Hepatology Research 2013; 43: 67-71

9

10

11

12

13

Carman WF, Trautwein C, van Deursen FJ et al. Hepatitis B
virus envelope variation after transplantation with and
without hepatitis B immune globulin prophylaxis. Hepa-
tology 1996; 24: 489-93.

Ghany MG, Ayola B, Villamil FG et al. Hepatitis B virus S
mutants in liver transplant recipients who were reinfected
despite hepatitis B immune globulin prophylaxis. Hepatol-
ogy 1998; 27: 213-22. ‘
Ueda Y, Marusawa H, Egawa H et al. De novo activation of
HBV with escape mutations from hepatitis B surface anti-
body after living donor liver transplantation. Antivir Ther
2011; 16: 479-87.

Ali H, Egawa H, Uryuhara K et al. Prevention of hepatitis B
virus recurrence after living donor liver transplantation.
Transplant Proc 2004; 36: 2764-7.

Ueda Y, Takada Y, Haga H et al. Limited benefit of bio-
chemical response to combination therapy for patients
with recurrent hepatitis C after living-donor liver trans-
plantation. Transplantation 2008; 27 (85): 855-62.

14

15

17

18

- 905 -

Entecavir and HBIG after LDLT 71

Raut V, Mori A, Kaido T et al. Splenectomy does not offer
immunological benefits in ABO-incompatible liver trans-
plantation with a preoperative rituximab. Transplantation
2012; 15 (93): 99-105.

Kobayashi S, Shimada K, Suzuki H et al. Development of a
new method for detecting a mutation in the gene encoding
hepatitis B virus reverse transcriptase active site (YMDD
motif). Hepatol Res 2000; 17: 31-42,

Jimenez-Perez M, Saez-Gomez AB, Mongil Poce L, Lozano-
Rey JM, de la Cruz-Lombardo J, Rodrigo-Lopez JM. Efficacy
and safety of entecavir and/or tenofovir for prophylaxis
and treatment of hepatitis B recurrence post-liver trans-
plant. Transplant Proc 2010; 42: 3167-8.

Xi ZF, Xia Q, Zhang JJ et al. The role of entecavir in pre-
venting hepatitis B recurrence after liver transplantation.
] Dig Dis 2009; 10: 321-7.

FungJ, Cheung C, Chan SC et al. Entecavir monotherapy is
effective in suppressing hepatitis B virus after liver trans-
plantation. Gastroenterology 2011; 141: 1212-9.

© 2012 The Japan Society of Hepatology



1464

ORIGINAL CONTRIBUTIONS

nature publishing group

A Translational Study of Resistance Emergence
Using Sequential Direct-Acting Antiviral Agents for
Hepatitis C Using Ultra-Deep Sequencing

Hiromi Abe, PhD#8, C. Nelson Hayes, PhD?*& Nobuhiko Hiraga, MD, PhD34#, Michio Imamura, MD, PhD*#, Masataka Tsuge, MD, PhD3?,
Daiki Miki, MD, PhD?*, Shoichi Takahashi, MD, PhD3#, Hidenori Ochi, MD, PhD?** and Kazuaki Chayama, MD, PhD>*

OBJECTIVES:

Direct-acting antiviral agents (DAAs) against hepatitis C virus (HCV) have recently been developed

and are ultimately hoped to replace interferon-based therapy. However, DAA monotherapy results

in rapid emergence of resistant strains and DAAs must be used in combinations that present a high
genetic barrier to resistance, although viral kinetics of multidrug-resistant strains remain poorly
characterized. The aim of this study is to track the emergence and fitness of resistance using
combinations of telaprevir and NS5A or NS5B inhibitors with genotype 1b clones.

METHODS:
ultra-deep sequencing.

RESULTS:

HCV-infected chimeric mice were treated with DAAs, and resistance was monitored using direct and

Combination therapy with telaprevir and BMS-788329 (NS5A inhibitor) reduced serum HCV RNA

to undetectable levels. The presence of an NS3-V36A telaprevir resistance mutation resulted in
poor response to telaprevir monotherapy but showed significant HCV reduction when telaprevir was
combined with BMS-788329. However, a BMS-788329-resistant strain emerged at low frequency.
Infection with a BMS-788329-resistant NS5A-L31V mutation rapidly resulted in gain of an
additional NS5A-Y93A mutation that conferred telaprevir resistance during combination therapy.
Infection with dual NS5AL31V/NS5AY93H mutations resulted in poor response to combination
therapy and development of telaprevir resistance. Although HCV RNA became undetectable soon
after the beginning of combination therapy with BMS-788329 and BMS-821095 (NS5B inhibitor),
rebound with emergence of resistance against all three drugs occurred. Triple resistance also
occurred following infection with the NS3V36A/NS5AL31V/NS5AY93H triple mutation.

