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consistently observed that immunosections of the
group with 1Alb > 15 ng/ml showed the distribu-
tions and the size of the ~ and m-macrophages
similar to those depicted in Fig. 5Sb as shown in
Fig. 5c in which the liver of rat #5 is presented as a
representative example. In contrast, BMS8" -
m-macrophages became larger in size in the liver
of the group with #Alb > 15 ng/ml as shown in
Fig. 5d in which an immunosection from rat #6 is
presented. We quantified the red colored areas
(m-macrophage areas) in the photos shown in
Fig. S5c,d as a measure of cell size using an image
analyzer. The average red area per unit measured
area of the rat with with #AIb > 15 ng/ml was
~3-fold larger than that with #Alb < 10 ng/ml. It
is generally accepted that macrophages become
enlarged when activated. Therefore, assuming that
a hAlb concentration < 10 ng/ml predicts that the
h-hepatocytes will not survive due to rejection by
the host, we propose that macrophage activation
limits the proliferation and survival of /-hepato-
cytes in SCID rats. The blood /-Alb concentration
of rat #1 was relatively high (~95 ng/ml) at
3 weeks post-#-HPCT, but dropped to < 10 ng/ml
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Fig. 4. Characterization of /-hepatocytes
in the host liver. The rat liver was
harvested at 4 weeks post-A-HPCT. Some
animals were given BrdU 1 h before
harvesting. These livers were processed to
histological examinations. Four sections
(sections 1-1V) are presented here. The
sections I and IV were formalin-fixed
paraftin-processed for 4-CK18, h-Alb, and
BrdU staining. The sections 11 and 111 were
cryo-processed for #1-CK8/18, h-CYP 2D6,
and #-CYP2EL. The section I was sub-
jected to double immunostaining for
N-CK18 (a) and h-Alb (b). Section 11:
double immunostaining for 4-CK8/18 (d)
and h-CYP 2D6 (e). Section I1I: double
immunostaining for 4#-CK8/18 (g) and
h-CYP2EL (h). Section 1V: double
immunostaining for A-Alb (j) and BrdU
(k). Images c, [, i, and | are merged pho-
tographs of aand b, d and e, gand h, and j
and k, respectively. Scale bar = 20 pm.

at 4 weeks post-#-HPCT, most probably due to the
rejection of /-hepatocytes.

Discussion

We are able to generate reproducibly, and in a
stable form, SCID mice with livers that comprise
mainly /-hepatocytes [3]. Several such immunode-
ficient and liver-injured mice have been used as
hosts for the repopulation of h-hepatocytes, includ-
ing uPA/SCID/beige mice [12], uPA/SCID mice
[3,13], recombination activation gene 2 (Rag-2)
knockout (KO) mice [14], and Fah KO/Rag2K O/
IL2RycK O mice [15].

In the present study. we explored the possibility
of creating immunodeficient rats that are suitable
for /-hepatocyte transplantation. Initially, we
irradiated nude rats with X-rays, to eliminate their
BMCs, and we then transplanted m-BMCs into
the rats. Irradiation with the optimal regimen
(10 + 10) allowed the migcp-BMCs to replace
almost completely the ~-PBMCs (the replacement
rate of mouse MHC class I cells was 94%) at
5 weeks post-m-BMCT. The obtained SCID rats
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Fig. 5. Distributions of r- and m-Kupfler cells in the host livers. a and b. Six F344 nude rats were subjected to X-ray irradiation and
transplanted with mgcp-BMCs. Rat liver tissues were harvested at 2 weeks (a) and 7 weeks (b) post-m-BMCT from three animals
each and double-immunostained for the detection of m- and r-macrophages using the BM8 (red) and ED2 (green) antibodies,
respectively. The staining patterns for these antibodies are similar throughout the liver. Similar staining patterns were observed
among the animals at each time point. ¢ and d. Liver cryosections from 7 rats (#1-8 except #7) shown in Fig. 2 were prepared at
4 weeks post-h-HPCT and stained with the BM8 and ED2 antibodies. Representative photos are shown (c¢) for rat #5, whose blood
h-Alb level increased continuously for up to 3 weeks and was > 15 ng/ml at 4 weeks, and (d) for rat #6, whose blood /-Alb level was
continuously decreased until 3 weeks and was < 10 ng/ml at 4 weeks. The “P”" and “*C™ labels in ¢ and d indicate the portal and
central vein regions, respectively. Scale bar = 100 pm.

were used for h-hepatocyte transplantation in the
present study.

The suppression or deletion of the immunologic
reactions of rats for xenotransplantation experi-
ments has been achieved using a number of
different methods, including lethal irradiation
[6,16,17], an immunosuppressive agent [16], vari-
ous antibodies [17], and splenectomization [16].
These immunosuppressed rats were utilized in
studies of the transplantation of xenogeneic BMCs.
Thus, the present study is the first to utilize
immunosuppressed rats for the transplantation of
xenogeneic tissue parenchymal cells, 1.e., /i-hepato-
cytes. The replacement rates achieved for xenoge-
neic BMCs in the previous studies were
approximately 40% [17]. 60% [6], and 85% [16].
Our conditioning regimen gives a replacement rate
as high as 94%, although the number of trans-
planted m-BMCs in the present study is similar to
those obtained in the previous studies. Presently,
we cannot explain the higher replacement rate, as
data on the survival of host BMCs and PBMCs are
not available from the previous reports. However,
in the present study, the irradiation regimen was
more severe and the animals were much younger

than that in the previous studies. These two
differences may explain the higher replacement
rate obtained in our study.

h-Hepatocytes were able to engraft the rat liver
in our experimental conditions and proliferated to
form small colonies. /i-Alb was detectable in the
blood samples from the hosts. These /i-hepatocytes
expressed several /h-hepatocyte-specific mRNAs
and proteins, which strongly suggests that these
cells are able to maintain the original normal
phenotypes in disconcordant xenogeneic environ-
ments. However, in contrast to SCID mice, the
SCID rats did not allow ample proliferation of
engrafted h-hepatocytes under the conditions that
we adopted in the present study. There was no
growth of h-hepatocyte colonies and no marked
increase in blood /-Alb concentration, in spite of
the high rate of replacement of nigcip-BMCs.
Some of the hosts showed small albeit steady
increases in blood /-Alb levels up to 3 weeks post-
h-HPCT, although the levels started to decrease at
4 weeks.

