
mice treated with BMS-605339, BMS-788329 and
BMS-821095 in monotherapy. In contrast to
monotherapy, 4 weeks of combination therapy with the
NS5A RCl and either NS3 Pl or NS5B inhibitor
succeeded in completely eradicating the virus in
genotype 1b HCV-infected mice. Conversely, these
combination therapies failed to eradicate the virus in
mice infected with HCV genotypes 2a ar 2b.
Conclusions These oral combination therapies may
serve as a Peg-alfa-free treatment for patients chronically
infected with HCV genotype 1b.

INTRODUCTION

Hepatitis C virus (HCV) infection is a major cause
of chronic liver diseases, such as cirrhosis and hepa-
tocellular carcinoma.’! > A number of new selective
inhibitors of HCV proteins, termed direct-acting
antiviral agents (DAA), are currently under develop-
ment. HCV inhibitors targeting NS3 protease and

Significance of this study

What is already known on this subject?

» Anti-HCV drug monotherapy. for chronic
hepatitis C patients often results in viral
breakthrough due to the emergence of
drug-resistant clones.

» Combination treatment of NS3 Pl and NS5A
inhibitor can eradicate genotype 1b HCV in
chronic hepatitis C patients without interferon.

What are the new findings?

» Combination treatment of NS5A inhibitor with
either NS3 Pl or NS5B inhibitor can eradicate
HCV, but the effect differs among HCV.

genotypes.

How might it impact on clinical practice in

the foreseeable future?

p Short-term combination of NS5A inhibitor with
either NS3 PI or NS5B inhibitor might provide
an effective interferon-free treatment for
genotype 1b chronic hepatitis C patients;
however, the combination treatment might be
less effective against genotype 2.

NSSA and NSSB polymerase activity have pro-
ceeded to clinical trials for HCV-infected patients.
DAA are used in combination with Peg-alfa and riba-
virin because monotherapy with these drugs results
in the early emergence of drug-resistant variants.” *
As Peg-alfa/ribavirin treatment is frequently asso-
ciated with serious adverse events, an oral Peg-alfa/
ribavirin-free DAA combination therapy would
offer an ideal treatment option for chronic hepatitis
C patients. The first proof-of-concept study to
combine NS3 protease and NS3B inhibitors
(INFORM-1) reported that 13 days of this combin-
ation treatment achieved robust antiviral suppres-
sion in genotype 1 HCV-infected patients, and no
evidence of resistance to either compound was
observed.® Following the INFORM-1 study, we and
other groups have also reported that a DAA-only
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combination comprising NS3 protease inhibitor (PI), Bristol-
Myers Squibb (BMS)-650032 (asunaprevir) and NSSA replica-
tion complex inhibitor (RCI), BMS-790052 (daclatasvir) can
achieve high sustained virological response (SVR) rates in patients
with HCV genotype 1b infection.® A number of DAA-only com-
bination studies are now entering phase 2 clinical trials.” The
effect of telaprevir was recently analysed in genotype 2
HCV-infected patients. Fifteen days of telaprevir monotherapy
decreased the serum HCV RNA titre by 3.7 log;o 1U/ml, and
3 months of telaprevir plus 24 weeks of Peg-alfa/ribavirin triple
therapy resulted in SVR in 100% of genotype 2 HCV-infected
patients.® However, the effect of Peg-alfa/ribavirin-free DAA
combination therapy on genotype 2 HCV has not been reported.

The immunodeficient urokinase-type plasminogen activator
(uPA) mouse permits repopulation of the liver with human hepa-
tocytes that can be infected with HCV.’ This animal model is
useful for evaluating anti-HCV drugs such as Peg-alfa and NS3
PL.'% ' Using this animal model, we recently described the suc-
cessful elimination of HCV genotype 1b by treatment with a
combination of NS3 protease and NS5B inhibitors.'? In this
study, we investigated whether short-term combination treat-
ments with NSSA RCI and either NS3 protease or NSS5B site |
inhibitors could eliminate HCV 77 vivo in human hepatocyte chi-
meric mice, and we compared the efficacy of the drugs against
HCV genotype 1 versus genotype 2.

