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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 (NSSA 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 aa3l, 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" (antisensc);
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 (realed with (elaprevir alone for the first 2
weeks to confirm resistance and then treated with telaprevir plus

VOLUME 108 | SEPTEMBER 2013 www.amjgastro.com

- 101 -



BMS-788329 combination therapy thereafter. HCV RNA levels
decreased only slightly in two mice when treated with telapre-
vir alone, indicating that the introduced NS3 V36A mutation

HCV Genomes in Human Chimeric Mice by Ultra-Deep Sequence

conferred resistance against telaprevir. HCV RNA levels declined
to undetectable levels in one of the mice (Figure 2a) and hov-
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 telaprevirand 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 o 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
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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 131V, 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-
malure lermination 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 harbaoring an NS5A inhibitor-resistant NS5A L31V 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.

with in vitro experiments showing higher ED50 levels of these  trial in patients with genotype 1b infection. Higher dosage or a
drugs against genotype 2 (30,31). The combination of BMS- next-generation NS3 protease inhibitor should be considered
788329 and telaprevir thus might be a good candidate for clinical ~ 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 100 mg/kg (mouse body weight) of NS5B inhibitor and continued combination therapy with BMS-788329
for an additional 5 weeks. (b, ¢) We infecled a mouse with an infectious clone harboring resistance mutations against both telaprevir (NS3 V36A)

and NS5A 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-788323 (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 (o 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.
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Study Highlights

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.
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The immunodeficient mice transplanted with human hepatocytes are available for the study of the
human hepatitis viruses. Recently, human hepatocytes were also successfully transplanted in herpes sim-
plex virus type-1 thymidine kinase (TK)-NOG mice. In this study, we attempted to infect hepatitis virus in
humanized TK-NOG mice and urokinase-type plasminogen activator-severe combined immunodefi-
ciency (uPA-SCID) mice. TK-NOG mice were injected intraperitoneally with 6 mg/kg of ganciclovir
(GCV), and transplanted with human hepatocytes. Humanized TK-NOG mice and uPA/SCID mice were
injected with hepatitis B virus (HBV)- or hepatitis C virus (HCV)-positive human serum samples. Human
hepatocyte repopulation index (RI) estimated from human serum albumin levels in TK-NOG mice corre-
lated well with pre-transplantation serum ALT levels induced by ganciclovir treatment. All humanized
TK-NOG and uPA-SCID mice injected with HBV infected serum developed viremia irrespective of lower
replacement index. In contrast, establishment of HCV viremia was significantly more frequent in
TK-NOG mice with low human hepatocyte RI (<70%) than uPA-SCID mice with similar RI. Frequency of
mice spontaneously in early stage of viral infection experiment (8 weeks after injection) was similar in
both TK-NOG mice and uPA-SCID mice. Effects of drug treatment with entecavir or interferon were
similar in both mouse models. TK-NOG mice thus useful for study of hepatitis virus virology and evalu-
ation of anti-viral drugs.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

of chronic liver infection and potentially death due to liver failure
and hepatocellular carcinoma [3]. Although the chimpanzee is a

Hepatitis B virus (HBV) and hepatitis C virus (HCV) infections
are serious health problems worldwide. More than 350 and 170
million people are infected with HBV and HCV, respectively
{1,2]. Both types of hepatitis viruses result in the development

Abbreviations: ALT, alanine aminotransferase; GCV, ganciclovir; HBV, hepatitis B
virus; HCV, hepatitis C virus; HSA, human serum albumin; HSVtk, herpes simplex
virus type-1 thymidine kinase; IFN, interferon; PeglFN-alpha, pegylated interferon-
alpha; RI, repopulation index; RT-PCR, reverse transcript-polymerase chain reac-
tion; SCID, severe combined immunodeficiency; uPA, urokinase-type plasminogen
activator.
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University, 1-2-3 Kasumi, Minami-ku, Hiroshima 734-8551, Japan. Fax: +81 82 255
6220.
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useful animal model for the study of HBV and HCV infection,
there are ethical restrictions and hampered by the high financial
cost on the use of this animal. The immunodeficient mice with a
urokinase-type plasminogen activator (uPA) transgene [4,5] or a
targeted disruption of the murine fumaryl acetoacetate hydrolase
(FAH) [6-10] were shown to be excellent recipients for human
hepatocyte. These small animal models are available for hepatitis
viruses infection [4,11}], and are useful for the study of HBV and
HCV biology [12-14]. However, there are disadvantages that limit
the utility of this model for many applications, including exces-
sive mortality [9].

