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Fig. 3. HCV infectivity, replication ability, and IFN susceptibility in HCV-KT9-injected mice. Mice that underwent transplantation with hepato-
cytes from donor A (rs8099917 TG and rs12979860 TT) (closed circles, n = 25) or B (rs8099917 TT and rs12979860 CC) (open circles, n =
23) were intrahepatically inoculated with RNA transcribed from either Core-Wild-ISDRO or Core-Mutant-ISDRO clones. (A) Eight weeks after infec-
tion, serum HCV RNA titers (upper panel) and HSA concentrations (lower panel) were measured. The horizontal dotted line indicates the HCV
RNA titer detection limit (1000 copies/mL). In these box-and-whisker plots, lines within the boxes represent median values; the upper and lower
lines of the boxes represent the 75th and 25th percentiles, respectively; the upper and lower bars outside the boxes represent the 90th and
10th percentiles, respectively. (B) HCV-infected mice with hepatocytes from donor A (closed circles, n = 12) or B (open circles, n = 8) were
treated daily with 1000 IU/g/day of IFN-alpha for 2 weeks. Changes in mice serum HCV RNA titers measured after 1 and 2 weeks are shown.
Data are represented as mean = standard deviation. *P < 0.05, **P < 0.01; NS, not significant.

significantly higher in mice with hepatocytes from do-
nor B than from donor A (P < 0.001). HCV-infected
mice were treated with 1000 IU/g of human IFN-
alpha daily for 2 weeks. The treatment resulted in
0.65 * 0.38 and 1.84 * 0.23 log IU/mL reductions
in HCV RNA dter in mice with hepatocytes from
donors A and B, respectively (P < 0.01) (Fig. 3B).
Interestingly, despite the higher serum HCV RNA lev-
els, reduction levels of HCV were higher in mice that
underwent transplantation with hepatocytes obtained
from donor B than in mice that underwent transplan-
tation with hepatocytes obtained from donor A.

To confirm an association between IL28B SNP ge-
notype and HCV RNA titer, we compared HCV
RNA titers using mice with hepatocytes from an addi-
tional pair of donors with the favorable (donor C) and
unfavorable (donor D) SNP genotypes. To determine
whether results obtained by clonal infection would be
comparable to results obtained using the more natural
serum injection, which should have contained more
complex viral species, mice were injected with geno-
type 1b HCV obtained from a human patient with
core and ISDR substitutions, as described above. Mice
with hepatocytes from donor C (£s8099917 TG and
rs12979860 TT) or donor D (158099917 TT and
1512979860 CC) were inoculated intravenously with

10° copies of HCV. Eight weeks after inoculation, se-
rum HCV RNA titer increased above the detection
limit in 13 of 14 (93%) mice with hepatocytes from
donor C (158099917 TG and rs12979860 TT) and in
12 of 12 (100%) mice with hepatocytes from donor D
(rs8099917 TT and 1512979860 CC) (Fig. 4A). With
results similar to those found for the mice inoculated
with transcribed HCV RNA, serum HCV RNA levels
were significantly higher in mice with hepatocytes
from donor D than from donor C (P < 0.001), and
the effect of IFN was also greater in donor D mice
than in donor C mice (Fig. 4B); however, statistical
significance using these donors was only achieved at
week 1, probably resulting from fluctuation of HCV
RNA titers and the small number of animals analyzed.

Expression Levels of ISGs in Mouse Livers. 1SG
expression levels in mice livers were measured after 2
weeks of IFN treatment (Fig. 4B). MxA, OAS, and
PKR levels were significantly higher in mice with
human hepatocytes from donor D than from donor C

(Fig. 4C).

Discussion

In this study, we investigated the effect of substitu-
tions at core protein aa70 and 91 and within the
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Fig. 4. HCV infectivity, replication ability,
and IFN susceptibility in HCV-infected mice.
Mice that underwent transplantation with he-
patocytes from donor C (rs8099917 TG and
r$12979860 1) (closes circles, n = 14) or D
(rs8099917 TT and rs12979860 CC) (open
circles, n = 12) were intravenously injected
with HCV-infected patient serum samples. (A)
Eight weeks after infection, serum HCV RNA
titers (upper panel) and HSA concentrations
(lower panel) were measured. The horizontal a4
dotted line indicates the HCV RNA titer detec-
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infected mice with hepatocytes from donor C 6
(closed circles, n = 5) or D (open circles, n
= 4) were treated daily with 1000 IU/g/day
of IFN-alpha for 2 weeks. (B) Changes in
mice serum HCV RNA titers measured after 1
and 2 weeks are shown. (C) Intrahepatic ISG
expression levels in the IFN-treated mice with
donor C (n = 4) or D (n = 3) were meas-
ured and expressed relative to GAPDH mes-
senger RNA. Data are reported as mean =
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ISDR, which have been reported to be associated with
the outcome of IFN plus ribavirin combination ther-
apy.>™* Clones with core aa70 and 91 substitutions
showed comparable infection and replication abilities,
whereas clones with substitutions in the ISDR showed
reduced infectivity and replication rates. It has been
~reported that patients infected with HCV strains with
multiple substitutions in the ISDR have lower viral
titers than those with wild-type ISDR, and that these
patients respond well to IFN therapy. We showed,
in this study, that infectivity and replication ability of
HCV are apparently impaired in ISDR mutants (Fig.
2A,C). This may explain, at least partially, the better
effect of IFN therapy in patients with multiple ISDR
mutations. However, why aa substitutions in this par-
ticular region are associated with the effect of IFN still
remains to be elucidated. In contrast, aa substitutions
in the core, which more profoundly affect the outcome
of combination therapy,'®'® did not influence the
infectivity and replication ability of the virus (Fig.
2A,B). This suggests that aa substitutions in this
region affect response to therapy in a way that is inde-
pendent of the replication level of the virus. A recent
report by Eng et al.>® showed that a mutation in core
2291 results in the production of minicore protein,
which might alter the effect of IFN. The presence of

donor D donor G donorD donorC  donor D

minicore protein and its effect on IFN therapy should
be further investigated using the chimeric mouse
model.

In contrast to these viral substitutions, host IL28B
genotype significantly affected viral replication levels
(Figs. 3A and 4A). Curiously, replication levels of the
virus are higher in mice with human hepatocytes from
donors with rs8099917 TT and 1512979860 CC geno-
types, even though these genotypes are associated with
successful response to the therapy.*** This result is
consistent with clinical observation of higher viral
loads in patients with the rs12979860 CC genotype.”®
The favorable IL28B genotype is associated not only
with successful response to IEN treatment, but also to
spontaneous clearance of the virus.?”** However, the
incidence of HCV infection was similar in mice with
hepatocytes from donors with rs8099917 TT and
1s8099917 TG (Figs. 3A and 4A), suggesting that
spontaneous clearance was rare. The fact that our ani-
mal model was immunodeficient suggests that sponta-
neous clearance of HCV might require the involve-
ment of the adaptive immune system. The wild-type
core protein, aa70, is reported to be found more often
in patients with the rs8099917 TT genotype,>** even
though patients with this genotype are more likely to
be able to eradicate the virus without therapy during
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the natural course of infection.””*® These data suggest
that core aa70 wild-type virus can be eradicated more
easily in the natural course of infection, especially in
patients with rs8099917 TT or 1512979860 CC geno-
types; but once the infection is established, core 2a70
wild type replicates more effectively than core aa70
mutant strains.

The effect of IFN on reduction of the virus did not
differ between core aa70 wild-type and mutant strains,
which showed similar replication levels (Fig. 2D). This
is in contrast to clinical observations that the effect of
therapy on viral reduction is more prominent in
patients with wild-type core protein."**®> One of the
differences between the mouse model and human
patients is term of infection. Long-term HCV infec-
tion results in alteration of lipid metabolism and accu-
mulation of lipids in hepatocytes.”” Patients with fatty
change of the liver often fail to respond to therapy.*’
We observed no severe fatty change in mouse livers,
suggesting that such long-term change might be absent
in this mouse model (data not shown).