CONCLUSIONS:

Resistant strains easily develop from cloned virus strains. Sequential use of DAAs should be avoided

to prevent emergence of multidrug-resistant strains.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper at http://www.nature.com/ajg

Am ] Gastroenterol 2013; 108:1464-1472; doi:10.1038/ajg.2013.205; published online 30 July 2013

INTRODUCTION

According to the 2012 World Health Organization report, approx-
imately 150 million individuals are chronically infected with hep-
atitis C virus (HCV) worldwide (1). Chronic HCV infection leads
to chronic hepatitis, liver cirrhosis, liver failure, and hepatocel-
lular carcinoma (1). Recently, two direct-acting antiviral agents
(DAAs), telaprevir and boceprevir, have been approved for use
in daily clinical practice to treat patients chronically infected

with HCV genotype 1 (2-9). Triple therapy with peg-interferon,
ribavirin, and either telaprevir or boceprevir has been reported to
be the most effective approved treatment so far, with an eradica-
tion rate of 50 to 70%, compared with no >50% for combination
therapy with peg-interferon and ribavirin alone (2-9). However,
triple therapy is approved only for genotype 1, and many treated
patients experience severe side effects that often result in early
termination of the therapy (2-9). In an effort to establish safer
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and more effective therapies, a number of new DA As are in devel-
opment, and several have reached the clinical trial stage (10-12).

One of the two available drugs, telaprevir, has been approved
in the United States, Canada, the Europe Union, and some Far
East countries. Although telaprevir, a potent NS3/4A protease
inhibitor, shows excellent antiviral activity, single use of the drug
results in rapid emergence of resistant mutants (13-16). Twelve
weeks of monotherapy with telaprevir resulted in a marked
reduction of HCV RNA (16), and HCV RNA became undetectable
in the serum in 3 of 10 treated patients (16). However, emergence
of resistant mutants caused viral breakthrough and reappearance
of the virus. To date, only one patient who showed a sustained
virological response has been reported (16-18).

To avoid the emergence of resistance, combinations of DAAs tar-
geting different viral protein with or without ribavirin have been
investigated (19-22). We previously showed in animal experiments
that HCV can be eradicated by only 4 weeks of combination therapy
with telaprevir and NS5B inhibitor MK0608 (19). More recently,
the combination of the NS3 protease inhibitor asunaprevir with the
NS5A inhibitor daclatasvir was shown to eradicate the virus success-
tully in patients with genotype 1b (21,22). This interferon-free regi-
men has been reported to be more tolerable with few severe adverse
events. Only some patients developed an elevation of transaminases
and hyperbilirubinemia, probably due to the side effects of asunapre-
vir, which selectively accumulates in the liver with liver vs. plasma
ratios ranging from 40-fold to 359-fold in several animal species
(23). It has been reported that daclatasvir is effective even with very
small doses and that the drug is excreted from the kidneys, suggest-
ing that the liver damage seen in the combination therapy is not
due to daclatasvir (22). As a significant portion of patients with
HCYV infection have already developed advanced liver diseases, the
risk of coercing further liver damage should be minimized. Although
it has been reported that telaprevir affects both liver and kidney
transporters (24), no significant liver damage by telaprevir has been
reported so far. This suggests that telaprevir is a good candidate for
a future oral DAA combination therapy with daclatasvir.

We investigated in this study the effect of BMS-788329, a close
analog of daclatasvir and telaprevir combination therapy against
HCV genotypes 1b using a human hepatocyte chimeric mouse
infection model. We also assessed how existing variants with resist-
ant features affect response to DAA combination therapy. Further-
more, we investigated the possibility of multiple drug-resistant
mutants using the combination of BMS-788329 and polymerase
inhibitor BMS-821095. Our results showed that a mutant strain
resistant against all three drugs emerges from clonal infection
after sequential therapy with these drugs. Therefore, our results
advocate for simultaneous DAA combination therapy, and we note
the importance of resistance analysis and drug selection before
therapy in order to successfully eradicate the virus.