METHODS

Compounds and cells

BMS-605339 (NS3 PI, analogue of asunaprevir), BMS-788329
(NSSA RCI, analogue of daclatasvir) and BMS-821095 (NS5B
non-nucleoside analogue inhibitor; NNI) were synthesised by
BMS. Huh-7 cells that stably maintain HCV replicons were pro-
pagated as subconfluent monolayers in Dulbecco’s modified
essential medium containing 10% fetal bovine serum, 2 mM
L-glutamine, and 0.5 mg/ml geneticin (G418; Invitrogen Corp.,
Carlsbad, California, USA) at 37°C under 5% carbon dioxide.’?

Determination of ICs; in culture systems

The genotype 1b (Con 1) replicon cell line was constructed as
described previously.'* A genotype 2a (JFH-1) cell line was gen-
erated by introducing the JFH-1 sequence from NS3 to NS5B
into the genotype 1b (Con 1) backbone.*® Inhibition of HCV
RNA replication by either BMS-605339, BMS-788329 or
BMS-821095 for 72 h was monitored using a luciferase reporter
assay. Antiviral activities of the compounds, for example, the
50% inhibitory concentration (ICsg), were determined as
described previously.®

Human serum samples

Human serum containing a high titre of HCV genotypes 1b, 2a
and 2b was obtained from patients with chronic hepatitis who
had given written informed consent to participate in the study.
Serum samples were divided into small aliquots and stored in
liquid nitrogen until use. The study protocol conforms to the
ethical guidelines of the 1975 Declaration of Helsinki and was
approved a priori by the institutional review committee.

Animal treatment

Generation of the uPA™*/SCID*/* mice and transplantation of
human hepatocytes were performed as described previously.'”
All mice were transplanted with frozen human hepatocytes
obtained from the same donor. All animal protocols described
in this study were performed in accordance with the guidelines
of the local committee for animal experiments, and all animals

received humane care. Infection, extraction of serum samples
and killing of animals were performed under ether anaesthesia.
Eight weeks after hepatocyte transplantation, mice were injected
intravenously with 100 pl of HCV-positive human serum
samples. Mice serum samples were obtained every 1 or 2 weeks
after HCV infection, and HCV RNA levels were measured.

Treatment of HCV-infected mice with anti-HCV inhibitors
Eight weeks after HCV infection when the mice developed
stable viraemia (6-8 log;y copies/ml), mice were administered
orally with one of the following: 75 mg/kg of BMS-605339
(twice a day); 10 or 30 mg/kg of BMS-788329 (once a day); or
30 or 100 mg/kg of BMS-821095 (once a day) for 4 weeks. To
analyse the effect of the combination treatment, BMS-788329
was mixed with either BMS-605339 or BMS-821095 and given
together as a cocktail. To analyse susceptibility to Peg-alfa,
10 ug/kg of human Peg-alfa (Chugai Pharmaceutical Co. Ltd.,
Tokyo, Japan) were administered by intramuscular injection
twice a week for weeks.

RNA extraction and amplification

RNA extraction, nested PCR and quantitation of HCV by real-
time PCR were performed as described previously.'! '* Briefly,
RNA was extracted from serum samples and extracted livers
using SepaGene RVR (Sankojunyaku, Tokyo, Japan) and reverse
transcribed with a random hexamer and a reverse transcriptase
(ReverTraAce; TOYOBO, Osaka, Japan) according to the
instructions provided by the manufacturer. Quantitation of
HCV complementary DNA was performed using a light cycler
(Roche Diagnostic, Japan, Tokyo). The lower detection limit of
real-time PCR is 3 log;y copies/ml.