Recently, human hepatocytes were successfully transplanted
into severely immunodeficient NOG mice with the herpes simplex
virus type-1 thymidine kinase (HSVtk) expressing in mouse
hepatocytes (TK-NOG) [15]. Mouse liver cells expressing HSVtk

- 108 -



K. Kosaka et al. / Biochemical and Biophysical Research Communications 441 (2013) 230-235 231

were ablated after a brief exposure to ganciclovir (GCV), and trans-
planted human hepatocytes were stably maintained within the
mouse liver without exogenous drug administration [15]. The anal-
yses of drug interactions and pharmacokinetics have previously
been reported using TK-NOG mice transplanted with human hepa-
tocytes [15-18]. In the present study, we succeeded in infecting
human hepatocyte-transplanted TK-NOG mice with HBV and
HCV and showed that this mouse model is as useful as the uPA/
SCID model for the study of hepatitis viruses.

2. Materials and methods
2.1. Animal treatment

TK-NOG mice were purchased from Central Institute for Exper-
imental Animals (CIEA, Kawasaki, Japan). Eight-weeks-old mice
were injected intraperitoneally with 6 mg/kg of GCV twice a day.
After two days, mice were re-injected with the same amount of
GCV. Seven days after 1st GCV injection, mice were transplanted
with 1 or 2 x 10° of human hepatocytes obtained from human
hepatocyte transplanted uPA-SCID chimeric mice by collagenase
perfusion method by intra-splenic injection. Transplanted human
hepatocytes used in this study were obtained from a same donor.
One week after the first GCV treatment, serum alanine aminotrans-
ferase (ALT) levels were measured (Fuji DRI-CHEM, Fuji Film,
Tokyo, Japan). Infection, extraction of serum samples, and sacrifice
were performed under ether anesthesia. Mouse serum concentra-
tion of human serum albumin (HSA), which correlated with the
human hepatocyte repopulation index (RI) {15], was measured as
previously described [5]. Generation of the uPA/SCID mice and
transplantation of human hepatocytes were performed as
described previously [5,12,19]. The experimental protocol was
approved by the Ethics Review Committee for Animal Experimen-
tation of the Graduate School of Biomedical Sciences, Hiroshima
University.

2.2. Human serum samples

Human serum samples containing high titers of either genotype
CHBV (5.3 x 10° copies/mL) or genotype 1b HCV (2.2 x 10 copies/
mL) were obtained from patients with chronic hepatitis who pro-
vided written informed consent. The individual serum samples
were divided into small aliquots and stored separately in liquid
nitrogen until use. Mice were injected intravenously with 50 pL
of either HBV- or HCV-positive human serum. The study protocol
conforms to the ethical guidelines of the 1975 Declaration of
Helsinki and was approved a priori by the institutional review
committee.

2.3. Quantitation of HBV and HCV

DNA and RNA extraction and quantitation of HBV and HCV by
real-time polymerase chain reaction (RT-PCR) were performed as
described previously {12,13,19]. Briefly, DNA was extracted using
SMITEST (Genome Science Laboratories, Tokyo, Japan) and dis-
solved in 20 pL H,0, and RNA was extracted from serum samples
using SepaGene RVR (Sankojunyaku, Tokyo, Japan) and reverse
transcribed with a random hexamer and a reverse transcriptase
(ReverTraAce; TOYOBO, Osaka, Japan) according to the instruc-
tions provided by the manufacturer. Quantitation of HBV DNA
and HCV RNA was performed using Light Cycler (Roche Diagnos-
tic, Japan, Tokyo). The lower detection limits of real-time PCR
for HBV DNA and HCV RNA are 44 and 3.5 log copies/mlL,
respectively.

2.4. Histochemical analysis of mouse liver

Liver specimens of HBV-infected TK-NOG mice were fixed with
10% buffered-paraformaldehyde and embedded in paraffin blocks
for histological examination. Hematoxylin-eosin and immunohis-
tochemical staining using antibodies against HSA (Bethyl Laborato-
ries Inc., Montgomery, TX) and hepatitis B core antigen (HBc-Ag)
(DAKO Diagnostika, Hamburg, Germany) were performed as de-
scribed previously [12].