METHODS

Animals

Generation of the uPA+/+/SCID +/+ mice and transplan-
tation of human hepatocytes were performed as described

© 2013 by the American College of Gastroenterology
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previously (25). All mice were transplanted with frozen human
hepatocytesobtained from thesame donor. Animal protocolswere
approvedbyandperformedinaccordancewiththeguidelinesofthe
local committee for animal experiments. Mice received humane
care. Infection, extraction of serum samples, and killing were
performed under ether anesthesia. Mice were inoculated intra-
venously with HCV-positive human serum samples and used
for evaluation of drugs as reported previously (26,27). Mice
were also prepared by injection of genotype 1b clone HCV-
KT9 HCV RNA and its synthesized derivatives into the livers of
chimeric mice (28).

Reagents

HCV-infected mice were perorally administered telaprevir based
on 200 mg/kg body weight of (VX950; MP424; Mitsubishi Tanabe
Pharma, Osaka, Japan), 10mg/kg body weight of BMS-788329
(NS5A inhibitor), and 100 mg/kg body weight of BMS-821095
(NS5B inhibitor) (Bristol-Myers Squibb, New York, NY). These
reagent doses were found to yield serum concentrations equiva-
lent to those in treated human patients.

Human serum samples

Human serum samples containing a high titer of genotype 1b
HCV (2.2.x105-107 copies/ml) were obtained from patients with
chronic hepatitis C after obtaining written informed consent.
Aliquots of serum were stored in liquid nitrogen until use. The
study protocol involving human subjects conformed to the ethical
guidelines of the 1975 Declaration of Helsinki and was approved
by the institutional review committee.

Construction of mutant HCV strains and HCV RNA synthesis
We have previously reported infectious genotype 1b HCV clone
HCV-KT9, which is able to replicate in human hepatocyte chi-
meric mice (27) (GenBank accession no. AB435162). HCV-KT9
mutants (V36A in NS3, L31V and Y93H in NS5A) were gener-
ated by site-directed mutagenesis using following primers: V36A
in NS3, 5-AGGTTCAAATAGCCTCCACCGCAACA-3’ (sense)
and 5-TGTTGCGGTGGAGGCTATTTGAACCT-3’ (antisense);
L31V in NS5A, 5-TCCAAACTCCTGCCGCGGGTACCGGGA
GTCCCTTT-3’ (sense) and 5-AAAGGGACTCCCGGTACCCG
CGGCAGGAGTTTGGA-3" (antisense); and Y93H in NS5A,
5’-AACATTCCCCATCAACGCACACACCACGGGCCCCTG
CACA-3 (sense) and 5-TGTGCAGGGGCCCGTGGTGTGTGC
GTTGATGGGGAATGTT-3’ (antisense). HCV RNA synthesis
was performed as described previously (26,29). The RNA was
analyzed using denaturing agarose gel electrophoresis and stored
at —80°C until use.

RNA extraction and HCV RNA quantification

RNA was extracted from mouse serum samples using Sepa Gene
RV-R (Sankojunyaku, Tokyo, Japan), dissolved in RNase-free
water, and reverse transcribed using a random primer (Takara
Bio, Shiga, Japan) and M-MLV reverse transcriptase (Rever-
Tra Ace, Toyobo, Osaka, Japan) in a 20Ul reaction mixture
according to the instructions provided by the manufacturer.
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Figure 1. Effect of telaprevir plus NS5A inhibitor combination therapy for human hepatocyte chimeric mice infected with HCV genotype 1b.

We established mice infected with serum from two different patients with genotype 1b and administrated 200 mg/kg (mouse body weight) of telaprevir
and 10mg/kg (mouse body weight) of BMS-788329 (NS5A inhibitor). (a) Viral breakthrough occurred in one mouse infected with serum from the first
patient. (b) Viral relapse occurred 5 weeks following the end of therapy in both mice infected with serum from the second patient. HCV, hepatitis C virus.

One microliter of complementary DNA were subjected to
quantification of HCV RNA using 7300 Real-Time PCR System
(Life Technologies, Carlsbad, CA) (27).