Sequence analysis

The nucleotide and amino acid sequences of the NS3, NSSA
and NS5B regions of HCV were determined by direct sequencing
as described previously.'* The primers used to amplify the
NS3 region were 5'-GTGCTCCAAGCTGGCATAAC-3' and
5'-AGGACCGAGGAATCGAACAT-3' as the first (outer) primer
pair and 35'-CTAGAGTGCCGTACTTCGTG-3' and 5-ACT
GATCCTGGAGGCGTAGC-3’ as the second (inner) primer pair.
The primers used to amplify the NS5A region were 5'-GAA
TGCAGCTCGCCGAGCAA-3' and S'-CCATGTTGTGGTGGC
GCAGC-3' as the first (outer) primer pair and 5'-GCAGCTGT
TGGCAGCATAGGTC-3" and 5-GATGGTAGTGCATGTCG
CC-3 as the second (inner) primer pair. The primers used to
amplify the NSSB region were 5-TAAGCGAGGAGGCT
GGTGAG-3" and 5-CCTATTGGCCTGGAGTGTTT-3' as the
first  (outer) primer pair and S5-GACTCAACGGTCAC
TGAGAG-3 and 5'-CCTATTGGCCTGGAGTGTTT-3' as the
second (inner) primer pair. The amplified DNA fragments were
separated onto a 2% agarose gel and purified using the QIAquick
gel extraction kit (Qiagen, Hilden, Germany). Nucleotide
sequences were determined using BigDye Terminator v3.1 cycle
sequencing kit (Applied Biosystems Inc., California, USA). The
obtained nucleotide and amino acid sequences were compared
with the prototype sequences of genotype 1b HCV-] (GenBank
accession no.: D90208)'8.

Ultra-deep sequencing

We have adapted multiplex sequencing by synthesis to sequence
multiple genomes simultaneously using the Illumina genome
analyser. Briefly, cDNA was fragmented using sonication, and
the resultant fragment distribution was assessed using the
Agilent BioAnalyzer 2100 platform. A library was prepared

2
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Table 1 In-vitro activity of BMS-605339, BMS-788329 and
BMS-821095 in HCV replicon assays

1C50 (NM)
Genotype (strain) BMS-605339 BIMIS-788329 BMS-821095
1b (Con 1) 3.5+0.8 0.012+0.005 3.8+0.6
2a (JFH-1) 81+27 0.014+0.007 365+266

Data are represented as means=SD from at least three independent experiments.
HCV, hepatitis C virus##

using the Multiplexing sample preparation kit ([llumina Inc.,
California, USA). Imaging analysis and base calling were per-
formed using Illumina Pipeline software with default settings.
The N-terminal 1344 nucleotides of NS3 protease, 1146
nucleotides of NS5A RCI and 1133 nucleotides of NS5B poly-
merase were analysed. This technique revealed an average cover-
age depth of over 1000 sequence reads per base pair in the
unique regions of the genome. Read mapping to a reference
sequence was performed using BWA.'? Direct sequencing con-
sensus data were used to improve alignment to the reference
sequence. Codon counts were merged and analysed using R
V2.14.

Statistical analysis

Mice serum HCV RNA titres were compared using the Mann—
Whitney U test. A p value less than 0.05 was considered statis-
tically significant.

RESULTS

Antiviral activities of BMS-605339, BMS-788329

and BMS-821095 in cell culture systems

The inhibitory effects of BMS-605339, BMS-788329 and
BMS-821095 on HCV replication were analysed i vitro using
HCV replicon cells (genotype 1b, Con 1 and genotype 2a, JFH1).
A summary of the ICsq values for each drug is shown in table 1.
Antiviral activities of BMS-605339 and BMS-788329 were similar
to asunaprevir'® and daclatasvir,?? respectively. BMS-605339 and
BMS-821095 1Cs values were 23-fold and 116-fold more potent
against genotype 1b than against genotype 2a, respectively.