On the other hand, the effect of IFN was signifi-
cantly greater in mice with hepatocytes with the eradi-
cation-favorable IL28B genotype (rs8099917 TT and
1512979860 CC) (Figs. 3B and 4B), despite the higher
replication rate of the virus. This suggests that the
IL28B genotype affects the outcome of therapy based
on a different mechanism than viral replication.
Because of strong linkage disequilibrium, genotypes of
the SNPs around the two IL28B landmark SNPs
(1s8099917 and rs12979860) were identical between
donors A and C as well as between B and D (data not
shown). Further study using human hepatocytes with
various IL28B SNP genotypes will identify a primary
SNP that directly affects the outcome of therapy.
Response to IFN was associated with higher expression
levels of ISGs, including MxA, OAS, and PKR (Fig.
4C). This is in agreement with previous studies show-
ing that SVR is associated with stronger induction of
ISG expression.?! However, we observed no statistically
significant differences in ISG expression levels from
the IL28B SNP genotype before therapy (data not
shown). This may result from lower ISG expression
levels before therapy and the relatively small number
of mice examined. Because there is no adaptive
immune system in this mouse model, such differences
primarily involve individual hepatocytes, although
whether the presence of immune cells enhances this
difference should be investigated further.

In summary, we demonstrated that viral infectivity
and replication ability are associated with hepatocyte
IL28B genotype and are not associated with viral sub-

HEPATOLOGY, Seprember 2011

stitutions in the core protein or ISDR. Understanding
the mechanism underlying the higher, more prolonged
expression of antiviral genes in response-favorable he-
patocytes will help us to develop improved therapeutic
regimens to eradicate HCV more effectively.

Acknowledgment: We thank Rie Akiyama, Kiyomi
Toyota, and Yoko Matsumoto for their expert technical

help.

References

1. Kiyosawa K, Sodeyama T, Tanaka E, Gibo Y, Yoshizawa K, Nakano Y,

et al. Interrelationship of blood transfusion, non-A, non-B hepatitis,

and hepatocellular carcinoma: analysis by detection of antibody to hep-
atitis C virus. HEpATOLOGY 1990512:671-675.

2. Niederau C, Lange S, Heintges T, Erhardt A, Buschkamp M, Hiirter
D, et al. Prognosis of chronic hepatitis C: results of a large, prospective
cohort study. HEpATOLOGY 1998;28:1687-1695.

3. Fried MW, Shiffman ML, Reddy KR, Smith C, Marinos G, Gongales
FL Jr, et al. Peginterferon alfa-2a plus ribavirin for patients with
chronic hepatitis C virus infection. N Engl ] Med 2002;347:975-982.

4. Hoofnagle JH, Ghany MG, Kleiner DE, Doo E, Heller T, Promrat K,
et al. Maintenance therapy with ribavirin in patients with chronic hepa-
titis C who fail to respond to combination therapy with interferon alfa
and ribavirin. HepaTOLOGY 2003;38:66-74.

5. Manns MP, McHurchison JG, Gordon SC, Rustgi VK, Shiffman M,
Reindollar R, et al. Peginterferon alfa-2b plus ribavirin compared with
interferon alfa-2b plus ribavirin for initial treatment of chronic hepatitis
C: a randomised trial. Lancer 2001;358:958-965.

6. Fried MW, Shiffman M, Sterling RK, Weinstein J, Crippin ], Garcia
G, et al. A multicenter, randomized trial of daily high-dose interferon-
alfa 2b for the trearment of chronic hepatitis C: pretreatment stratifica-
tion by viral burden and genorype. Am J Gastroenterol 2000;95:
3225-3229.

7. McHutchison ]G, Gordon SC, Schiff ER, Shiffman ML, Lee WM,
Rustgi VK, et al. Interferon alfa-2b alone or in combination with riba-
virin as initial treatment for chronic hepatitis C. N Engl ] Med 1998;
339:1485-1492.

8. Enomoto N, Sakuma I, Asahina Y, Kurosaki M, Murakami T, Yama-
moto C, et al. Mutations in the nonstructural protein 5A gene and
response to interferon in patients with chronic hepatitis C virus 1b
infection. N Engl | Med 1996;334:77-81.

9. Chayama K, Tsubota A, Kobayashi M, Okamoto K, Hashimoto M,
Miyano Y, er al. Pretreatment virus load and multiple amino acid sub-
stitutions in the interferon sensitivity-determining region predict the
outcome of interferon treatment in patients with chronic genotype 1b
hepatitis C virus infection. HEPATOLOGY 1997;25:745-749.

10. Akuta N, Suzuki E Sezaki H, Suzuki Y, Hosaka T, Someya T, et al.
Association of amino acid substitution parttern in core protein of hepa-
titis C virus genotype 1b high viral load and non-virological response
to interferon-ribavirin combination therapy. Intervirology 2005;48:
372-380.

11. Akuta N, Suzuki F Kawamura Y, Yatsuji H, Sezaki H, Suzuki Y, et al.
Predictive factors of early and sustained responses to peginterferon plus
ribavirin combination therapy in Japanese patients infected with hepati-
tis C virus genotype 1b: amino acid substitutions in the core region
and low-density lipoprotein cholesterol levels. ] Hepatol 2007;46:
403-410.

12. Akuta N, Suzuki F, Hirakawa M, Kawamura Y, Yatsuji H, Sezaki H,
et al. A matched case-controlled study of 48 and 72 weeks of peginter-
feron plus ribavirin combination therapy in patients infected with
HCV genotype 1b in Japan: amino acid substitutions in HCV core
region as predictor of sustained virological response. ] Med Virol 2009;
81:452-458.

— 981 —



HEPATOLOGY, Vol. 54, No. 3, 2011

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Mori N, Imamura M, Kawakami Y, Saneto H, Kawaoka S, Takaki S,
et al. Randomized trial of high-dose interferon-alpha-2b combined
with ribavirin in patients with chronic hepatitis C: correlation between
amino acid substitutions in the core/NS5A region and virological
response to interferon therapy. ] Med Virol 2009;81:640-649.
Okanoue T, Itoh Y, Hashimoto H, Yasui K, Minami M, Takehara T,
et al. Predictive values of amino acid sequences of the core and NSSA
regions in antiviral therapy for hepatitis C: a Japanese multi-center
study. ] Gastroenterol 2009;44:952-963.

Welzel TM, Morgan TR, Bonkovsky HL, Naishadham D, Pfeiffer RM,
Wright EC, et al. Variants in interferon-alpha pathway genes and
response to pegylated interferon-alpha2a plus ribavirin for treatment of
chronic hepatitis C virus infection in the hepatitis C antiviral long-
term treatment against cirrhosis trial. HEpaTOLOGY 2009;49:1847-1858.
Hijikata M, Ohma Y, Mishiro S. Identification of a single nucleotide
polymorphism in the MxA gene promoter (G/T at nt -88) correlated
with the response of hepatitis C patients to interferon. Intervirology
2000;43:124-127. .

Knapp S, Yee L], Frodsham AJ, Hennig BJ, Hellier S, Zhang L, et al.
Polymorphisms in interferon-induced genes and the outcome of hepati-
tis C virus infection: roles of MxA, OAS-1, and PKR. Genes Immun
2003;4:411-419.

Matsuyama. N, Mishiro S, Sugimoto M, Furuichi Y, Hashimoto M,
Hijikata M, et al. The dinucleotide microsatellite polymorphism of the
IFNAR] gene promoter correlates with responsiveness of hepatitis C
patients to interferon. Hepatol Res 2003;25:221-225.

Naito M, Martsui A, Inao M, Nagoshi S, Nagano M, ko N, et al.
SNPs in the promoter region of the osteopontin gene as a marker pre-
dicting the efficacy of interferon-based therapies in patients with
chronic hepatitis C. ] Gastroenterol 2005;40:381-388.

Ge D, Fellay J, Thompson AJ, Simon ]S, Shianna KV, Urban TJ, et al.
Genetic variation in IL28B predicts hepatitis C treatment-induced viral
clearance. Nature 2009;461:399-401.

Suppiah V, Moldovan M, Ahlenstiel G, Berg T, Weltman M, Abate
ML, et al. IL28B is associated with response to chronic hepatitis C
interferon-alpha and ribavirin therapy. Nat Gener 2009;41:1100-1104.
Tanaka Y, Nishida N, Sugiyama M, Kurosaki M, Matsuura K, Saka-
moto N, et al. Genome-wide association of IL28B with response to
pegylated interferon-alpha and ribavirin therapy for chronic hepatitis
C. Nat Genet 2009;41:1105-1109.