Our present data suggest a possible explanation
for the low rate of repopulation of /i-hepatocytes in
SCID rats. Recently, it was demonstrated that
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interspecies incompatibility of CD47 signaling in
macrophages 1s related to immune responses
following xenotransplantation, and the macro-
phages are activated through the interaction with
xenogeneic cells in the liver [10,11]. We classified
the chimeric SCID rats into two groups according
to the blood level of #Alb, rats with #Alb > 15 ng/
ml and those with #Alb < 10 ng/ml at 4 weeks
post-hi-HPCT. The m-macrophages were signifi-
cantly enlarged in the former rats as compared
with those in the latter rats. Taken together these
facts, we speculate that these activated macrophag-
es play a negative role (s) in the acceptance and
proliferation of hA-hepatocytes, i.e., the trans-
planted /i-hepatocytes might be recognized and
rejected by activated rat and/or mouse macrophag-
es at 2-4 weeks post-h-HPCT. The possibility
exists that the high concentration of uPA in the
uPA/SCID mice negatively affects the normal
functions of Kupfier cells, which permits /-hepato-
cytes to proliferate actively and to repopulate
almost completely the host liver. Nevertheless,
compared to transplantation into SCID mice, the
engraftment rate of A-hepatocytes was extremely
low in the SCID rats, which suggests a role for uPA
in accelerating the engraftment of transplanted
h-hepatocytes into the liver plate, for example,
remodeling hepatic extracellular matrices.

The extent of the hepatic damage seen in the
present study is also possibly related to the lower
rate of i-hepatocyte repopulation. It is known that
hepatocytes in the remnant live lobules show
higher proliferation activities when the loss of liver
volume is higher. We transplanted 2 x 10°
r-hepatocytes from syngeneic wild-type [dipeptidyl
peptidase-1V (DPPIV)™] rats into the retrorsine-
treated livers of both 40% PHx and 70% PHx
mutant (DPPIV’) rats and compared the repopu-
lation rates of DPPIV " -hepatocytes at 3 weeks
post-r-HPCT in the 40% PHx and 70% PHXx rats.
We found that the liver repopulation rate for the
70% PHx rats was 10-fold higher than that for the
40% PHXx rats (data not shown).

There are few studies that have transplanted
h-hepatocytes into the liver of immunotolerant rats
[18,19]. The researchers transplanted i-hepatocytes
into the body cavities or thymus glands of embry-
onic and newborn rats to induce immunotolerance.
Despite the fact that both the hosts and donors
were quite young, the rate of hepatocyte engraft-
ment was relatively low [18,19].

In the present study, we demonstrate for the first
time that /i-hepatocytes are capable of engrafting
the rat liver and proliferating therein to form
colonies. However, the i-hepatocytes did not show
appreciable replication, as observed for liver-
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injured SCID mice. Further analyses of the
h-hepatocyte-bearing SCID rats are necessary to
reveal the immunologic mechanisms involved in
xenogeneic transplantation, and to generate
SCID rats with higher rates of /A-hepatocyte
repopulation.
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Induction of Indoleamine 2,3-Dioxygenase in Livers Following
Hepatectomy Prolongs Survival of Allogeneic Hepatocytes
After Transplantation

Y.C. Lin, S. Goto, C. Tateno, T. Nakano, Y.F. Cheng, B. Jawan, Y.H. Kao, L. W. Hsu, C.Y. Lai,
K. Yoshizato, and C.L. Chen

RTHOTOPIC LIVER TRANSPLANTATION is

ABSTRACT

Objectives. Indoleamine 2,3-dioxygenase (IDO), which catalyzes the breakdown of
tryptophan into kyneurenine, has immunologic significance for the induction of maternal
tolerance and liver allograft tolerance by inhibiting T-cell activation. In the present study,
we compared survival of syngeneic or allogeneic hepatocytes in livers with or without
hepatectomy. Subsequently, we investigated gene expression and localization of IDO in
the recipient liver.

Methods. DA and Fisher 344 rats were used in the following experimental groups: group
I, DA hepatocytes transplanted into hepatectomized Fisher 344 rats; group 2, Fisher 344
hepatocytes transplanted into hepatectomized Fisher 344 rats; group 3, DA hepatocytes
transplanted into nonhepatectomized Fisher 344 rats; and group 4, Fisher 344 hepatocytes
transplanted into nonhepatectomized Fisher 344 rats. After transplantation, the surviving
cells were evaluated on day 5. The IDO signal of the recipient liver was detected by reverse
transcriptase polymerase chain reaction (RT-PCR) and immunohistochemistry.

Results. In the hepatectomized groups subjected to allogeneic or syngeneic hepatocyte
transplantation, the number of surviving hepatocytes was greater than in the nonhepate-
ctomized group after transplantation. The IDO signals (RT-PCR) in the hepatectomized
groups were stronger than those in the nonhepatectomized groups. Immunohistochemistry
demonstrated that the IDO signal is located in liver antigen-presenting cells, such as
Kupffer cells or dendritic cells, and not expressed in hepatocytes.