Peg-alfa treatment on mice infected with

HCV genotypes 1 and 2

We first analysed the effect of Peg-alfa on mice infected with HCV
genotypes 1 and 2. Mice were injected with 10° copies of HCV
obtained from patients infected with HCV genotypes 1b, 2a, or
2b. Administration of 10 pg/kg of human Peg-alfa twice a week for
2 weeks resulted in only a 0.53 log;q decrease in the serum HCV
RNA titre in HCV genotype 1b-infected mice (figure 1). In con-
trast, the same therapy resulted in 1.9 log;y and 1.5 logq
decreases in serum HCV RNA titres in mice with HCV genotypes
2a (p<0.05) and 2b (not significant), respectively. No decline in
HCV RNA titre was observed in control mice infected with HCV
genotype 1b during this 2-week period (figure 1). These results
are consistent with the clinical observation that genotype 2
demonstrates a higher susceptibility to Peg-alfa treatment com-
pared to HCV genotype 1.

Effects of BMS-605339, BMS-788329, or BMS-821095

on HCV genotype 1b in mice

We analysed the effect of DAA monotherapy on mice infected
with HCV genotype 1b. Nine mice were injected with 10° copies

Peg-alfa
~@— Genotype 1b
8r —&— Genotype 2a
Bas pe 2b
£ IF —0o- Control
s
g 6
g
<
g st
>
2
4+
3 L I
0 1 2
Weeks
Figure 1 Antiviral effects of Peg-alfa treatment in mice. Mice were

infected with hepatitis C virus (HCV) genotypes 1b (n=3), 2a (n=4) or
2b (n=4), then treated with 10 ug/kg of Peg-alfa twice per week for
2 weeks. HCV-infected mice without treatment (n=3) were also
analysed (control). Mice serum HCV RNA titres were measured at the
indicated times. Data are presented as mean=SD.

of HCV obtained from a patient infected with genotype 1b.
Eight weeks after injection when stable viraemia had developed,
mice were treated with BMS-605339 (N3PI) (figure 2A),
BMS-788329 (NSSA RCI) (figure 2B) or BMS-821095 (NSSB site
I inhibitor) (figure 2C) for 4 weeks. Although all BMS-605339
and BMS-788329-treated mice showed an initial reduction of
serum HCV RNA titres, all later showed rebound during treat-
ment. Nucleotide analysis by direct sequencing revealed the
emergence of a mutation coding for D168E in the NS3 region
(NS3 Pl-resistant variant)?! in a BMS-605339-treated mouse
(figure 2A), and a mutation coding for Y93H in the NS5A region
(NS5A RCl-resistant variant)'* in a BMS-788329-treated mouse at
week 4 of treatment (figare 2B). Almost all mice treated with
BMS-821095 showed an initial reduction in serum HCV RNA
titres, and also showed rebound with the emergence of mutations
coding for P495A and P495S in the NS5B region (NSSB site I
inhibitor-resistant variant)** at week 4 of treatment (figure 2C).
HCV RNA titre reduction was not obvious in some mice treated
with 30 mg/kg of BMS-821095 (figure 2C), suggesting that expos-
ure of this inhibitor at 30 mg/kg dosing was not sufficient to sup-
press viral replication. Ultra-deep sequence analysis showed the
development of a high prevalence of drug-resistant variants in
mice sera in the NS3 PI, NS5A RCl-treated mice, and enrichment
of pre-existing resistance variants in the NSSB NNI-treated mouse
4 weeks after the beginning of the treatment (figure 2D).