Abe H, Ochi H, Mackawa T, Hayes CN, Tsuge M, Miki D, et al.
Common variation of IL28 affects gamma-GTP levels and inflamma-
tion of the liver in chronically infected hepatitis C virus patients. J
Hepatol 2010;53:439-443.

Akuta N, Suzuki F, Hirakawa M, Kawamura Y, Yawsuji H, Sezaki H,
et al. Amino acid substitution in hepatitis C virus core region and
genetic variation near the interleukin 28B gene predict viral response to
telaprevir with peginterferon and ribavirin. HepaToLoGy 2010;52:
421-429.

Hayes CN, Kobayashi M, Akuta N, Suzuki F, Kumada H, Abe H,
et al. HCV substitutions and IL28B polymorphisms on outcome of
peg-interferon  plus  ribavirin combination therapy. Gut 2011;60:
261-267.

Mercer DE, Schiller DE, Elliott JE Douglas DN, Hao C, Rinfret A,
et al. Hepatitis C virus replication in mice with chimeric human livers.
Nat Med 2001;7:927-933.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

HIRAGA ETAL. 771

Kneteman NM, Weiner AJ, O’Connell J, Collett M, Gao T, Aukerman
L, et al. Anti-HCV therapies in chimeric scid-Alb/uPA mice parallel
outcomes in human clinical application. HeraToLOGY 2006;43:
1346-1353. '

Kamiya N, Iwao E, Hiraga N, Tsuge M, Imamura M, Takahashi S,
et al. Practical evaluation of a mouse with chimeric human liver model
for hepatits C virus infection using an NS3-4A protease inhibitor. J
Gen Virol 2010;91:1668-1677.

Tateno C, Yoshizane Y, Saito N, Kataoka M, Utoh R, Yamasaki
C, et al. Near completely humanized liver in mice shows human-
type metabolic responses to drugs. . Am ] Pathol 2004;165:
901-912.

Vanwolleghem T, Libbrecht L, Hansen BE, Desombere I, Roskams T,
Meuleman D, et al. Factors determining successful engraftment of hepa-
tocytes and susceptibility to hepatitis B and C virus infection in uPA-
SCID mice. ] Hepatol 2010;53:468-476.

Hiraga N, Imamura M, Tsuge M, Noguchi C, Takahashi S, Iwao E,
et al. Infection of human hepatocyte chimeric mouse with genetically
engineered hepatitis C virus and its susceptibility to interferon. FEBS
Letts 2007;581:1983-1987.

Kimura T, Imamura M, Hiraga N, Hatakeyama T, Miki D, Noguchi
C, et al. Establishment of an infectious genotype 1b hepatitis C virus
clone in human hepatocyte chimeric mice. ] Gen Virol 2008;89:
2108-2113.

Ohnishi Y, Tanaka T, Ozaki K, Yamada R, Suzuki H, Nakamura Y. A
high-throughput SNP typing system for genome-wide association stud-
ies. ] Hum Genet 2001;46:471-477.

Suzuki A, Yamada R, Chang X, Tokuhiro S, Sawada T, Suzuki M,
et al. Functional haplotypes of PADI4, encoding citrullinating enzyme
peptidylarginine deiminase 4, are associated with rheumatoid archritis.
Nat Genet 2003;34:395-402.

Kato T, Matsumura T, Heller T, Saito S, Sapp RK, Murthy K, et al.
Production of infectious hepatitis C virus of various genotypes in cell.
cultures. ] Virol 2007;81:4405-4411.

Eng FJ, Walewski JL, Klepper AL, Fishman SL, Desai SM, McMullan
LK, et al. Internal initiation stimulates production of p8 minicore, a
member of a newly discovered family of hepatitis C virus core protein
isoforms. ] Virol 2009;83:3104-3114.

Thomas DL, Thio CL, Martin MB, Qi Y, Ge D, O’Huigin C, et al.
Genetic variation in IL28B and spontaneous clearance of hepatitis C vi-
rus. Nature 2009;461:798-801.

Montes-Cano MA, Garcia-Lozano JR, Abad-Molina C, Romero-Gémez
M, Barroso N, Aguilar-Reina J, et al. Interleukin-28B genetic variants
and hepatitis virus infection by different viral genotypes. HEPATOLOGY
2010;52:33-37.

Lonardo A, Adinolfi LE, Loria P, Carulli N, Ruggiero G, Day
CP. Steatosis and hepatitis C virus: mechanisms and significance
for hepatic and extrahepatic disease. Gastroenterology 2004;126:
586-597.

Poynard T, Ratziu V, McHutchison J, Manns M, Goodman Z, Zeuzem
S, et al. Effect of treatment with peginterferon or interferon alfa-2b
and ribavirin on steatosis in patients infected with hepatitis C. Hepato-
LoGY 2003;38:75-85.

Sarasin-Filipowicz M, Oakeley EJ, Duong FH, Christen V, Terracciano
L, Filipowicz W, et al. Interferon signaling and treatment outcome in
chronic hepatitis C. Proc Natl Acad Sci U S A 2008;105:7034-7039.

— 982 —



Rapid Emergence of Telaprevir Resistant Hepatitis C
Virus Strain from Wildtype Clone InVivo

Nobuhiko Hiraga,"”? Michio Imamura,* Hiromi Abe," C. Nelson Hayes,"* Tomohiko Kono,"
Mayu Onishi,"* Masataka Tsuge,l’2 Shoichi Takahashi,"* Hidenori Ochi,> Eiji Twao,* Naohiro Kamiya,4
Ichimaro Yamada,* Chise Tateno,>® Katsutoshi Yoshizato,> Hirotaka Matsui,® Akinori Kanai,”
Toshiya Inaba,® Shinji Tanaka,"” and Kazuaki Chayama'>>

Telaprevir is a potent inhibitor of hepatitis C virus (HCV) NS3-4A protease. However, the
emergence of drug-resistant strains during therapy is a serious problem, and the susceptibility
of resistant strains to interferon (IFN), as well as the details of the emergence of mutant
strains Zn vivo, is not known. We previously established an infectious model of HCV using
human hepatocyte chimeric mice. Using this system we investigated the biological properties
and mode of emergence of mutants by ultra-deep sequencing technology. Chimeric mice were
injected with serum samples obtained from a patient who had developed viral breakthrough
during telaprevir monotherapy with strong selection for resistance mutations (A156F
[92.6%]). Mice infected with the resistant strain (A156F [99.9%)]) developed only low-level
viremia and the virus was successfully eliminated with interferon therapy. As observed in
patients, telaprevir monotherapy in viremic mice resulted in breakthrough, with selection for
mutations that confer resistance to telaprevir (e.g., a high frequency of V36A [52.2%]). Mice
were injected intrahepatically with HCV genotype 1b clone KT-9 with or without an intro-
duced resistance mutation, A156S, in the NS3 region, and treated with telaprevir. Mice
infected with the A156S strain developed lower-level viremia compared to the wildtype strain
but showed strong resistance to telaprevir treatment. Although mice injected with wildtype
HCV showed a rapid decline in viremia at the beginning of therapy, a high frequency (11%)
of telaprevir-resistant NS3 V3G6A variants emerged 2 weeks after the start of treatment.
Conclusion: Using deep sequencing technology and a genetically engineered HCV infection
system, we showed that the rapid emergence of telaprevir-resistant HCV was induced by
mutation from the wildtype strain of HCV in vivo. (HepATOLOGY 2011;54:781-788)

hronic hepatitis C virus (HCV) infection is a  ribavirin (RBV).>” However, this treatment results in
leading cause of cirrhosis, liver failure, and he-  sustained viral response (SVR), defined as negative for
patocellular carcinoma.™” The current standard HCV RNA 24 weeks after cessation of the therapy, in
treatment for patients chronically infected with HCV  only about 50% of patients with genotype 1 HCV
is the combination of peg-interferon (PEG-IFN) and infection with high viral loads.>” Given the low

Abbreviations: HCV, hepatitis C virus HSA, human serum albumin; PEG-IFN, peg-interferon; RBV, ribavirin; RT-PCR, reverse transcripr-polymerase chain
reaction; SCID, severe combined immunodeficiency; SVR, sustained vival response; wPA, urokinase-type plasminogen activaor.
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effectiveness of the current therapy, many molecules
have been screened for antiviral activity against HCV
for use in development of novel anti-HCV therapies.
A number of new selective inhibitors of HCV pro-
teins, the so-called STAT-C (specifically targeted antivi-
ral therapy for HCV) inhibitors, are currently under
development. Telaprevir is a reversible, selective, spe-
cific inhibitor of the HCV NS§3-4A protease that has
shown potent antiviral activity in HCV replicon
assays.® Although the antiviral effect of telaprevir is
quite potent, monotherapy using these drugs results in
rapid emergence of drug-resistant strains.”® Accord-
ingly, these drugs are used in combination with pegy-
lated-IFN and ribavirin for chronic hepatitis C
patients. Because the HCV virus replicates rapidly and
RNA polymerase lacks a proofreading system, HCV
viral quasispecies can emerge de novo, and some of
these variants may confer resistance. Although a resist-
ant variant is initally present at low frequency, it may
quickly emerge as the dominant species during antivi-
ral treatment.”'® Resistant clones against HCV NS3-
4A protease inhibitors have reportedly been induced in
replicon systems.