Conclusions. Our results demonstrated that IDO is induced in antigen-presenting cells
of hepatectomized livers by which subsequently transplanted cells may be protected from
rejection by inhibiting indirect or direct recognition of donor antigen and further T-cell
activation.

presently the only therapy that significantly improves
the prognosis of liver disease. Unfortunately, the supply of

livers available for transplantation is a small fraction of
those needed. Transplantation of hepatocytes is a minimally
invasive procedure that provides immediate metabolic sup-
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port until a donor liver becomes available for transplanta-
tion. In contrast to syngeneic hepatocytes, which can survive
for long periods and even proliferate in recipients, alloge-
neic hepatocytes show massive apoptotic cell death due to
acute rejection within 1 week after transplantation if not
treated with immunosuppression.' ™

Indoleamine 2, 3-dioxygenase (IDO) is a cytosolic en-
zyme catalyzing the oxidative cleavage of the indole ring of
I-tryptophan to N-formyl-kynurenine. Increasing evidence
indicates that IDO suppresses T-cell responses by depleting
local tryptophan, an essential amino acid for T-cell prolif-
eration and function, and by the actions of the tryptophan
metabolites, such as kyneurenine, which inhibit T-cell via-
bility.” In the present study, we compared the survival of
syngeneic or allogeneic hepatocytes in livers with or without
hepatectomy. Subsequently, we investigated the gene ex-
pression and localization of IDO in livers after syngeneic or
allogeneic hepatocyte transplantation with or without hep-
atectomy.

MATERIALS AND METHODS

In this experiment, DA and Fischer 344 rats with dipeptidyl
peptidase IV (DPPIV) were used as the hepatocyte source for
transplantation. Fischer 344 rats deficient in DPPIV were used as
recipients. The experimental design included: group 1, DA hepa-
tocytes (3 % 10°) transplanted into 70% hepatectomized Fisher 344
rats (x3); group 2, Fisher 344 hepatocytes (3 % 10%) transplanted
to 70% hepatectomized Fisher 344 rats (X3); group 3, DA
hepatocytes (107) transplanted into nonhepatectomized Fisher 344
rats (x3); and group 4, Fisher 344 hepatoacytes (107) transplanted
to nonhepatectomized Fisher 344 rats (X3). After transplantation,
the rats were killed at day 5 to evaluate the surviving hepatocytes.
Each lobe of the liver was collected in optimal cutting temperature
medium or quick-frozen in liquid nitrogen for cryosection and
RNA extraction. To calculate the surviving hepatocytes, we per-
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Fig 1.
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formed the DPPIV stain. In reverse transcriptase polymerase chain
reaction (RT-PCR) analysis, c-DNA was synthesized by Super-
Script-111 first strand synthesis kit (Invitrogen, Carlsbad, Calif) and
PCR performed using IDO, interferon (IFN)-y and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) primers. In immuno-
histochemistry, polyclonal antibodies against rat IDO (Santa Cruz
Biotechnology, Santa Cruz, Calif) and monoclonal antibody ED2
to detect macrophages (BMA Biomedicals AG, Switzerland) were
used to verify which cells expressed IDO in liver sections.

RESULTS

The surviving hepatocytes were observed in recipient liver
sections by DPPIV staining. The numbers of surviving cells
in each group were: group 1, 2.9 = 1.6 cellsymm?; group 2,
6.1 + 2.7 cellsymm? group 3, 0 cells/mm?; and group 4,
1.6 = 1.4 cellsfmm?® RT-PCR analysis revealed that gene
expression of both IDO and IFN-+y in the hepatectomized
group was stronger than in the nonhepatectomized group
(Fig 1). Immunohistochemical analysis demonstrated that
IDO signals were located on liver antigen-presenting cells,
such as Kupffer cells or dendritic cells, and not expressed in
hepatocytes.

DISCUSSION

Recently, some experiments have demonstrated that trans-
plantation of IDO overexpressing cells or organs showed
significantly extended survival in recipients.™® Our results
also demonstrated that upregulation of IDO in antigen-
presenting cells of hepatectomized livers was possibly in-
duced by IFN-v.” As a consequence, the transplanted cells
may be protected from rejection by the upregulated IDO,
which may directly or indirectly inhibit recognition of donor
antigens and subsequent T-cell activation. Overexpression
of IDO in the transplanted organ or tissue may act as a local

mmmm Non-PHx
=3 PHx

IDO IFN-y

Gene expression of both IDO and IFN-vy are significantly upregulated in the partially hepatectomized (PHx) group compared

with those in nonhepatectomized (Non-PHx) group. Rat liver tissues were collected from PHx and non-PHx groups 5 days after
allogeneic (DA to Fisher 344) hepatocytes transplantation, followed by RNA extraction and RT-PCR analysis. (A) Electrophoresis of
both IDO and IFN-y. (B) Densitometric analysis indicates that gene expression of both IDO and IFN-vy in the PHx groups are
significantly higher than those in the Non-PHx groups. The statistical analysis is performed using Student’s t-test; P < .05 is

considered significant.
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immunosuppressive molecule to protect grafts from im-
mune attack,
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INTRODUCTION