2.5. Treatment with antiviral agents

Mice were treated with antiviral agents eight weeks after HBV
or HCV infection, by which time stable viremia had developed.
HBV-infected mice were administered either food containing
0.3 mg of entecavir/kg of body weight/day or daily intramuscular
injections with 7000 IU/kg of IFN-alpha (Otsuka Pharmaceutical
Co., Ltd., Tokyo, Japan). HCV-infected mice were administered
intramuscular injection with either 1000 IU/kg of IFN-alpha daily
or 10 pg/kg of PeglFN-alpha-2a (Chugai Pharmaceutical Co., Ltd.,
Tokyo, Japan) twice a week for three weeks.

2.6. Statistical analysis

Differences in HSA levels between TK-NOG mice and uPA-SCID
mice, and incidence of infection between highly and poorly repop-
ulated mice were examined for statistical significance using the
Mann-Whitney U-test.

3. Results

3.1. Correlation between serum ALT level after GCV administration and
the human hepatocyte index in TK-NOG mice

We analyzed the correlation between serum ALT levels after
GCV injection and the human hepatocyte RI using 194 TK-NOG
mice. Seven days after GCV injection when serum ALT levels had
reached maximum levels {15}, mice were transplanted with hu-
man hepatocytes. After transplantation of human hepatocytes, ser-
um concentrations of HSA increased and reached plateau at 6-
8 weeks. Serum ALT levels one week after GCV administration
and HSA levels 8 weeks after hepatocyte transplantation showed
a positive correlation, indicating that the higher serum ALT level,
the higher the RI (Fig. 1A). HSA levels 8 weeks after human hepato-
cyte transplantation in TK-NOG mice were lower than in uPA-SCID
mice (Fig 1B), which indicates that mice livers were more effi-
ciently replaced with human hepatocytes in uPA-SCID mice than
in TK-NOG mice.

3.2. Infection with hepatitis viruses in humanized TK-NOG mice and
uPA-SCID mice

Eight weeks after human hepatocyte transplantation, TK-NOG
mice and uPA-SCID mice with HSA levels over 1.0 mg/mL were
inoculated with either HBV- or HCV-positive human serum sam-
ples. Eight weeks after injection, the frequency of the development
of viremia was compared between the mice with lower (<70%) and
higher (>70%) human hepatocyte RI. 70% of RI corresponds to 5.4
and 6.3 mg/dl of serum HAS in TK-NOG mice and uPA-SCID mice,
respectively [5,15]. All humanized TK-NOG and uPA-SCID mice
inoculated with HBV developed viremia 8 weeks after injection,
irrespective of the RI (Fig. 2A). Incidence of HCV viremia was also
high in TK-NOG mice regardless of the RI. In contrast, the
frequency of HCV viremia was much lower in uPA-SCID mice with
the RI. Only 20% (1 of 5) of uPA-SCID mice with low RI became

- 109 -



232 K. Kosaka et al./Biochemical and Biophysical Research Communications 441 (2013) 230-235

(A HSA

(mg/ml)
12

e ' . y=00042x+ 0 1156 14
R? =0 5054
£<0001

( B) HSA

{mg/mL} p<0.001

12

10

6

4

0 o
TK-NOG

UPA-SCID

ALT (UL}

Fig. 1. Human hepatocyte repopulation index in humanized mice. Serum alaninaminotransferase (ALT) levels in TK-NOG mice were measured one week after ganciclovir
treatment. Human serum albumin (HSA) levels were measured eight weeks after transplantation of human hepatocytes. (A) Correlation between serum ALT level after
ganciclovir administration and human hepatocyte repopulation index in TK-NOG mice. Points represent single mouse measurements. r (Spearman rank) and P value are
shown. (B) HSA levels in TK-NOG mice and uPA-SCID mice. In these box-and-whisker plots, lines within the boxes represent median values; the upper and lower lines of the
boxes represent the 25th and 75th percentiles, respectively; and the upper and lower bars outside the boxes represent the 90th and 10th percentiles, respectively.

positive for HCV, whereas 94.3% (50 of 53) of mice with high RI be-
came positive (p=1.07 x 107°). Serum viral titers gradually in-
creased in mice that developed viremia. Eight weeks after
infection, HBV DNA and HCV RNA titers increased to approximately
8 and 6 log copies/mL, respectively in both TK-NOG and uPA-SCID
mice (Fig. 2B). Viremia levels were slightly higher in uPA-SCID
mice than TK-NOG mice, probably due to higher human hepatocyte
RI (HSA levels) in uPA-SCID mice. In HBV-infected TK-NOG mice,
histological analysis showed that hepatocytes positive for HSA
were also positive for HB core antigen (Fig. 2C), which is in line
with our previous findings using uPA-SCID mice [12].