The immunodeficient urokinase-type plasminogen

activator (uPA) mouse permits repopulation of the liver

with human hepatocytes, resulting in human hepatocyte
chimeric mice that are able to develop HCV viremia af-
ter injection of serum samples positive for the virus.'!
We and other groups have reported that the human he-
patocyte chimeric mouse is useful for evaluating the
effect of NS3-4A protease inhibitor.’®'® Using this
mouse model, we developed a reverse genetics systems
for HCV.'**® This system is useful to study characteris-
tics of HCV strains with various substitutions of interest
because the confounding effects of quasispecies can be
minimized. Using ultra-deep sequencing technology, we
demonstrate the rapid emergence of telaprevir resistance
in HCV as a result of mutation from wildtype strain
using genetically engineered HCV-infected human he-
patocyte chimeric mice.

Materials and Methods

Animal Treatment. Generation of the uPA*™T/
SCID** mice and transplantation of human hepato-
cytes were performed as described recently by our
group.!® All mice were transplanted with frozen
human hepatocytes obtained from the same donor.
Mice received humane care and all animal protocols
were performed in accordance with the guidelines of
the local committee for animal experiments. Infection,
extraction of serum samples, and sacrifice were per-
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formed under ether anesthesia. Mice were injected ei-
ther intravenously with HCV-positive human serum
samples or intrahepatically with 7z vitro-transcribed ge-
notype 1b HCV RNA. HCV-infected mice were
administered either perorally with 200-300 mg/kg of
telaprevir  (VX950; MP424; Mitsubishi Tanabe
Pharma, Osaka, Japan) twice a day or intramuscularly
with 1,500 IU/g of IFN-alpha (Dainippon Sumitomo
Pharma, Tokyo). The telaprevir dose was determined
in a previous study in which this dosage range was
found to yield serum concentrations equivalent to
treated human patients.’?

Human Serum Samples. After obtaining written
informed consent, human serum samples containing
genotype 1b HCV were obtained from two patients
with chronic hepatitis. The individual serum samples
were divided into aliquots and stored separately in lig-
uid nitrogen untl use. The study protocol conforms
to the ethical guidelines of the 1975 Declaration of
Helsinki and was approved z priori by the Institutional
Review Committee.

HCV RNA Transcription and Inoculation into
Chimeric Mice. We have previously established an in-
fectious genotype 1b HCV clone HCV-KT9 derived
from a Japanese patient with severe acute hepatitis
(GenBank access. no. AB435162).> We cloned this
HCV complementary DNA (cDNA) into plasmid
pBR322 under a T7 RNA promoter to create the plas-
mid pHCV-KT9. Ten ug of plasmid DNA, linearized
by Xbal (Promega, Madison, WI) digestion, were tran-
scribed in a 100 pL reaction volume with T7 RNA
polymerase (Promega) at 37°C for 2 hours and ana-
lyzed by agarose gel electrophoresis. Each transcription
mixture was diluted with 400 uL of phosphate-buf-
fered saline (PBS) and injected into the livers of chi-
meric mice."> The QuikChange site-directed mutagen-
esis kit (Stratagene, Foster City, CA) was used to
introduce a substitution at amino acid 156 of the NS3
region (A156S).

RNA  Extraction and Amplification. RNA was
extracted from serum samples by Sepa Gene RV-R
(Sankojunyaku, Tokyo), dissolved in 8.8 ul. RNase-
free H,O, and reverse transcribed using a random
primer (Takara Bio, Shiga, Japan) and M-MLV reverse
transcriptase (ReverTra Ace, Toyobo, Osaka, Japan) in
a 20-uL reaction mixture according to the instructions
provided by the manufacturer. Nested polymerase
chain reaction (PCR) and quantitation of HCV by
Light Cycler (Roche Diagnostic, Japan, Tokyo) were
performed as reported.’?

Ultra-Deep ~ Sequencing. We adapted multiplex
sequencing-by-synthesis to simultaneously sequence
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detectable limit (1.2 log copy/mL).

multiple genomes using the Illumina Genome Ana-
lyzer. Briefly, cDNA was fragmented using sonication
and the resultant fragment distribution was assessed
using the Agilent BioAnalyzer 2100 platform. A library
was prepared using the Multiplexing Sample Prepara-
tdon Kit (Illumina, CA). Imaging analysis and base
calling were performed using Illumina Pipeline soft-
ware with default settings."””*> The N-terminal 543
nucleotides of NS3 protease were analyzed. This tech-
nique revealed an average coverage depth of over
1,000 sequence reads per basepair in the unique
regions of the genome. Read mapping to a reference
sequence was performed using Bowtie.”* Because of
the short 36 nucleotide read length, mapping hyper-
variable regions with multiple closely spaced variants
against a reference sequence yields poor coverage.
Therefore, common variants were identified by relax-
ing the mismatch settings as well as using de novo as-
sembly using ABySS.**> Multiple alternative reference
sequences were included to improve coverage in vari-
able regions. Codon counts were merged and analyzed
using R v. 2.12.

Results

Emergence of a Telaprevir-Resistant Variant in a
Hepatitis C Patient Treated with Telaprevir and
Analysis of the AI5S6F Mutation. A 55-year-old
woman infected with genotype 1b HCV was treated
with 750 mg of telaprevir every 8 hours for 12 weeks
(Fig. 1). After 1 weeks of treatment, serum HCV

RNA titer decreased below the detectable limit (1.2
log copy/mL). However, HCV RNA titer became posi-
tive by week 4. By week 12, HCV RNA titer had
increased to 4.8 log copy/mL and telaprevir treatment
was discontinued. Because direct sequence analysis
showed an A156F mutation in the NS3 region in the
serum samples at 12 weeks, we performed ultra-deep
sequence analysis and confirmed the high frequency
(92.5%) of A156F mutation. Four weeks after cessa-
tion of treatment (at 16 weeks), sequence analysis
revealed that the major strain had reverted to wildtype
(99%). To analyze the replication ability and the sus-
ceptibility of the A156F mutation to telaprevir, 100
UL serum samples containing 10* copies of HCV
obtained at week 12 were injected into human hepato-
cyte chimeric mice. Two wildtype HCV-inoculated
mice became positive for HCV RNA 2 weeks after
inoculation and serum HCV RNA titer increased to
high levels (7.6 and 7.8 log copy/mL, respectively) at
6 weeks after inoculation (Fig. 2). In contrast to wild-
type HCV-infected mice, a mouse inoculated with se-
rum containing the A156F mutant developed measura-
ble viremia at 4 weeks postinoculation, although
serum HCV RNA titer remained low at 6 weeks (5.2
log copy/mL). Eight weeks after inoculation ultra-deep
sequence analysis showed a high frequency (99.9%) of
A156F mutation. From this point the mouse was
administrated 200 mg/kg of telaprevir perorally twice
a day for 4 weeks. However, this treatment resulted in
no reduction in serum HCV RNA level. During the
observation period the A156F mutation remained at
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Fig. 2. Changes in serum virus
titers in HCV-infected mice. Mice
were injected with either wildtype
(closed circles) or A156F-mutated
HCV serum samples (obtained from
an HCV-infected patient who
received telaprevir monotherapy for
12 weeks; see Fig. 1) (open

circles). Six weeks after injection
the A156F mutant mouse was
treated with 200 mg/kg of telapre-
S i vir orally twice a day for 4 weeks