Establishment of an infectious genotype 1b
hepatitis C virus clone in human hepatocyte
chimeric mice
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The establishment of clonal infection of hepatitis C virus (HCV) in a smali-animal model is
important for the analysis of HCV virology. A previous study developed models of molecularly
cloned genotype 1a and 2a HCV infection using human hepatocyte-transplanted chimeric mice.
This study developed a new model of molecularly cloned genctype 1b HCV infection. A full-length
genotype 1b HCV genome, HCV-KT9, was cloned from a serum sample from a patient with
severe acute hepatitis. The chimeric mice were inoculated intrahepatically with in vitro-transcribed
HCV-KT9 RNA. Inoculated mice developed viraemia at 2 weeks post-infection, and this persisted
for more than 6 weeks. Passage experiments indicated that the sera of these mice contained
infectious HCV. Interestingly, a similar clone, HCV-KT1, in which the poly(U/UC) tract was 29 nt
shorter than in HCV-KT9, showed poorer in vivo infectivity and replication ability. An /o vitro study
showed that no virus was produced in the culture medium from HCV-KT9-transfected cells, In
conclusion, this study developed a genetically engineered genotype 1b HCV-infected mouse.
This mouse model will be useful for the study of HCV virology, particularly the mechanism
underlying the variable resistance of HCV genotypes to interferon therapy.

hepatocytes of humans and chimpanzees. There are many

Hepatitis C virus (HCV), a positive-sense, single-stranded
RNA virus, infects and replicates efficiently only in the

genotypes of HCV distributed worldwide (Simmonds et al.,
1993); among them genotype 1b is the major genotype in
Asia, including Japan, and is known to be one of the most
resistant genotypes to interferon (IFN) therapy (Fried et al,

The GenBank/EMBL/DDBJ accession numbers for the sequences of

2002). Until recently, studies of HCV replication have long

HCV-KTQ and HCV-KT1 determined in this work are AB435162 and been hampered by the lack of a virus culture system. The

AB426117, respectively.

development of HCV replicon systems has allowed the

2108
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study of the mechanisms of replication of HCV (Lohmann
et al, 1999). However, these replicons lack structural
proteins, do not replicate efficiently without adaptive
mutations and do not produce infectious virions. Recently,
it was reported that the genotype 2a full-length JFH-I
genome replicated efficiently in Huh7 cells without adaptive
mutations and produced virions that were infectious for
both naive cells and chimpanzees, as well as for a human
hepatocyte-transplanted chimeric mouse (Wakita et al,
2005; Zhong et al,, 2005; Lindenbach ef al., 2006). To date,
five full-length genotype 1b clones, HCV-N (Beard et al,
1999), Con-1 (Bukh et al, 2002), HCV-]J4 (Okamoto et al,
1992), HCV-CG1b (Thomson et al, 2001) and HCV-BK
(Takamizawa et al, 1991), have been demonstrated to be
infectious by intrahepatic inoculation of transcribed HCV
RNA into the liver of chimpanzees. Among these, only the
HCV-CGI1b genome is reported to produce HCV particles
when transfected into Huh?7 cells (Heller et al.,, 2005).

Although the chimpanzee is a useful animal model for the
study of HCV infection, there are ethical restrictions on the
use of this animal. Instead, Mercer et al. (2001) developed a
useful small-animal model for the study of HCV infection
using chimeric urokinase-type plasminogen activator
(uPA)/severe combined immunodeficiency (SCID) mice
{which are immunodeficient and undergo liver failure)
with engrafted human hepatocytes. This HCV-infected
mouse model is reported to be useful for evaluating anti-
HCV drugs such as IFN-x and anti-NS3 protease
(Kneteman et al, 2006). We have previously described
methods to improve the replacement levels of human
hepatocytes in this mouse model (Tateno et al,, 2004) and
we have developed a reverse genetics system for hepatitis B
virus {Tsuge et al., 2005) and HCV (Hiraga et al., 2007). In
the present study. we report the establishment of an
infectious genotype 1b HCV clone that infects and
replicates efficiently in human hepatocyte chimeric mice.

METHODS

Cloning of infectious genotype 1b HCV isolate. Serum samples
were obtained from a 43-vear-old physician who developed severe
acute hepatitis after needle stick exposure trom a patient with chronic
hepatitis C. On admission, the serum total bilirubin concentration was
10.0 mg dl™' and the prothrombin time was 40 9. The patient tested
positive for HCV antibodies by a third-generation radioimmunoassay
{Ortho-Clinical Diagnostics) and for HCV RNA by RT-PCR. Serum
HCV RNA was quantified using an Amplicor Monitor HCV test
{Roche Diagnostics). The HCV RNA titre was 2.5 x 10° copies ml™' on
admission and then decreased gradually. Fig. 1 shows the serial changes
in alanine aminotransferase (ALT) as a measure of liver function and
HCV RNA levels in this patient. Serum samples obtained in the early
phase of infection were used for cloning the full-length genome.

RNA extraction, cDNA synthesis, plasmid construction and
RNA transcription, Total RNA was extracted from 100 pl serum
samples using SepaGene RV-R (Sanko Junyaku) and reverse transcribed
with random hexamers and ReverTra Ace reverse transcriptase
(Toyoho) according to the manufacturer’s instructions. PCR primers
were designed based on the sequence of HCV-Conl (GenBank accession

<1.0x 10*

HCV RNA l
{copies mI") 2.5 x 106 1.5x 10 3.0 1G°
2000 i v \ 4

1800 |
1600

ALT ({U mi-)
8588888

=]

Fig. 1. Clinical course of a patient with severe acute hepatitis C.
Alanine aminotransferase (ALT) and prothrombin time (PT) are
shown from the day of admission (day 1). The patient was treated
daily with 10° U IFN-# intravenously for 5 days, followed by 10° U
IFN-z intramuscularly three times a week for 6 months. HCV RNA
was measured on days 1, 7, 13 and 17 (arrowheads). A serum
sample was taken on day 1 (arrow) and used to cione the fuil-
length HCV genome.