3.3. The effect of antiviral agents on hepatitis virus-infected
humanized mice

We analyzed the effect of antiviral agents on HBV- and HCV-in-
fected humanized mice. Eight weeks after HBV-infection, 2 human-
ized TK-NOG mice were orally administrated 0.3 mg/kg day of
entecavir, and 2 other mice received intramuscular injections with
7000 [U/g of IFN-alpha daily for 3 weeks. Both treatments resulted
in a rapid reduction of mouse serum HBV DNA titers (Fig. 3A). Two
HCV-infected humanized TK-NOG mice were administrated [FN-al-
pha daily, and 2 other mice received PeglFN-alpha-2a injections
twice a week for 3 weeks. Both treatments resulted in a reduction
of HCV RNA titers in mouse serum. The effects of these antiviral
agents on HBV and HCV in TK-NOG mice were similar to those in
uPA-SCID mice (Fig. 3B).

3.4. Incidence of unexpected death

The incidence of unexpected death is high in human hepatocyte
chimeric uPA-SCID mice [20]. Incidence of unexpected death in the
early stages of viral infection (within 8 weeks of viral infection)
was similar between TK-NOG mice and uPA-SCID mice (6.3% vs
10.6%, p = 0.465) (Fig. 4).

4, Discussion

Human hepatocyte chimeric mice are valuable tool for hepati-
tis virology and drug assessment [12-14]. To establish human
hepatocyte chimerism, two conditions are necessary: immunode-
ficiency and mouse-specific liver cell damage. For immune

deficiency, SCID mice [4,5,12-14,20], NOG mice [8,21] and RAG-
2 deficient mice [6,9,10] have been reported. We previously
reported that the level of immunodeficiency in SCID mice, which
are the most weakly immunodeficient of the three types, is suffi-
cient to prevent rejection of transplanted human hepatocytes [5].
However, preventive treatments for human liver cell rejection via
mice NK cells, such as an anti-asialo GM1 antibody, are necessary
in SCID mice [5].

To evoke mouse liver cell injury, uPA and FAH transgene tech-
niques were used [4-10]. Recently, successful human liver cell
transplantation to TK-NOG mice in the absence of ongoing drug
treatment after a brief exposure to a non-toxic dose of GCV has
been reported [15]. We thus attempted to use TK-NOG mice to
establish high levels of replacement with human hepatocytes and
tried to infect hepatitis viruses.

In this study, we transplanted human hepatocytes to 194 TK-
NOG mice and analyzed whether elevated serum ALT levels, which
results from liver damage caused by GCV exposure, reflects HSA
levels, as it is known that HSA levels are correlated with the human
hepatocyte RI and can serve as a surrogate measure [15]. We found
a positive correlation between ALT and HSA levels (Fig. 1A), indi-
cating that higher levels of liver damage are associated with estab-
lishment of higher levels of repopulation of the liver with human
hepatocytes. As the human hepatocyte RI obtained in this study
using TK-NOG mice is lower than in uPA-SCID mice (Fig 1B), dose
escalation of GCV or alternative treatment timing might result in
more highly repopulated mice.

We infected humanized TK-NOG mice with hepatitis viruses
and compared infection rates and serum viral titers with human-
ized uPA-SCID mice. HBV inoculation resulted in development of
viremia without regard for the human hepatocyte replacement in-
dex in both TK-NOG mice and uPA-SCID mice (Fig. 2A). Incidence
of HCV viremia was also high in TK-NOG mice regardless of HSA
levels, whereas HCV viremia was infrequent in uPA-SCID mice
with low HSA levels. These results are consistent with those of
Vanwolleghem et al. [20] who showed, using a large number of hu-
man hepatocyte chimeric uPA-SCID mice, that an HSA level well
above 1 mg/mL is important for successful HCV infection. The rea-
son for the higher infection rate in TK-NOG mice with low human
hepatocyte RI in this study is unknown. Although the level of
immunodeficiency is higher in TK-NOG mice, it is difficult to con-
clude that this difference in immunodeficiency alone is responsible
for the enhanced HCV infection rate. Although some studies have
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