Combination treatment of BMS-788329 with either
BMS-605339 or BMS-821095 in HCV genotype 1b mice

As monotherapies with either the NS3 PI, or the NSSA RCI or
the NS5B NNI were unable to eradicate HCV RNA due to
the emergent resistance variants, we analysed the effects of
combining the NSSA RCI with either the NS3 PI or NS5B
NNI. Mice infected with HCV genotype 1b (two mice per com-
bination group) were treated with 10 mg/kg of BMS-788329 and
either 75 mg/kg twice daily of BMS-605339 or 100 mg/kg of
BMS-821095 for 4 weeks. In all mice, HCV RNA became nega-
tive by nested PCR 1 week after the beginning of combination
therapy and remained undetectable after cessation of treatment
(figure 3A,B). Elimination of the virus was assumed as HCV
RNA was undetectable by nested PCR in mice livers treated with
BMS-788329 and either BMS-605339 or BMS-821095 8 weeks
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Figure 2 Antiviral effects of BMS-605339, BMS-788329 or BMS-821095 monotherapy in mice infected with hepatitis C virus (HCV) genotype 1b.
Mice were injected intravenously with 10° copies of HCV genotype 1b. Eight weeks after HCV infection, mice were treated with the indicated
concentrations of BMS-605339 (A), BMS-788329 (B) or BMS-821095 (C) for 4 weeks. Serum samples were obtained at the indicated times, and HCV
RNA titre and nucleotide and amino acid (aa) sequences were analysed. HCV-infected mice without treatment were also analysed (control). The
horizontal dotted line indicates the HCV RNA titre detection limit (3 log copies/ml). (D) The aa frequencies in the BMS-605339 (top), BMS-788329
{middle bottom) or BMS-821095 (bottom) treated mice by ultra-deep sequencing before treatment and at 4 weeks are shown.

(week 12) and 7 weeks (week 11) after cessation of therapy,
respectively (figure 3C).

Combination treatment of BMS-788329 with either
BMS-605339 or BMS-821095 in HCV genotype 2 mice

We analysed the effect of DAA combination therapies on mice
infected with HCV genotypes 2a and 2b. In contrast to mice
with genotype 1b, mice with genotypes 2a or 2b failed to
respond to 4 weeks of treatment with BMS-788329 and

BMS-605339 (figure 4A,B). Although the combination of
BMS-788329 with BMS-821093 revealed no detectable viral
load decline at the time points examined in genotype 2a
mice, viral load reductions were detected in genotype 2b
mice. Sequence analysis revealed no emergence of resistance
variants in the NS3, NSSA or NS5B regions before and
4 weeks after the end of each of these combination treat-
ments, suggesting insufficient drug selection pressure (data not
shown).
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Figure 3  Antiviral effects of NS5A replication complex inhibitor
combinations with either an NS3 protease inhibitor or an NS5B
inhibitor in mice infected with hepatitis C virus (HCV) genotype 1b.
The four mice were treated with 10 mg/kg of BMS-788329 and either
75 mg/kg twice daily of BMS-605339 (A) or 100 mg/kg of BMS-821095
(B) for 4 weeks (closed circles). Mice without treatment were also
analysed (open circles). Serum samples were obtained at the indicated
times, and HCV RNA titres were measured. The horizontal dotted line
indicates the HCV RNA titre detection limit (3 log copies/ml).

(C) Nested PCR of HCV RNA, human serum albumin and GAPDH in
mouse livers. Livers from mice treated with BMS-788329 and either
BMS-605339 (lane 2) or BMS-821035 (lane 3) were obtained. Mouse
livers with (lane 1) or without (lane 4) HCV infection were also
analysed.

DISCUSSION

DAA-only therapy may offer a promising option to eradicate
HCV without incurring the severe side effects of Peg-alfa.
However, the emergence of drug-resistant variants is expected for
all DAA?! and has already been observed in combination therapies
with two DAA.S 2% 2* If the exposure of the drugs can be safely
increased, as we recently reported for a two-drug combination
administered to human hepatocyte chimeric mice,'? eradication of
virus is still possible. In this study, we tested the ability of different
two-DAA combination therapies to eradicate HCV. Although DAA
monotherapies resulted in a viral breakthrough due to the develop-
ment of a high prevalence of drug-resistant variants (figure 2A-D),
DAA combination therapies with the NSSA RCI and either the
NS3 PI or NS5B NNI were shown to eradicate virus successfully
from HCV genotype 1b-infected mice with only 4 weeks of treat-
ment (figure 3). These two-DAA combination treatments resulted
in more rapid, robust declines within the first week of treatment

when compared with the suboptimal antiviral responses from each
of their respective monotherapies. Furthermore, regimens contain-
ing NSSA RCI appeared equally effective in treating mice chronic-
ally infected with hepatitis C genotype 1b.