no. Aj238799; Bukh et al, 2002). Five overlapping cDNA segments (nt
1-2292, 2269-6715, 6696-9094, 7564-9404 and 9361-9605; nucleotide
numbers are those of HCV-Con1) were amplified by PCR with TaKaRa
LA Taq polymerase (Takara Biochemicals) using the above ¢DNA.
Amplified products were separated by agarose gel electrophoresis.
Nucdleotide sequences were determined using a Big Dye Terminator Mix
Cycle Sequencing kit (Applied Biosystems Japan) with an automated
DNA sequencer (imodel 310; PE Biosystems). We corrected the
nucleotide sequences of the obtained clones by site-directed mutagen-
esis and made them identical to the nucleotide sequences obtained by
direct sequencing. Naturally occurring restriction enzyme cutting sites
were utilized to clone each segment. We utilized the vector pBR322 and
created a multiple-cloning site under the control of the T7 promoter by
ligating a linker at restriction enzyme cutting sites as they appeared in
order from 5’ to 3’ in the HCV sequences (Fig. 2a). Each segment of
HCV was cloned into this vector to generate the full-length clones. The
HCV-KT9 clone was established using the 3'-terminal fragment with
the longest poly(U/UC) tract length (115 nt), which should have a high
replication ability (Friebe & Bartenschiager, 2002; Yi & Lemon, 2003;
You & Rice, 2008). A clone with a shorter poly{U/UC) tract length
(86 nt), HCV-KT1, was also generated. A polymerase-deficient mutant
with an amino acid substitution in the GDD motif {(GDD—GND;
HCV-KT9-GND) was generated using a Quick Change Site-Directed
Mutagenesis kit (Stratagene). After digesting the plasmid with Xbal
(New England BioLabs) at the 3’ end of the HCV ¢DNA, HCV RNA
was transcribed using T7 RNA polymerase (MEGAscript; Ambion) at
37 C for 3bh in a 100 pl reaction mixture, according to the
manufacturer’s instructions. The RNA was analysed using denaturing
agarose gel electrophoresis and kept at 80 "C until use.

Construction of a phylogenetic tree. A phylogenetic tree was
constructed based on the entire nucleotide sequences of 26 full-length
genotype 1b clones plus HCV-KT9. The total number of synonymous
and non-synonymous substitutions among the nucleotide sequences
was estimated using the method of Gojobori et al (1982) and a
phylogenetic tree was constructed by the neighbour-joining method
(Saitou & Nei, 1987).
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Fig. 2. (a) Schematic diagram of the organization of the cDNA
clone HCV-TK9. The T7 RNA promoter (T7P) is located
immediately upstream of the HCV genome. Restriction enzyme
sites that were used to create clone HCV-KT9 are labefled
according to their nucleotide position within the HCV sequence.
Amino acid sequences unique to HCV-KT9 compared with 26
other HCV genotype 1b isolates are indicated at the bottom of the
figure, with the position of the repaired amino acid residues noted
within the polyprotein. (b) Length of the poly(U/UC} tracts of HCV-
KT1, HCV-KT9 and 22 other HCV genotype 1b clones reported
previously. Asterisks indicate clones confirmed to be infectious by
experiments using chimpanzees. (c) Phylogenetic tree constructed
with HCV-KTS and 26 genotype 1b HCV whole-genome
sequences. Bar, number of nucleotide substitutions per site.
Asterisks indicate clones confirmed to be infectious in experiments
using chimpanzees,

intrahepatic injection experiments in human hepatocyte chi-
meric mice. We used methods described previously (Tateno et al,
2004) to generate uPA*'*/SCID*'* mice and transplant human
hepatocytes. All mice used in this study were transplanted with frozen
human hepatocytes obtained from the same donor. Mouse serum
concentrations of human serum albumin (HSA) correlate with the
repopulation index and were measured as described previously
(Tateno et al, 2004). Intrahepatic injection of RNA, extraction of
serum samples and euthanasia were performed under ether
anaesthesia. Briefly, 500 ul RNA solution containing 30 ug tran-
scribed HCV RNA was injected into the liver of anaesthetized
chimeric mice through a small abdominal incision. RNA extraction
from mouse serum samples, quantification of HCV RNA and nested
PCR were performed as described previously (Hiraga et al, 2007). All
animal protocals described in this study were performed in
accordance with the guidelines of the local committee for animal
experiments and under the approval of the Ethics Review Committee
for Animal Experimentation of the Graduate School of Biomedica
Sciences, Hiroshima University.

Cell cuiture, RNA transfection and measurement of HCV core
antigen. The human hepatoma cell line Huh7 was maintained in
Dulbecco’s modified Eagle’s medium (Sigma) containing 109% fetal
calf serum. RNA transfection and measurement of HCV core antigen
in the culture medium were performed as described previously
(Wakita et al,, 2005).

Statistical analysis. The infectious ratio of chimeric mice was
compared and the differences assessed using a 7 test. Differences in
HCV RNA replication ability in vifro were analysed statistically by
one-way analysis of variance followed by Scheffe’s test. A P value of
less than 0.05 was considered statistically significant.