Ultra-deep sequencing

We amplified 200-300-bp HCV complementary DNA fragments
using KOD DNA Polymerase by nested PCR using the following
primers: NS3 first set, 5'-CTGCATCATCACTAGCCTTACG-3’
(sense) and 5-GAGCACCTTGTACCCTTGGGC-3" (antisense);
NS5A first set, 5-ACTACGTGCCTGAGAGCGACG-3’ (sense)
and 5-CCAACCAGGTACTGATTGAGC-3" (antisense); NS3
aa36, 5-AGAACCAGGTCGAGGGAGAGG-3’ (sense) and 5'-A
AGTAGAGGTCCGAGCTGCCG-3’ (antisense); NS3 aal55-156,
5-GGGCACGTTGTGGGCATCTTC-3" (sense) and 5'-GAGCA
CCTTGTACCCTTGGGC-3" (antisense); NS5A aa31, 5-TGGCT
CCAGTCCAAACTCCTG-3’ (sense) and 5-GGGAATGTTCCA
TGCCACGTG-3" (antisense); NS5A aa93, 5-TGGAACATTCC
CCATCAACGC-3’ (sense) and 5-CCAACCAGGTACTGATTG
AGC-3’ (antisense) and then we performed end repair of frag-
mented DNA, adenine tailing of end repair, adaptor ligation,
and PCR enrichment of adaptor-ligated DNA using TruSeq
DNA Sample Preparation Kit (Illumina, San Diego, CA) accord-
ing to the instructions provided by the manufacturer. Paired-end
sequencing with multiplexed tags was carried out using Illumina
Genome Analyzer IIx.

Direct sequencing

To compare the results of direct and ultra-deep sequencing,
we performed direct sequencing using the same DNA frag-
ments as ultra-deep sequencing. The primers for NS5B were as
follows: NS5B first set, 5'-CGTCTGCTGCTCAATGTCCTAC-3’
(sense) and 5-GTCATGCGGCTCACGGACCT-3" (antisense);
NS5B second set, 5'-GACTCAACGGTCACTGAGAG-3’ (sense)
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and 5-CCTATTGGCCTGGAGTGTTT-3" (antisense). Direct
sequencing was carried out using a 3130 Genetic Analyzer (Life
Technologies).

RESULTS

Effect of telaprevir plus NS5A inhibitor combination therapy
for human hepatocyte chimeric mice infected with HCV
genotype 1b

We inoculated six human hepatocyte chimeric mice with
serum samples obtained from two patients with genotype 1b.
After HCV RNA levels reached plateau, mice were adminis-
trated 200 mg/kg of telaprevir and 10mg/kg of BMS-788329
(NS5A inhibitor) for 4 weeks (Figure 1). HCV RNA levels of
three out of the four mice with serum from patient 1 decreased
below the limit of detection (1.0x10°copies/ml). HCV RNA
levels of the fourth mouse flared up before the end of therapy
(viral breakthrough), and HCV RNA levels rapidly returned to
pre-treatment levels following the end of therapy (Figure 1a).
In the two mice inoculated with serum from patient 2, HCV
levels remained negative for 4 weeks after drug withdrawal in
both mice and then gradually increased to 1.0x10° copies/ml
(Figure 1b). These results indicate that telaprevir plus NS5A
inhibitor combination therapy at the above dose is effective
against HCV genotype 1b (Figure 1a,b).

Combination treatment with telaprevir and BMS-788329 in
human hepatocyte chimeric mice infected with an HCV clone
containing NS3 V36A telaprevir resistance mutation

We established clonal infection with a telaprevir-resistant NS3
V36A mutant KT-9 strain in two human hepatocyte chimeric
mice. Mice were treated with telaprevir alone for the first 2
weeks to confirm resistance and then treated with telaprevir plus
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BMS-788329 combination therapy thereafter. HCV RNA levels conferred resistance against telaprevir. HCV RNA levels declined
decreased only slightly in two mice when treated with telapre-  to undetectable levels in one of the mice (Figure 2a) and hov-
vir alone, indicating that the introduced NS3 V36A mutation ered near the limit of detection in the other mouse (Figure 2b).
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Figure 2. Combination treatment with telaprevir and BMS-788329 in human hepatocyte chimeric mice infected with an HCV clone containing NS3
V36A telaprevir resistance mutation. We infected mice with an infectious clone harboring a telaprevir-resistant NS3 V36A mutation. (a, b) Mice received
200 mg/kg (mouse body weight) of telaprevir and 10mg/kg (mouse body weight) of BMS-788329 (NS5A inhibitor). HCV, hepatitis C virus; w, weeks.
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Ultra-deep sequencing data showed that the introduced V36A
mutation in the NS3 region of KT-9 was conserved in >99.5%
of the viral sequences examined. In addition, amino acids 155
and 156 in NS3, which are also associated with telaprevir resist-
ance, also remained unchanged (Figure 2a,b and Supplementary
Tables 1 and 2 online). Although mutant sequences were detected
at very low frequency (<0.5%), these sequences may be due to
sequencing errors or artifacts introduced during the amplifica-
tion step because similar low-frequency variants were detected
when sequencing a plasmid to establish the error threshold
for detection of rare variants (data not shown). However, we
detected a small amount of a new resistance mutation, Y93H in
the NS5A region, in mice treated with telaprevir and BMS-788329
combination therapy for 10 weeks (Figure 2b and Supplemen-
tary Table 2 online). These data indicate that sequential adminis-
tration of telaprevir and NS5A inhibitor may result in emergence
of a doubly resistant strain.