In contrast to the rapid decrease in HCV RNA in mice infected
with HCV genotype 1b, HCV genotype 2a and 2b-infected mice
either did not respond or responded poorly to treatment with the
NS5A RCI combined with either the NS3 PI or NS5B NNI (figure
4A,B). In this study, NS3 PI and NS5B NNI ICsq values against
genotype 1b were markedly more potent than against genotype 2a
in cell culture systems (table 1). These findings are consistent with
previous experimental results that reported reduced activity of
these drug classes against genotype 2.%°72® In clinical trials, telapre-
vir monotherapy was found to result in a rapid decrease in serum
HCV RNA levels in patients infected with HCV genotype 2;
however, another protease inhibitor, BILN-2061, was less effective
in patients with HCV genotype 2 compared to genotype 1.%7
Sequence analysis revealed a pre-existing A156G variant in the
NS3 region, a L31M variant in thé NSSA region and a [482L
variant in the NSSB region in both HCV genotypes 2a and 2b
infecting strains used in this study (data not shown). These
NS3-A156G and NSSA-L3 1M variants confer resistance to inhibi-
tors with similar chemical structures to BMS-605339 and
BMS-788329, respectively, in genotype 2a replicon cell culture
assays.>®% Although BMS-788329 was very potent against the
genotype-2a JFH-1 replicon (ICs5y 0.014 nM; table 1), its activity
was significantly less against other genotype 2a and 2b viruses,
such as genotype 2a HC-J6CFE. The loss in potency observed in
these viruses is not surprising because these viruses have a methio-
nine at NS5A amino acid residue 31. The ICsq of a genotype 2a
hybrid replicon containing HC-J6CF NSSA with L31M substitu-
tion is approximately 10 nM (data not shown). The minimal anti-
viral response in mice infected with genotypes 2a and 2b receiving
treatments containing BMS-788329 with either BMS-605339 or
BMS-821095 can therefore be explained by pre-existing NS3,
NSSA and NSSB resistance variants. Nevertheless, it is possible
that mice infected with wild-type genotype 2 viruses and subse-
quently treated with higher doses of each of these DAA in dual or
even triple combination therapy may have resulted in more robust
reductions in viral load. The human hepatocyte chimeric mouse
model offers a viable approach for identifying effective DAA-only
combinations that not only act against HCV genotype 1 but
against all HCV genotypes.

In summary, we demonstrated that an NS5A RCI can be
effectively combined with different inhibitor classes to cure
human hepatocyte chimeric mice infected with HCV genotype
1b after 4 weeks of treatment. However, these treatment combi-
nations were not effective against HCV genotype 2. Oral combi-
nations incorporating an NS5A RCI might offer Peg-alfa-free
treatment options for genotype 1b chronic hepatitis C patients.
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Figure 4  Antiviral effects of NS5A replication complex inhibitor combinations with either NS3 protease inhibitor or NS5B inhibitor in mice infected
with hepatitis C virus (HCV) genotype 2. Each of the four HCV genotype 2a (A) or 2b (B) infected mice were treated with 10 mg/kg of BMS-788329
combined with either 75 mg/kg twice daily of BMS-605339 (left panel) or 100 mg/kg of BMS-821095 (right panel) for 4 weeks (closed circles). Mice
without treatment were also analysed (open circles). Serum samples were obtained at the indicated times, and HCV RNA titres were measured. The
horizontal dotted line indicates the HCV RNA titre detection limit (3 log copies/ml).
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