RESULTS

Characteristics of genotype tb clones HCV-KT9
and HCV-KT1

The entire genome of HCV ¢DNA was assembled from five
DNA fragments (Fig. 2a). We obtained 24 3'-extremity
clones with different poly(U/UC) tract lengths. We selected
the clone with the longest (U/UC) tract because a previous
study indicated that the length of poly(U/UC) tract
correlates with HCV replication in an HCV replicon system
(Friebe & Bartenschlager, 2002; Yi & Lemon, 2003; You &
Rice, 2008). The length of the poly(U/UC) tract in the
longest 3' clone was 115 nt. The entire genome length of the
HCV-KT9 clone using this longest 3" clone was 9621 nt. We
also generated the clone HCV-KT1 with a shorter (86 nt)
poly (U/UC) tract to compare the replication abilities of
these clones. The lengths of the poly(U/UC) tracts of 22
clones deposited in GenBank are shown in Fig. 2(b). All
infectious clones had a poly(U/UC) tract longer than 80 nt.
Fig. 2{c) shows a phylogenetic tree constructed using the
nucleotide sequences of the 26 full-length genotype 1b
clones published to date. Interestingly, the sequence of
HCV-KT9 was closest to that of HCV-CGtb (GenBank
accession no. AF333324), which has been repotted to be
infectious, and formed a cluster with two other infectious
clones, HCV-N (Beard et al, 1999) and HCV-BK
(Takamizawa et al.. 1991). We compared the amino acid
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sequences of HCV-KT9 with an alignment of the sequences
of the 26 other genotype 1b strains. All HCV full-length
clones reported from Japan were included in these 26 strains.
Based on these comparisons, we identified 25 aa unique to
HCV-KT9 (Fig, 2a). We found that the amino acid sequence
of the IFN sensitivity-determining region in the NS5A
region, which has been suggested to mediate IFN resistance
via interaction with the cellular protein kinase R (Enomoto
et al., 1996; Gale et al., 1997), was that of the wild-type.

Intrahepatic injection of HCV-KT1 and HCV-KT9
RNAs into human hepatocyte chimeric mice

In the next experiments, 30 g in vitro-transcribed RNA of
HCV-KT1, HCV-KT9 or HCV-KT9-GND was injected
into the livers of chimeric mice. Eight of 10 (80 %) HCV-
KT9-injected mice developed measurable viraemia at
2 weeks post-inoculation (Table 1 and Fig. 3), with the
HCV RNA titre reaching 1.1 x 10° to 8.8 x 10° copies ml ™"
at 6 weeks post-inoculation (Fig. 3). To check for the
presence of infectious HCV in the serum of HCV-KT9-
infected mice, each of five naive mice was injected with
10 pl serum sample (containing 3.5 x 10° copies of HCV)
obtained from an HCV-KT9-infected mouse 6 weeks after
inoculation. All five naive mice became positive for HCV
RNA, as confirmed by nested PCR, at 2 weeks post-
inoculation and two mice developed persistent viraemia
(Fig. 4). These results indicated that the serum of HCV-
KT9-injected mice contained infectious HCV. In contrast
to HCV-KT9, none of the three mice injected with HCV-
KT9-GND RNA developed viraemia (Table 1). These
results indicated that HCV-KT9 replicates efficiently in
mice livers and produces infectious virus continuously. On
the other hand, only one out of seven HCV-KT1-injected
mice (14%) developed measurable viraemia (Table 1 and
Fig. 3). The level of viraemia was low in this HCV-KT1-
infected mouse, HCV RNA was negative by nested PCR at
2 weeks after inoculation and the titre was only
2.2 x 10% copies ml™" at 4 weeks post-inoculation (Fig. 3).
These results confirmed the importance of the poly{U/UC)
tract length in experimentally induced viraemia.

The nucleotide and amino acid sequences of the viral
genome isolated from an HCV-KT9-injected mouse (Fig. 3)

Table 1. Correlation between length of the poly(U/UC) tract
and HCV infection

Clone Length of Number of mice  Infection

poly(U/UC) ratio

tract Infected Not Total
infected
HCV-KTI 86 1 6 7 14%
HCV-KT9 115 8 2 10 8004
HCV-KT9- 115 0 3 3 0%
GND

*P=0.015, compared with HCV-KTTI.

108 ~® HCV-KTS.nfected
(n=8)
~O~ HCV-KT1-Infected

(n=1)
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Fig. 3. Changes in HCV RNA levels and HSA concentrations in
the sera of mice infected with clonal HCV. Mice were inoculated
intrahepatically with 30 pg in vitro-transcribed HCV RNA. Eight of
the ten HCV-KT9-infected mice (80%), one of the seven HCV-
KT1-infected mice (14 %) and none of the three HCV-KT9-GND-
infected mice became positive for HCV RNA. The results for six
HCV-KT1-uninfected mice are also shown. Mice serum samples
were obtained every 2 weeks post-infection for analysis of HCV
RNA titres. Data are shown as mean + SD.

at 6 weeks after RNA injection were identical to the
injected HCV-KT9 (data not shown). We tried to reclone
the poly(U/UC) tract in the HCV-KT1-infected mouse, but
it was impossible to reamplify the HCV c¢DNA using the
remaining small amount of serum.

Analysis of virus production from HCV-KT9-
transfected cells

Next, we evaluated the ability of the HCV-KT9 clone to
replicate in transfected Huh7 cells. In these experiments,
we used JFH-1 RNA, which is known to replicate efficiently
in cell cultures, as control {Wakita et al, 2005). Core
protein was secreted efficiently from JFH-1 RNA-trans-
fected Huh7 cells. In contrast, we did not observe any
measurable levels of core protein in the supernatant of
HCV-KT9-transfected cells (Fig, 5), suggesting a minimal
replication ability of HCV-KT9 to produce and release
virus into the supernatant.

DISCUSSION

In this study, we described the establishment of a genotype
1b clone, HCV-KT9, that replicated efficiently following
injection of the transcribed RNA into chimeric mouse liver.
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Fig. 4. Passage experiments of HCV in naive chimeric mice. Five
naive chimeric mice were inoculated intravenously with 10 pl
serum sample (containing 3.5x10° copies HCV) obtained from an
HCV-KT8-infected mouse at week 6 post-inoculation. Serum
samples were obtained at the indicated time intervals for the
measurement of HCV RNA levels and HSA concentrations, Data
represent the changes in five individual mice.