Effect of telaprevir and BMS-788329 combination therapy in
human hepatocyte chimeric mice infected with an HCV clone
containing NS5A L31V resistance mutation

We established clonal infection with an HCV KT-9 NS5A L31V
mutant clone, which we expected to be resistant against NS5A
inhibitor. Mice were treated with BMS-788329 alone for the
first 2 weeks to confirm resistance and then treated with tela-
previr plus BMS-788329 combination therapy thereafter. In
both mice, HCV RNA levels declined rapidly in the first week
of BMS-788329 monotherapy but then rose again sharply
during the second week (Figure 3a,b). A second mutation,
NS5A Y93C, emerged and replaced the wild-type strain dur-
ing the initial 2 weeks of BMS-788329 monotherapy in both
mice (Figure 3a,b and Supplementary Tables 3 and 4 online).
HCV RNA levels declined to undetectable levels in one of
the two mice (Figure 3a). In the other mouse, viral breakthrough
occurred during combination therapy with the two drugs
(Figure 3b). The frequency of the NS3-resistant V36A strain
increased to 97.8% during the course of combination therapy
(Figure 3b, Supplementary Table 4 online). These results
indicate that the NS5A L31V strain may rapidly accumulate
an additional V36A mutation. Such strains may easily develop
resistance against telaprevir, as well.

Effect of BMS-788329 in combination with telaprevir or
NS5B inhibitor in mice infected with clones with multiple
drug-resistant mutations

We also established a HCV genotype 1b KT-9 clone with both
L31V and Y93H mutations in the NS5A region in a chimeric
mouse. The mouse was treated with BMS-788329 alone for the
first 2 weeks to confirm resistance and then treated with telaprevir
plus BMS-788329 combination therapy for 14 weeks. At that point
(week 24), telaprevir was replaced with NS5B inhibitor in combi-
nation with BMS-788329 for a further 5 weeks (Figure 4a). HCV
RNA levels in this mouse showed poor response to BMS-788329
alone. Furthermore, HCV RNA rebounded during combination
treatment with BMS-788329 and telaprevir. A drug-resistant

The American Journal of GASTROENTEROLOGY

NS3-V36A strain predominated at weeks 12 and 14, and by
weeks 16 and 17 an NS3 T54A strain had emerged (Figure 4a
and Supplementary Table 5 online). When we withdrew tela-
previr and treated the mice with a combination of BMS-788329
and NS5B inhibitor, HCV RNA rapidly declined and became
undetectable. However, the virus rebounded almost immediately
and rapidly increased to almost 10°copies/ml (Figure 4a).
Sequencing of the virus detected a resistant NS5B P495S strain
(Figure 4a and Supplementary Table 5 online). At week 29,
direct sequencing indicated a mixture of wild-type and mutant
strains at NS3 aa36 and 54 (data not shown).

Finally, we established an infection in a chimeric mouse with
a HCV genotype 1b KT-9 clone with triple resistance mutations
(NS3 V36A, NS5A L31V, and NS5A Y93H). The mouse was
treated with BMS-788329 plus telaprevir combination therapy
for 2 weeks, followed by combination therapy with BMS-788329
and NS5B inhibitor (Figure 4b). As expected, HCV RNA did
not decrease during the initial BMS-788329 and telaprevir com-
bination therapy. In contrast, HCV RNA levels declined rapidly
during BMS-788329 and NS5B inhibitor combination therapy.
HCV RNA remained negative until 11 weeks after cessation of the
therapy, after which it increased gradually to nearly pre-treatment
levels. Sequence analysis of the virus revealed four resistance
mutations: NS3 V36A, NS5A L31V, NS5A Y93H, and NS5B P495S
(Figure 4b,c). This indicates that mutant strains resistant against
all recently developed DAAs might emerge following inappropri-
ate use of drugs and that sequential use of these DAA should be
avoided.

DISCUSSION

Although the approval of telaprevir and boceprevir has improved
the eradication rate of HCV in patients treated with triple therapy
(2-9), the therapy is approved only for genotype 1. Furthermore,
severe side effects such as anemia, neutropenia, thrombo-
cytopenia, and appetite loss limit patient eligibility to young and
relatively healthy individuals without advanced liver diseases.
Unexpected development of severe skin disease results in pre-
mature termination of the therapy. Therapies without interferon
and ribavirin such as DAA combination therapies (20-22) may
provide more tolerable therapy for older patients as well as those
with cirrhosis.