& and injected intramuscularly with

B67 clones

WT  0B600%
# A156F 69.100%)
$om A1565  0.300%

1,500 IU/g/day of interferon-alpha
for 4 weeks. Serum HCV RNA
(upper panel) and amino acid (aa)
frequencies at aal56 in the HCV
NS3 region by ultra-deep sequenc-
ing at the indicated times are -
shown.

high frequency (>99%). To analyze the susceptibility
of the A156F mutation to IFN, wildtype or A156F-
mutated HCV-infected mice were treated with 1,500
IU/g/day of IFN-alpha for 4 weeks. Treatment resulted
in only a two log reduction in HCV RNA level in
wildtype HCV-infected mice. In contrast, serum HCV
RNA titer decreased below the detectable limit 1 week
after treatment in an A156F-infected mouse. Ten
weeks after cessation of IFN-treatment (at week 28),
HCV RNA in the mouse serum remained undetect-
able, suggesting that HCV RNA was eliminated. These
results demonstrate that the A156F variant is associ-
ated with telaprevir-resistance, but the mutant has low
replication ability and a high susceptibility to IFN.
Effect of Telaprevir on HCV-Infected Mice and
Sequence Analysis of NS3 Region. Next we investi-
gated the effect of telaprevir on wildtype HCV-
infected mice. Two chimeric mice were inoculated
intravenously with serum samples containing 10° cop-
ies of HCV obtained from an HCV-positive patient
(Fig. 3). Six weeks after inoculation both mice were
administered 200 mg/kg of telaprevir perorally twice a
day for 4 weeks. Serum HCV RNA titer in both mice
rapidly decreased; however, in one of the mice HCV
RNA titer increased again 3 weeks after the start of
treatment. Ultra-deep sequence analysis of the NS3
region showed that following the start of telaprevir
administration the frequency of the V36A mutation
increased from 18% at 2 weeks to 52% at 4 weeks, at
which point it was accompanied by an increase in the
HCV RNA titer. Two weeks after cessation of telapre-

vir treatment (at week 12), ultra-deep sequence analy-
sis revealed that the frequency of the V36A mutant
had decreased to 13% and the frequency of the wild-
type HCV had increased to 84%, although the HCV

RNA titer increased only slightly. o

Intrahepatic Injection of HCV-KT9-Wild RNA
and KT9-NS§3-A156S RNA into Human Hepatocyte
Chimeric Mice. We previously established an infec-
tious genotype 1b HCV clone, HCV-KT9 (HCV-
KT9-wild)." We created a telaprevir-resistant HCV
clone by introducing an A156S amino acid substitu-
tion in the NS3 region of HCV-KT9 (KT9-NS3-
A156S) (Fig. 4A). Using wildtype and telaprevir-resist-
ant clones we investigated the replication ability 7n
vivo. Mice were injected intrahepatically with 30 pg of
in wvitro-transcribed HCV-KT9-wild RNA or KT9-
NS3-A156S RNA. Mice injected with HCV-KT9-wild
developed measurable viremia at 2 weeks postinocula-
tion and by 4 weeks postinoculation HCV RNA had
reached 107 copy/mL (Fig. 4B). On the other hand,
mice injected with KT9-NS3-A156S developed meas-
urable viremia at 4 weeks postinoculation but main-
tained only low levels of viremia. These results suggest
that the telaprevir-resistant HCV clone has a lowered
replication ability compared to the wildtype HCV
clone in vivo.

Treatment with Telaprevir and Analysis of Muta-
genesis in Mice. Two mice infected with HCV-KT9-
wild and one mouse infected with KT9-NS3-A156S
were treated with 200 mg/kg of telaprevir twice a day
for 2 weeks (Fig. 5A), resulting in 1.4 and 2.7 log
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Fig. 3. Treatment with telaprevir in wildtype HCV-infected mice. Two mice were injected intravenously with 50 ul of HCV-positive human serum
samples. Six weeks after HCV injection mice were treated with 200 mg/kg of telaprevir orally twice a day. for 4 weeks. Serum HCV RNA (upper
panel) and amino acid (aa) frequencies at aa36 in the HCV NS3 region by ultra-deep sequencing at the indicated times are shown.

reductions in HCV RNA level in the two wildtype
HCV-infected mice. In contrast, only a 0.6 log reduc-
tion was observed in the KT9-NS3-A156S-infected
mouse. These results demonstrate that our human he-
patocyte chimeric mouse model infected with in vitro-
transcribed HCV RNA provides an effective system
for analysis of the susceptibility of HCV mutants to
antiviral drugs. Interestingly, ultra-deep sequence anal-
ysis showed a rapid emergence of a V36A variant in
the NS3 region in mouse serum 2 weeks after treat-
ment (Fig. 5B). Four weeks after cessation of wreat-
ment (at week 6) the frequency of the V36A variant
had decreased. Mice were then treated with 300 mg/kg
-of telaprevir twice a day for 4 weeks, which resulted in
an elevated frequency of V3G6A variants at 1 (at week
7, 5.4%) and 4 weeks (at 10 week, 41.8%) after treat-
ment and no reduction in serum HCV RNA level.
These results suggest that telaprevir-resistant mutations
emerged de novo from the wildtype strain of HCV,
presumably through error-prone replication and potent
selection for telaprevir escape mutants. During the
telaprevir treatment period no increases of HCV RNA
titers in these mice were observed, probably due to the
low frequency of the resistant strain.

Discussion

Telaprevir is a peptidomimetic inhibitor of the
NS3-4A serine protease that is currently undergoing
clinical evaluation. Despite its effectiveness against
HCV, some patients have shown a rapid viral break-

through during the first 14 days of treatment.”® Popu-
lation sequencing of the viral NS3 region identified a
number of mutations near the NS3 protease catalytic
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Fig. 4. Intrahepatic injection of in vitro transcribed HCV-KT9 RNA
and KT9-NS3-A156S RNA into human hepatocyte chimeric mice. (A)
The schematic of infectious genotype 1b HCV clones, HCV-KTS and
KT9-NS3-A156S. Boxes indicate codons at amino acid 156 in HCV
NS3 region. Ala, alanine; Ser, serine. (B) Changes in serum levels of
HCV RNA in mice intrahepatically injected with either HCV-KT9 RNA
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Fig. 5. The effect of telaprevir on mice infected with in vitro-tran-
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circles). Six weeks after HCV RNA injection, mice were treated perorally
with 200 mg/kg of telaprevir twice a day for 2 weeks. Four weeks after
cessation of treatment mice were treated with 300 mg/kg of telaprevir
twice a day for 4 weeks. (A) Mice serum HCV RNA titers at the indi-
cated times are shown. Serum samples obtained from one of two
HCV-KT9-infected mice (closed triangles) were used for ultra-deep
sequencing. (B) Amino acid (aa) frequencies at aa36 in the HCV NS3
region based on ultra-deep sequencing are shown.
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domain.”® In particular, variants at NS3 residues 36,
54, 155, and 156 were shown to confer reduced sensi-
tivity to telaprevir.”’

In this study we analyzed the association between the
antiviral efficacy of telaprevir and sequence variants
within the NS3 region using chimeric mice infected with
serum samples obtained from an HCV genotype 1b-
infected patient. One of two HCV-infected mice had a vi-
ral breakthrough during the dosing period (Fig. 3). Ultra-
deep sequence analysis of the NS3 region showed an
increase of the V36A mutant, which has been reported to
confer telaprevir resistance.** Consequently, our results
show evidence of emergence of a telaprevir-resistant vari-
ant previously detected in human clinical trials.

We detected an A156F mutant in the HCV NS§3
region in a chronic hepatitis patient who had experi-
enced viral breakthrough during telaprevir monotherapy
(Fig. 1). Likewise, HCV RNA titer in mice infected
with the A156F variant showed no reduction following
2 weeks of telaprevir treatment (Fig. 2). However, 2
weeks of treatment with IFN-alpha rapidly suppressed
serum HCV RNA titer below the detectable limit.
These results demonstrate that A156F is telaprevir-re-
sistant but has a high susceptibility to IFN. ‘

Interestingly, ultra-deep sequencing revealed that the
wildtype strain was present at low frequency (0.3%) in
the serum inoculum (Fig. 2). However, the frequency
of the wildtype failed to increase over time (Fig. 3),
suggesting that the very small number of wildtype viral
RNA (about 30 copies) may be incomplete or defec-
tive, as a large proportion of viral genomes are thought
to be defective due to the viruss high replication and
mutation rates.” Further analysis is necessary in order
to interpret the significance of the presence of very low
frequency variants detected by ultra-deep sequencing.