The key factor that determines the infectivity of HCV
clones has not yet been established. We previously
established a clone from HCV that replicated in a chimeric
mouse after injection of serum from a chronically HCV-
infected patient. However, we did not observe viraemia
after intrahepatic injection of the transcribed RNA from
this clone (unpublished results). In contrast, injection of
HCV-KT9 RNA in the present study resulted in viraemia in
eight out of ten mice (80 %). The fact that the nucleotide

1500r ~@- HCV-KT9
& -0~ HCV-KT9-GND
E —O- JFH-1
= 1000
o
-3
<
)
§ 500
>
5}
I
20+
0
Q 24 48 72
Time after transfection (h)

Fig. 5. Time-course studies of HCV core protein secretion into
the culture medium of HCV RNA-transfected cells. Huh7 cells
were transfected with 10 pg HCV-KT9, HCV-KT9-GND or JFH-1
RNA. HCV core antigen in the culture medium was measured at
24, 48 and 72 h after transfection. Data are shown as mean £ S0 of
HCV core protein levels obtained from three independent
transfection experiments.

and amino acid sequences of the virus recovered from the
infected mice were identical to those of the HCV-KT9
clone indicated that no adaptive mutation was necessary
for this clone to replicate in the chimeric mouse.

Interestingly, the clone was obtained from a patient with
severe acute hepatitis. This is similar to JFH-1, an HCV
clone with a strong replication ability in cultured cell lines,
chimpanzees and chimeric mice, which was cloned from
serum samples of a patient who developed acute fulminant
hepatitis with a high virus titre (Wakita et al, 2005). A
virus that replicates in the early stage of infection may have
strong replication ability, which may be lost in the chronic
phase of infection.

A key amino acid substitution may be present in one (or
some) of the amino acids unique to this clone (Fig. 2a). We
also showed that clone HCV-KT1, which differs from
HCV-KT9 only in the length of the poly(U/UC) tract, had
a poorer replication ability in mice (Table 1 and Fig. 3).
However, there is a possibility that a shorter poly(U/UC)
tract only slows down the rate of infection, as the HCV
RNA titre in the HCV-KT1-infected mouse at 6 weeks after
inoculation was similar to that in HCV-KT9-infected mice
(Fig. 3). It has been reported that the length and
composition of the poly(U/UC) tract is important for the
replication of HCV replicons (Friebe & Bartenschlager,
2002; Yi & Lemon, 2003; You & Rice, 2008). However, no
replication advantage of a poly(U/UC) tract longer than
86 bp was revealed in this study. This may be due to
differences in vitro and in vivo, where the innate immune
response against the virus may be more robust than in cell
culture.

As shown in the present study, reverse genetics of HCV has
become available for studies of HCV replication. The
important factors for virus replication suggested above can
be analysed further using this system.

We also examined the response of HCV-KT9-infected mice
to IFN treatment. Three HCV-KT9-infected mice were
treated with daily intramuscular injections of 1000 IU IFN-
% (g body weight) ™' for 2 weeks. This regimen resulted in a
reduction in HCV RNA levels of only 1.0 log copies ml™"
(data not shown). These results are consistent with our
previous study, which showed a similar low-level reduction
in HCV RNA in mice infected with a genotype la clone,
and differ from our previous results in mice infected with
HCV genotype 2a, which became negative for HCV RNA
following daily treatment with 1000 IU IFN-x (g body
weight) ™" for 2 weeks (Hiraga et al., 2007). These results
are in agreement with our clinical experience that genotype
1 is more resistant to [FN therapy than genotype 2. As
shown in the present study and previously (Hiraga et al,
2007), reverse genetics of HCV with three genotypes, 1a, 1b
and 2a, is now available. By recombination of these clones
or the establishment of mutants with nucleotide and amino
acid sequences similar to each other, it may be possible to
clarify the mechanism underlying the variability in
susceptibility of HCV genotypes to IFN.
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In this study, HCV-KT9 showed no virus preduction
ability in vitro. Recently, Kato et al. (2007) reported that
the genotype 1b HCV clone CGlb replicated in Huh7.5.1
cells and produced infectious HCV. It will be of interest to
create chimeric viruses of HCV-KT9 and HCV-CG1b, and
to determine the mutations that are important for virus
production in vitro,

In summary, we established an infection model of a
genotype 1b HCV clone using human hepatocyte chimeric
mice. This model will be useful for studies of HCV
replication, particularly the mechanism underlying the
variable resistance of HCV genotypes to IFN therapy.
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Human Hepatocytes Can Repopulate Mouse Liver: Histopathology
of the Liver in Human Hepatocyte-Transplanted Chimeric Mice
and Toxicologic Responses to Acetaminophen
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ABSTRACT

A human hepatocyte-transplanted chimeric mouse has been established by transplantation of human hepatocytes to urokinase-type plasminogen acti-
vator transgenic/severe combined immunodeficiency (uPA**/SCID) mice. These chimeric mice have various amounts of human hepatocytes that prolif-
erate extensively and progressively replace mouse hepatocytes. In the chimeric liver, hepatic cords and sinusoid-like structures were observed. The human
hepatocytes expressed human albumin, human cytochrome P450 enzymes, and human transporter proteins. Furthermore, electron microscopic analysis
demonstrated bile canaliculi associated with human hepatocytes in the chimeric mouse livers. These results indicate that the chimeric mouse livers con-
tain functionally intact and differentiated human hepatocytes. Additionally, the toxicologic response of hepatocytes to acetaminophen (APAP) adminis-
tration was compared in nornmal and chimeric mouse livers. Following 1,400 mg/kg APAP. mild hepatocellular degeneration was observed in the human
hepatocyte areas in the chimeric mice, compared with severe centrilobular hepatocellular necrosis in the ICR mouse livers. In conclusion, these chimeric
livers contain functionally differentiated human hepatocytes, and are less susceptible to APAP toxicity, compared to ICR mice.