We assessed the effect of combination of BMS-788329 plus
telaprevir or BMS-821095 using human hepatocyte chimeric
mice. We chose these combinations because daclatasvir, which is
a close analog of BMS-788329, shows potent antiviral effects
with few side effects (30). Furthermore, when we performed a
clinical trial of the combination of daclatasvir and asunaprevir,
some patients had elevated transaminases and hyperbilirubine-
mia, probably due to the side effects of asunaprevir (22). We
thus attempted to find out a better dual combination of DAAs.
Although the combination of telaprevir and BMS-788329 effec-
tively reduced serum virus levels in mice infected with genotype
1b serum, we observed minimal change in HCV RNA levels in
mice infected with genotype 2 (32). These results are consistent
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Figure 3. Effect of telaprevir and BMS-788329 combination therapy in human hepatocyte chimeric mice infected with an HCV clone containing NS5A
L31V resistance mutation. We infected mice with an infectious clone harboring an NS5A inhibitor-resistant NS5A L31V mutation. (a, b) Mice received
200 mg/kg (mouse body weight) of telaprevir and 10 mg/kg (mouse body weight) of BMS-788329 (NS5A inhibitor). HCV, hepatitis C virus; w, weeks.

with in vitro experiments showing higher ED50 levels of these
drugs against genotype 2 (30,31). The combination of BMS-
788329 and telaprevir thus might be a good candidate for clinical

© 2013 by the American College of Gastroenterology

trial in patients with genotype 1b infection. Higher dosage or a
next-generation NS3 protease inhibitor should be considered
for treatment of patients infected with genotype 2.
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Figure 4. Effect of BMS-788329 in combination with telaprevir or NS5B inhibitor in mice infected with clones with multiple drug-resistant mutations.

(a) We infected a mouse with an infectious clone harboring NS5A inhibitor-resistant NS5A L31V and Y93H mutations. The mouse received 200 mg/kg
(mouse body weight) of telaprevir and 10 mg/kg (mouse body weight) of BMS-788329 (NS5A inhibitor). After 14 weeks of telaprevir plus BMS-788329
combination therapy, we replaced telaprevir with 100mg/kg (mouse body weight) of NS5B inhibitor and continued combination therapy with BMS-788329
for an additional 5 weeks. (b, ¢) We infected a mouse with an infectious clone harboring resistance mutations against both telaprevir (NS3 V36A)

and NSB5A inhibitor (NS5A L31V and Y93H). The mouse received 200 mg/kg (mouse body weight) of telaprevir and 10 mg/kg (mouse body weight)

of BMS-788329 (NS5A inhibitor) for 2 weeks, followed by combination therapy with BMS-788329 and 100 mg/kg (mouse body weight) of NS5B inhibitor.

W, weeks.
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As one of the mice treated with the combination of BMS-
788329 and telaprevir showed poor response followed by relapse,
we decided to analyze the effect of pre-existing resistance muta-
tions on response to therapy. We infected mice with HCV clones
having introduced mutations known to be associated with
resistance to specific DAAs. Combination therapy with BMS-
788329 and telaprevir effectively suppressed replication of
HCV BMS-788329-resistant NS3 V36A HCV (Figure 2). This
combination might be useful for patients who have a naturally
occurring drug resistance profile. In contrast, two mice with
a BMS-788329-resistant NS5A L31V mutation easily acquired
an additional Y93C mutation, which has been reported to con-
fer very strong resistance against the drug (Figure 3) (28). These
factors should be considered when we establish future DAA
combination therapies.

When we treated a mouse infected with a NS5A L31V and
Y93H double mutation with BMS-788329 and telaprevir,
the mice rapidly developed resistance against telaprevir.
Furthermore, we observed the rapid emergence of an NS5B
P495S mutant during combination therapy with BMS-788329
and BMS-821095 (NS5B inhibitor) (Figure 4). Such mutant
strains with triple resistance features were also observed
when the virus reappeared after cessation of a similar treatment
(Figure 4). These results imply that mutant strains resistant
to all three drugs can emerge after sequential use of these
DAAs.

DAA combination therapy without interferon and ribavirin
is expected to become a primary treatment option in the
near future. As we showed in this study, however, multidrug-
resistant strains may appear after incomplete, sequential use of
DAAs (Figure 4). Although simultaneous use of three drugs is
the strongest therapy against HCV, side effects related to drug
interactions may occur. Therefore, we should further examine
possible combinations of DAAs to establish the best combina-
tion therapy to eradicate HCV from all treated patients without
incurring serious side effect.