The short read lengths used in next generation
sequencing also complicates the detection of raré var-
fants, especially when variants are clustered within a
region smaller than an individual read length (e.g., 36
basepairs). Relaxing the matching criteria allows map-
ping of more diverse reads but increases the error rate,
whereas default settings may be geared toward more
genetically homogenous haploid or diploid genomes.
In this study we used de novo assembly to identify
more diverse variants that failed to map to the refer-
ence sequence. Examining the variation in codon fre-
quencies among samples, we created alternative refer-
ence sequences containing a sufficient range of variants
to provide more uniform coverage of variable regions.

Using our previously established infectious HCV-
KT9 genotype 1b HCV clone, we investigated the

antiviral efficacy of telaprevir and the effect of
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resistance mutations on viral replication. HCV RNA
titer in mice infected with the telaprevir-resistant strain
KT9-NS3-A156S was lower than in mice infected
with the wildtype strain HCV-KT9-wild (Fig. 4B).
HCV NS proteins include proteases for sequential
processing of the polyprotein and are thought to be
important in viral replication.”® Our results suggest
that differences in viral fitness underlie the differences
in viral replication capacity. We analyzed the antiviral
efficacy of telaprevir and the sequence of the NS3
region using HCV-infected mice treated with telapre-
vir. Although telaprevir treatment suppressed serum
HCV RNA titer in mice infected with HCV-KT9, the
decline of HCV RNA titer was only 0.6 log copy/mL
in a mouse infected with KT9-NS3-A156S under the
same treatment (Fig. 5A). These results suggest that
our genetically engineered HCV-infected mouse model
is useful for analyzing HCV escape mutants associated
with antiviral drugs. Interestingly, treatment with
telaprevir resulted in selection for V36A variants in the
NS3 region in an HCV-KT9-infected mouse (Fig.
5B). There are a few controversial reports proposing
that resistant variants may already be present at low
frequency (<1%) within the quasispecies population
in treatment-naive patients,” consistent with their
rapid emergence only days after treatment initia-
tion.?**® This might well occur, due to the large num-

ber of mutated HCV clones. However, our results pro- -

vide evidence in support of de movo emergence of
telaprevir resistance induced by viral mutation followed
by selection. HCV has both a high replication rate
(10" particles per day) and a high mutation rate
(1072 to 1079”1 suggesting that the viral quasispe-
cies population is likely to represent a large and geneti-
cally diverse substrate for immune selection.

In summary, we established an infection model of a
genotype 1b HCV clone using the human hepatocyte
chimeric mouse model. Using this model we demon-
strate rapid emergence of de novo telaprevir-resistant
HCV quasispecies from wildtype HCV.
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Introduction

Chronic hepatitis C virus (HCV) infection is one of the most
serious global health threats, affecting more than 170 million
people worldwide [1-3]. Interferon is administered to chronic
hepatitis C patients to attempt to eradicate the virus and to
prevent the development of advanced liver diseases such as
chronic hepatitis, cirrhosis, and hepatocellular carcinoma (HCC),
with limited success. While the overall eradication rate of HCV
has improved since the introduction of pegylated-interferon (PEG-
IFN) and ribavirin (RBV) combination therapy, the sustained viral

@ PLoS ONE | www.plosone.org

response (SVR) rate of genotype lb with high viral load still
remains only 40-50% [4-6]. Viral and host factors, such as HCV
RNA titer, viral substitutions in HCV core or NS5A region, age,
gender, liver fibrosis, and SNPs in IL-28B locus, are significantly
associated with the effects of PEG-IFN and RBV combination
therapy [7-15], but the precise molecular mechanisms remained
unclear.

Recently, some HCV-related structural as well as non-structural
proteins have been reported to be associated with host proteins
and affect innate immunity or lipid metabolism. RIG-I (retinoic
acid inducible gene I) and Mda5 (melanoma differentiation-
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Figure 1. Change in HCV titers and human albumin levels in mouse serum. HCV RNA titers (upper panel) and human albumin levels (lower
panel) in chimeric mouse sera after inoculation are shown. The horizontal axis indicates weeks after inoculation. Mouse sera were collected every two
weeks after inoculation, and serum HCV RNA and human albumin levels were measured. Results were similar for all mice.
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associated gene 5) are known to activate the type I interferon
signaling pathway by interacting with adaptor protein IPS-1/
MAVS/VISA/Cardif [16-18]. In the presence of HCV infection,
the viral non-structural protein NS3/4A, which has serine
protease activity, can cleave and inactivate IPS-1 [19]. TLR (Toll
like receptor) is a sensor of RNA or DNA and is known to play
various roles in viral infection. Abe et al. demonstrated that HCV
non-structural protein NS5A inhibits the recruitment of interleu-
kin-1 receptor-associated kinase 1 by interacting with MyD88 and
impairs cytokine production in response to TLR ligands [20].
HCYV core protein is also known to interact with host proteins. The
core protein promotes hepatic steatosis, insulin resistance and
hepatocarcinogenesis through activation of host proteins such as
PPARo and MAPK [21-26]. However, these reports were based
on i vitro analysis of cell lines or used human liver tissues in which
results were complicated by adaptive immune responses, and it has
been difficult to evaluate the direct impact of HCV infection and
interferon administration on human hepatocytes.

Mercer and colleagues developed a human hepatocyte chimeric
mouse [27] derived from the severely immunocompromised SCID
mouse, in which mouse liver cells were extensively replaced with
human hepatocytes [27,28]. This mouse model facilitates
continuous HCV infection and makes it possible to analyze the
effects of drugs and viral infection on human hepatocytes under
immunodeficient conditions [29,30]. To analyze the putative
effects of HCV infection or IFN administration without the
adaptive immune response, we constructed an HCV carrier mouse
model using the human hepatocyte chimeric mouse and

@ PLoS ONE | www.plosone.org

performed cDNA microarray analysis using human hepatocytes
dissected from the mouse livers. The results are intended to reflect
the direct impacts of HCV infection and IFN administration on
human hepatocytes and may help in elucidating HCV immune
evasion mechanisms.

Materials and Methods

Human Serum Samples

Serum samples were obtained from HCV carriers after
obtaining written informed consent for the donation and
evaluation of blood samples. Inocula contained high viral loads
of genotype 1b HCV RNA (6.9 log copies/ml). The experimental
protocol met the ethical guidelines of the 1975 Declaration of
Helsinki and was approved by the Hiroshima University Ethical
Committee.

Human Hepatocyte Chimeric Mice Experiments

The uPA™*/SCID™* mice and transplantation of human
hepatocytes were performed as described previously [28]. All mice
were transplanted with hepatocytes from the same donor. Human
hepatocyte chimeric mice, in which liver cells were largely (>90%)
replaced with human hepatocytes, were used to reduce potential
influence by mouse-derived mRNA. The experiments were
performed in accordance with the guidelines of the local
committee for animal experiments at Hiroshima University.

A total of 15 chimeric mice were prepared and assigned to
four experimental groups. Group A contained four mice that
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Figure 2. Hierarchical clustering analysis of 181 genes associated with HCV infection. To analyze the influence of HCV infection on human
hepatocytes, clustering analysis on gene expression was performed between Group A (without HCV infection; 4 columns on the left side) and Group
C (with HCV infection; 3 columns on the right side). 157 genes were up-regulated following HCV infection, including interferon-stimulated genes
(ISGs) such as MX1 and genes in the CXCL and /F/ families, and 24 genes were down-regulated, including MET and HMGCST.

doi:10.1371/journal.pone.0023856.g002

were neither infected with HCV nor treated with IFN. Group B
consisted of four uninfected mice that were administered IFN-o
(7,000 1U/g body weight) 6 h before sacrifice. Groups C and D
were inoculated via the mouse tail vein with human serum
containing 4x10° copies of HCGV particles, and Group D was
administered INF- o at the same time as Group B. After
inoculation, we collected mouse sera every two weeks and
analyzed serum HCV RNA levels by real time PCR. All seven
mice developed measurable viremia 4 weeks after inoculation.
The levels of the virus titer reached over 6 Logjo copies/ml 8
weeks after inoculation (Figure 1). Conversely, serum human
albumin levels remained more than 2x10° ng/ml in each mouse
during 6 weeks after inoculation (Figure 1). Eight weeks after
inoculation, when serum HCV RNA levels had plateaued, IFN-o
(7,000 IU/g body weight) was administered to the four mice in
Group D as well as the four uninfected mice in Group B. Six
hours after IFN administration all 15 mice were sacrificed.
Infection, extraction of serum samples, and sacrifice were
performed under ether anesthesia as déscribed previously [29-
31]. Human albumin levels in mouse serum were measured with
a Human Albumin enzyme-linked immunosorbent assay (ELISA)
Quantitation kit (Bethyl Laboratories Inc., Montgomery, TX)
according to the instructions provided by the manufacturer.
Serum samples obtained from mice were aliquoted and stored in
liquid nitrogen until use.

Table 1. The top 20 genes up-regulated with HCV infection.

Analysis of HCV markers

For quantitative analysis of HCV RINA, 10 pl samples of mouse
serum were used. Total RNA was extracted using Sepa Gene RV-
R (Sanko Junyaku Co., Ltd., Tokyo, Japan) and dissolved with
8.8 uL of RNase free water and reverse transcribed (RT). RT
reactions were performed with 20 pl of the reaction mixtures,
containing random primer (Takara Bio Inc., Shiga, Japan), RT
buffer and M-MLV reverse transcriptase (ReverTra Ace,
TOYOBO Co., Osaka, Japan) according to the instructions
provided by the manufacturer. After the RT reaction, HCV RNA
was quantified by real-time PCR using the 7300 Real-Time PCR
System (Applied Biosystems, Foster City, CA). Amplification was
performed as described previously {29,30]. The lower detection
limit of this assay is 300 copies. For detection of small amounts of
HCV RNA, we also performed nested PCR. Amplification
conditions were as described previously [29,30].

Dissection of mouse livers and total RNA extraction from
human heptocytes in the mouse livers

All 15 chimeric mice were sacrificed by anesthesia with diethyl
ether. Human hepatocytes were finely dissected from mouse livers,
submerged in RNA lazer® solution (Applied Biosystems), and stored
in liquid nitrogen. Total RNA was extracted using the Qiagen
RNeasy Mini Kit according to the manufacturer protocol (Qiagen
Inc., Valencia, CA). RNA quality was assessed using ultraviolet

Table 2. The top 20 genes down-regulated with HCV
infection.

Probe set  Unigene code Gene symbol Fold change P value Probe set  Unigene code Gene symbol Fold change P value
202237 at  Hs503911.  UNNMT- o 3 ©T66E03 0. 215802
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202859 x.at Hs551925 8 - 4A2E04
206336t Hs164021  CXCL6 186603 Hs.713537
e e ‘ =
212531_at  Hs204238 LNz 91904 231594_at 187E-02
209894 at  Hs705413  LEPR 2377 583E04 1556824, 289802
2045332t Hs632586  CXCLIO 2361 147605 Hs.567637 6.52E-03
213797t Hs17518  RSAD2 . 2043 731605 1‘,’975'5}0:4};
204439 2t Hs715563  [Fl4aL 1792 973604 Hs.21160 ME1 406 215602
2139755t Hs706744 LYz 1522 110E03 470802
206643 at  Hs.190783 1488 398603 Hs.443625 299602
2165985 at Hs303649 - 1476 69903 4 ;; - 449E02
2352292t Hs332649 13.93 622604 Hs.445827 coLsA2 389 26002
2058905 at Hs714406 1367 146603 873E03
333040t HsAS9265 1358 561805 Hs.280892 FLI22763 382 244802
205569_at  Hs518448 1096 358605 Hs352 TR
2044703t Hs789 1090 9.06E-03 Hs.497118 COXGAT 334 1.68E-02
: AR2 1040 - 456E-03 J ; 462604
2053023t Ms642938 IGFBPT 955 110602 216018 at  Hs534342 RNF5 319

doi:10.1371/journal.pone.0023856.t001
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Table 3. The effect of HCV infection on biological functions by category.

Cell-To- Cell ngnahng and :

4.95E-10-499E-:03
Interactlon ey .

Hematological System 4.95E-10-5.95E-03 36

Development and Functlon

lmmun Ce!l Traff‘ckm

- 4.95E10-5.73E03

Infection Mechanism 5.03E-10-3.66E-03 16

infectious Disease. e

Reproductive System
Disease

Cellular Movement ~ ©

CCL2, CCL20, CXCL9, CXCL10, IL8, 1
IL1RN, TNFAIP3, etc

_ APOBEC3G, CXCL9, CXCL10, DDX58
© MTIX, STATY, T

CCL2, CXCLY, CXCL2, IFITT, IGFBPT, 1 RNF5
KLF4, MAP3K8, NEDD9, SPP1, etc.

- IGFBP1, IL8, KLF

~ NRGT, RARREST, §

Category P value Up-regulated genes in network Down-regulated genes in network
- “ * Number of ) “Numberof = Representative
: e gemes . i genes
Organismal Injury and 5.90E-16~3.66E-03 27 CXCL1, CXCL6, CXCLY, CXCL10, IFIT1, 1 SERPINI
Abnormalmes IFIT3, MX1, etc.
Cancer IBIE13-573E03 54 m ; 36, COL3A1, GPC3, RNF5
= : = i IGFBP1 ISGZO MAP3K8 etc. ey
Inﬂammatory Response 9.31E-13~5.89E-03 39 APOBEC3G, CCLZ CXCL9, CXCL10, IL8 2 CD36, COL3A1

MX1 STAT‘I TRIM22 etc

" CD36, SERPINIT, GPC3 -~

CCL2, CXCLY, CXCL10, D'DX58 IFIT1, 0
IL8, I1SG20, MX1, RSAD2, STAT1, etc.

(D36, HMGCS1

CD36,RNFS

doi:10.1371/journal.pone.0023856.t003

absorption at 260 nm/280 nm (NanoDrop Technologies, Wil-
mington, DE) and agarose gel electrophoresis. Microarray analysis
was performed using the Affymetrix GeneChip Human Gene
U133Plus2.0 Array, which interrogates 38,500 genes across
54,675 distinct probes (Affymetrix, Santa Clara, CA). The
Affymetrix GeneChip Whole Transcript Sense Target Labeling
Assay Manual Version 4 was used for complementary DNA
(cDNA) generation, hybridization, and array processing. Briefly,
300 ng of total RNA underwent first-strand and second-strand
cDNA synthesis. Complementary RINA was generated and used to
produce sense-strand c¢cDNA, which was fragmented and end-
labeled with biotin. Biotin-labeled ¢cDNA was hybridized to the
Human Gene 1.0 ST Array for 16 hours at 45°C using the
GeneChip Hybridization Oven 640 (Affymetrix). Washing and
staining with streptavidin-phycoerythrin was performed using the
GeneChip Fluidics Station 450, and mmages were acquired using
the Affymetrix Scanner 3000 (Affymetrix).

Microarray Data Analysis and Hierarchical Clustering

Fluorescence intensities captured by the Affymetrix GeneChip
Scanner were converted to numerical values using the Affymetrix
GeneChip Operating Software, were log2 transformed, and were
standardized using quantile normalization with the Robust
Multiarray Analysis (RMA) algorithm [32,33]; this method
normalizes the distribution of probe intensities for all the gene
arrays in a given set.

Obtained gene expression profiles were analyzed using Gene-
Spring GX 10.0.2 software (Tomy Digital Biclogy, Tokyo, Japan).
Expression ratios were calculated and normalized per chip to the
50th percentile and finally normalized per gene to medians. We
worked on a pre-screened list of 32,885 probes obtained after
filtering the data for outliers, negative and positive controls, and on
the quality flag Cy3 signals being “well above background.” To pass

@ PLoS ONE | www.plosone.org

this last flag, Cy3 net signals needed to be positive and significant,
with g{r)BGSubSignal greater than 2.6 g(r) BG_SD. To determine if
there were genes differentially expressed among samples, we
performed two Welch’s t-tests (P<<0.01) on this prescreened list of
genes: one without correction and one with Benjamini and
Hochberg’s correction. Complete linkage hierarchical clustering
analysis was applied using Euclidean distance, and differentially
expressed genes were annotated using the information from the
Gene Ontology Clonsortium. Global molecular networks and
comparisons of canonical pathways wexe generated using Ingenui-

ty™ Pathway Analysis 8.6 (Ingenmty Systems CA, USA).