ACKNOWLEDGMENTS

We thank Rie Akiyama, Miyuki Matsushita, and Nami Wakai
for excellent technical assistance, and Sakura Akamatsu, Mika
Tsuzuno, Sanae Furuya, and Miki Yamato for clerical assistance,
and Bristol-Myers Squibb Research and Development for
providing BMS-788329 and BMS-821095. Part of this work was
carried out at the Analysis Center of Life Science, Hiroshima
University. This work was supported in part by Grants-in-Aid
for scientific research and development from the Ministry of
Health, Labor and Welfare and Ministry of Education Culture
Sports Science and Technology, Government of Japan,

the Takeda Science Foundation, and the Japanese Society of
Gastroenterology.

CONFLICT OF INTEREST

Guarantor of the article: Kazuaki Chayama, MD, PhD.

Specific author contributions: H. Abe, N. Hiraga, and M. Imamura
designed and performed the experiments. C. N. Hayes analyzed the

© 2013 by the American College of Gastroenterology

- 913 -

HCV Genomes in Human Chimeric Mice by Ultra-Deep Sequence

data. H. Abe and C. N. Hayes wrote the manuscript. M. Tsuge,

D.

Miki, S Takahashi, and H. Ochi participated in data analysis and

discussion. K. Chayama initiated and directed the entire study,
designed experiments and wrote the manuscript.

Financial support: None.

Potential competing interests: K.C. is a speaker for BMS, MSD and
Roche.

WHAT IS CURRENT KNOWLEDGE
/DAAS against HCV have recently been developed.
\/DAAS have been recommended to be used as interferon-

based regimen.

DAAs without interferon must be used in combination
because of development of resistant strain.

Development of multidrug-resistant strains remains to be
characterized.

WHAT IS NEW HERE
/Resistant strains easily develop from cloned virus strains

after sequential DAAs combination therapy.

Sequential use of DAAs must be avoided to prevent a
development of resistant strains.

REFERENCES

18

2:

10.

LT,

12,

13,

14.

WHO Fact Sheet No 164, July 2012. Available at: http://www.who.int/
mediacentre/factsheets/fs164/en/.

McHutchison JG, Everson GT, Gordon SC et al. Telaprevir with peginter-
feron and ribavirin for chronic HCV genotype 1 infection. N Engl ] Med
2009;360:1827-38.

Jacobson IM, McHutchison JG, Dusheiko G et al. Telaprevir for previously
untreated chronic hepatitis C virus infection. N Engl ] Med 2011;364:2405-16.
Poordad F, McCone Jr. ], Bacon BR et al. Boceprevir for untreated chronic
HCV genotype 1 infection. N Engl ] Med 2011;364:1195-206.

Sherman KE, Flamm SL, Afdhal NH et al. Response-guided telaprevir
combination treatment for hepatitis C virus infection. N Engl ] Med
2011;365:1014-24.

Kwo PY, Lawitz EJ, McCone J et al. Efficacy of boceprevir, an NS3 protease
inhibitor, in combination with peginterferon alfa-2b and ribavirin in treat-
ment-naive patients with genotype 1 hepatitis C infection (SPRINT-1): an
open-label, randomised, multicentre phase 2 trial. Lancet 2010;376:705-16.
Bacon BR, Gordon SC, Lawitz E et al. Boceprevir for previously treated
chronic HCV genotype 1 infection. N Engl ] Med 2011;364:1207-17.
Zeuzem S, Andreone P, Pol S et al. Telaprevir for retreatment of HCV
infection. N Engl ] Med 2011;364:2417-28.

Barritt ASt, Fried MW. Maximizing opportunities and avoiding mistakes in
triple therapy for hepatitis C virus. Gastroenterology 2012;142:1314-1323
el311.

Welsch C, Jesudian A, Zeuzem S et al. New direct-acting antiviral agents for
the treatment of hepatitis C virus infection and Perspectives. Gut 2012;61
(Suppl 1): i36-46.

Ploss A, Dubuisson J. New advances in the molecular biology of hepatitis C
virus infection: towards the identification of new treatment targets.

Gut 2012;61 (Suppl 1): i25-35.

Lee LY, Tong CY, Wong T et al. New therapies for chronic hepatitis C infec-
tion: a systematic review of evidence from clinical trials. Int J Clin Pract
2012;66:342-55.

Lin C, Gates CA, Rao BG et al. In vitro studies of cross-resistance mutations
against two hepatitis C virus serine protease inhibitors, VX-950 and BILN
2061. ] Biol Chem 2005;280:36784-91.