Real time PCR for analyzing the mRNA expression in the
human hepatocytes

Total RNA was extracted from the implanted human
hepatocytes in the mouse livers using RNeasy Mini Kit (Qiagen)
and reverse-transcribed using ReverTra Ace (TOYOBO, Osaka,
Japan) with random primer in accordance with the instructions
supplied by the manufacturer. The selected cDNA were quantified
by real-ime PCR using the 7300 Real-Time PCR System
(Applied Biosystems, Foster City, CA), and the expression of
GAPDH served as a control. Amplification was performed in a
25 ul reaction mixture containing 12.5 ul SYBR Green PCR
Master Mix (Applied Biosystems), 5 pmol of forward primer,
5 pmol of reverse primer, and 1 pl of ¢cDNA solution. After
incubation for 2 min at 50°C, the sample was denatured for
10 min at 95°C, followed by a PCR cycling program consisting of
40 cycles of 15 s at 95°C, 30 s at 55°C, and 60 s at 60°C.

Statistical analysis
Differences between groups were examined for statistical
significance using the Student’s # test.
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Figure 3. The effects of HCV infection on canonical pathways. To analyze the effects of HCV infection on canonical pathways, pathway
analysis was performed using the 181 genes identified to be significantly up- or down-regulated following HCV infection. The IFN signaling pathway
was the most significantly affected by HCV infection. Statistical analysis was performed using Fisher's exact test.
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Results

Change of gene expression with HCV infection

To analyze the effect of HCV infection on gene expression in
human hepatocytes, we compared the gene expression profiles
between Group A (without HCV infection) and Group G (with
HCV infection). Among the 2,519 genes that remained
significant after screening by Welch’s t-test, more than 3.0-fold
expression changes between groups were observed in 181 genes.
157 of these 181 genes were up-regulated following HCV
infection, and the other 24 were down-regulated. Cluster
analysis of the 181 genes is shown in Figure 2, and the top 20
up-/down-regulated genes by HCV infection are listed in
Tables 1 and 2, respectively.

It is well known that chronic HCV infection triggers multiple
biological responses. To analyze biological significance and
regulatory pathways involved in the changes observed, we
performed network analysis with the 181 genes using Ingenuity ™
Pathway Analysis IPA). As shown in Table 3, most of the 181
genes (e.g. CXCL9, CXCLI0, IFIT3 and AMxl, which are well
known interferon-stimulated genes (ISGs)) belonged to categories
such as Organismal Injury and Abnormalities, Inflammatory
Response, and Cell-To-Cell Signaling and Interaction. Through
canonical pathway analysis of the 181 genes using Ingenuity
Pathways Analysis, 10 canonical pathways significantly affected by
HCV infection were identified, with interferon signaling as the
most significant (Figure 3). These results indicate that the intra-
hepatic innate immune response was strongly activated by HCV
infection in human hepatocytes.

@ PLoS ONE | www.plosone.org

Change of gene expression with interferon treatment

To analyze the direct effects of IFN in human hepatocytes, we
compared gene expression profiles between Group A (without IFN
treatment) and Group B (with IFN treatment). Out of the 218
genes that remained significant after screening by Welch’s t-tests
and Benjamini-Hochberg correction for multiple testing, 158 had
a greater than 3.0-fold change between groups. 152 of the 158
genes were up-regulated following IFN administration, and the
other 6 were down-regulated. Cluster analysis of the 158 selected
genes is shown in Figure 4. The top 35 up-regulated genes (>10.0-
fold changes), which include many well-known ISGs (e.g.,
members of the CXCL and IFI families), and the 6 down-regulated
genes are listed in Tables 4 and 5, respectively.

The effect of HCV infection on IFN response

To analyze the effect of HCV infection on IFN response, we
focused on the 152 genes that were up-regulated following IFN
administration and compared gene expression ratios between
Groups A and B (gene expression changes by IFN without HCV
infection) and between Groups C and D (gene expression changes
by IFN with HCV infection). In 69.7% (106/152) of the IFN-
induced genes, IFN responsiveness was significantly reduced
following HCV infection (Figure 5). The top 20 genes are shown
in Table 6. Although viral titers differed among mice, we found no
correlation between IFN responsiveness and HCV RNA titer. We
performed pathway analysis to identify significant associations with
canonical pathways, and the top 5 associated pathways are shown
in Table 7. IFN responsiveness was significantly reduced following
HCV infection in several canonical pathways, and the IFN
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Figure 4. Hierarchical clustering analysis of 158 genes associated with IFN treatment. To analyze the effects of IFN in human hepatocytes,
clustering analysis was performed between Group A (without [FN treatment; 4 columns on the left side) and Group B (with IFN treatment; 4 columns
on the right side). 152 genes were up-regulated, and 6 genes were down-regulated following IFN treatment. Several well-known interferon-
stimulated genes (ISGs), including CXCL9, Mx1, ISG20 and OASL, were among the up-regulated genes.

doi:10.1371/journal.pone.0023856.9004

signaling pathway, in particular, was strongly associated. To verify
the effects of HCV infection and/or IFN treatment on gene
expression, signal intensities of genes involved in the IFN and
JAK-STAT signaling pathways were analyzed. As shown in
Figure 6A, among 28 representative genes in the IFN signaling
pathway, signal intensities of 22 genes could be analyzed through
c¢DNA microarray analysis. In all genes except IFNARI, expression

Table 4. The top 35 genes up-regulated with IFN treatment.
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was up-regulated following HCV infection, whereas IFN respon-
siveness was suppressed as a result of HCV infection (Figure 6B).
16 out of 22 genes in the JAK-STAT signal pathway could be
analyzed via cDNA microarray analysis (Figure 6C), and 12 of the
16 genes were up-regulated following HCV infection, whereas IFN
responsiveness was suppressed in 9 genes (Figure 6D).

On the other hand, only 33 genes (21.7%), including several
ISGs, such as GBPI, GBP4 and IFIT3, remained responsive to IFIN
in the presence of HCV and were expressed more than 3.0-fold
higher in Group D compared to Group C (Table 8). Pathway
analysis indicated that these 33 genes were significantly associated
with Antimicrobial Response and Inflammatory Response
(P=5.22x107'% ~ 1.95x107%. Changes in mRNA expression
for 29 down-regulated genes, including ISG20, WARS, MxI,
CXCL10, IFNGRI and IFITMI were verified by real time PCR
(data not shown).

Discussion

We previously developed a human hepatocyte chimeric mouse
model that can be chronically infected with hepatitis B and C
viruses [29-31]. This mouse model has enabled us to analyze the
effect of viral infection and the response to medication under
immunodeficient conditions. Microarray analyses using the
human hepatocyte chimeric mouse model with HCV infection
have recently been reported, and HCV infection was found to
affect expression of genes related to innate antiviral immune
response, lipid metabolism and apoptosis via ER stress [34,35].
Whereas these reports were concerned especially with host specific
responses to HCV infection, no studies addressing viral modula-
tion of the IFN response have been reported, even though such
studies might be important for understanding viral evasion
mechanisms in response to IFN therapy and for improving
therapy effectiveness for chronic hepatitis C. Therefore, in this
study we performed ¢cDNA microarray analysis using a human
hepatocyte chimeric mouse model and obtained gene expression
profiles to investigate direct influences of HCV infection on IFN
responses in human hepatocytes.

First, we evaluated host response to HCV infection in human
hepatocytes by comparing profiles between groups A (without
HCV infection) and C (with HCV infection). 181 genes were
significantly up- or down-regulated following HCV infection.
Canonical pathway analysis revealed that genes involved in IFN

Table 5. The top 6 genes down-regulated with IFN treatment.
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Probe set code Gene symbol change P value

206 3 611E05

224875_at C5orf24 5.46 ”‘I 1 1E404 ’

227256 ‘ SP3 707805

226676_& HHS4.1"45’717“ \ JkMJbS ‘ 5.04E—65
17304

226;587~th Hs.592473. SNI-;(PN ' 3.1 7 6.i 3E-05

doi:10.1371/journal.pone.0023856.t004
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