Mo H, Lu L, Pilot-Matias T et al. Mutations conferring resistance to a
hepatitis C virus (HCV) RNA-dependent RNA polymerase inhibitor

alone or in combination with an HCV serine protease inhibitor in vitro.
Antimicrob Agents Chemother 2005;49:4305-14.

The American Journal of GASTROENTEROLOGY

1471



1472

IVER

Abe et al.

1

wu

16.

17.

18.

19.

2

—

22.

. Sarrazin C, Kieffer TL, Bartels D et al. Dynamic hepatitis C virus genotypic

and phenotypic changes in patients treated with the protease inhibitor
telaprevir. Gastroenterology 2007;132:1767-77.

Yamada I, Suzuki E, Kamiya N ef al. Safety, pharmacokinetics and resistant
variants of telaprevir alone for 12 weeks in hepatitis C virus genotype 1b
infection. ] Viral Hepat 2012;19:e112-9.

Suzuki F, Suzuki Y, Akuta N et al. Sustained virological response in a
patient with chronic hepatitis C treated by monotherapy with the NS3-4A
protease inhibitor telaprevir. ] Clin Virol 2010;47:76-8.

Toyota J, Ozeki I, Karino Y et al. Virological response and safety of 24-week
telaprevir alone in Japanese patients infected with hepatitis C virus subtype
1b. J Viral Hepat 2013;20:167-73.

Ohara E, Hiraga N, Imamura M ef al. Elimination of hepatitis C virus by
short term NS3-4A and NS5B inhibitor combination therapy in human
hepatocyte chimeric mice. ] Hepatol 2011;54:872-8.

. Zeuzem S, Buggisch P, Agarwal K et al. The protease inhibitor, GS-9256,

and non-nucleoside polymerase inhibitor tegobuvir alone, with ribavirin,
or pegylated interferon plus ribavirin in hepatitis C. Hepatology
2012;55:749-58.

. Lok AS, Gardiner DF, Lawitz E et al. Preliminary study of two antiviral

agents for hepatitis C genotype 1. N Engl ] Med 2012;366:216-24.
Chayama K, Takahashi S, Toyota J ef al. Dual therapy with the nonstruc-
tural protein 5A inhibitor, daclatasvir, and the nonstructural protein 3
protease inhibitor, asunaprevir, in hepatitis C virus genotype 1b-infected
null responders. Hepatology 2012;55:742-8.

. McPhee F, Sheaffer AK, Friborg ] et al. Preclinical profile and

characterization of the hepatitis C virus NS3 protease inhibitor

The American Journal of GASTROENTEROLOGY

24,

25.

26.

27.

28.

29.

30.

3

—

32.

- 914 -

asunaprevir (BMS-650032). Antimicrob Agents Chemother 2012;56:
5387-96.

Kunze A, Huwyler ], Camenisch G et al. Interaction of the antiviral drug
telaprevir with renal and hepatic drug transporters. Biochem Pharmacol
2012;84:1096-102.

Tateno C, Yoshizane Y, Saito N et al. Near completely humanized liver

in mice shows human-type metabolic responses to drugs. Am J Pathol
2004;165:901-12.

Hiraga N, Imamura M, Abe H et al. Rapid emergence of telaprevir
resistant hepatitis C virus strain from wildtype clone in vivo. Hepatology
2011;54:781-8.

Abe H, Imamura M, Hiraga N et al. ME3738 enhances the effect of inter-
feron and inhibits hepatitis C virus replication both in vitro and in vivo.
J Hepatol 2011;55:11-8.

Kimura T, Imamura M, Hiraga N ef al. Establishment of an infectious
genotype 1b hepatitis C virus clone in human hepatocyte chimeric mice.
J Gen Virol 2008;89:2108-13.

Kato T, Date T, Murayama A et al. Cell culture and infection system for
hepatitis C virus. Nat Protoc 2006;1:2334-9.

Gao M, Nettles RE, Belema M et al. Chemical genetics strategy identifies
an HCV NS5A inhibitor with a potent clinical effect. Nature 2010;465:
96-100.

. Belda O, Targett-Adams P. Small molecule inhibitors of the hepatitis C

virus-encoded NS5A protein. Virus Res 2012;170:1-14.

Shi N, Hiraga N, Imamura M et al. Combination therapies with NS5A, NS3
and NS5B inhibitors on different genotypes of hepatitis C virus in human
hepatocyte chimeric mice. Gut 2013;62:1055-61.

VOLUME 108 | SEPTEMBER 2013 www.amjgastro.com