Keywords:

INTRODUCTION

The main functions of the liver include metabolism of nutri-
ents, synthesis and secretion of bile, synthesis of the plasma pro-
teins, destruction of spent blood cells, and detoxification of
metabolic waste products and various toxins. Owing to the func-
tional diversity and highly developed three-dimensional architec-
tures of hepatocytes, vasculature, and associated nonparenchymal

Address conespondence to: Yasushi Sato, Drug Safety and Pharmacokinetics
Laboratories, Taisho Pharmaceutical Co., Ltd. 403, Yoshino-cho I-chome,
Kita-ku, Saitama City, Saitama, 331-9530, Japan: e-mail: yasushi.sato@po.rd
taisho.co.jp.

Abbreviations: uPA, urokinase-type plasminogen activator; SCID, severe
combined iimmunodeficiency; APAP, acetaminophen; CK, cytokeratin: hAlb,
human albumin: PCNA, proliferating cell nuclear antigen; TUNEL, TdT-dUTP
nick end labeling: CYP, cytochrome P450; MRP. multidrug resistance protein;
PGP, P-glycoprotein: PFA, paraformaldehyde; H&E, hematoxylin and eosin;
IHC. immunohistochemistry; HRP, horseradish peroxidase; RI; replacement
index; CAR, constitutive androstane receptor; NAPQI, N-acetyl-p-benzoquinone
imine: HBV, hepatitis B virus; HCV, hepatitis C virus; KO, knockout; TG,
transgenic.
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chimeric mouse: humanized liver; human hepatocyte; bile canaliculi; cytochrome P450; multidrug resistance protein; acetaminophen.

cells, investigations of human liver functions have been limited to
in vitro and ex vivo assays.

Recently, a human hepatocyte chimeric mouse was estab-
lished by transplantation of human hepatocytes into the liver of
homozygous urokinase-type plasminogen activator transgenic/
severe combined immunodeficiency (uPA**/SCID) mice (Tateno
et al., 2004). Heterozygous uPA-transgenic mice (albumin pro-
motor) were crossed with SCID mice to produce uPA*/SCID
mice that were then crossed to produce uPA**/SCID mice. The
uPA™/SCID mouse undergoes continuous hepatocellular dam-
age due to expression of the albumin-uPA transgene (Tateno
et al., 2004), and also has immunologic tolerance to human
hepatocytes as a result of the SCID mutation. Consequently,
human hepatocytes can be transplanted into these mice and
establishment of these hepatocytes can compensate for damaged
endogenous murine hepatocyte functions. Periodic intraperi-
toneal nafamostat mesilate injections are needed (o maintain
immunotolerance to the human hepatocytes.

To date, a few animal models containing human hepatocyles
in the liver have been developed (Aurich et al., 2007; Dandri
etal., 2001; Ho et al., 2005; Mercer et al., 2001; Meuleman et al.,
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TapLe |.—Extent of human hepatocyte population in murine liver, by strain.
uPA”*/SCID
RI < 30% RI = 30-70% RI > 70% Total No. uPAY"™1/SCID uPA*/SCID

Male (n) 7 3 3 13 2 2
RI-A (0-25%) (30-70%) (>75%) (0%) (0%)

(Avg 6.4%) (Avg 50.0%) (Avg 78.3%)
RI-H (0-28%) (59-64%) (72-85%) (0%)

(Avg 3.7%) (Avg 61.7%) (Avg 80.0%) (0%)
Female (n) 4 2 4 10 3 0
RI-A (0-10%) (50%) (>80%)

(Avg 3.8%) (Avg 50.0%) (Avg 81.3%) (0%) (0%)
RI-H (2-12%) (46-48%) (75-95%)

(Avg 7.3%) (Avg 47.0%) (Avg 84.5%) (0%) (0%)
Total (n) 11 S 7 23 5 2

Note: n: number of animals examined.

RI (replacement index): Percentage of human hepatocytes as estimated by blood hAlb level (RI-A) or positive immunohistochemical staining (CKS,18 or OCHIES) human hepatocyte

area, expressed as a percentage of the total liver section area (RI-H). Values in the parentheses represent the range of minimum and maximum RI as well as the average (Avg %).

2005; Ouyang et al., 2001). Most of these humanized liver
models are not sufficiently populated with transplanted human
hepatocytes and the normal hepatic architecture is not maintained
or restored. In this study we characterized the morphologic and
functional differentiation of transplanted human hepatocytes
in the chimeric liver of uPA**/SCID mice and evaluated their
response to acetaminophen, a classical hepatotoxin.

MATERIALS AND METHODS
Chemical

Acetaminophen (APAP) was purchased from Sigma-Aldrich
(St. Louis, MO, USA) and dissolved in 0.5% methylcellulose
(Metolose SM-4000; Shin-Etsu Chemical, Tokyo, Japan) aque-
ous solution.

Treatment of Animals

To characterize the morphologic features of human hepato-
cytes in the chimeric mouse liver, 23 uPA™/SCID mice with
humanized livers (chimeric mice), 5 uPAY"™T/SCID mice, and 2
uPA*”/SCID mice were examined (Table 1). The toxicological
responses to APAP were evaluated in 9 chimeric and 15 ICR
(SLC Japan, Atsugi, Japan) mice. All experiments were con-
ducted in accordance with the Hiroshima Prefectural Institute of
Industrial Science and Technology Ethics Board, the Ethics
Committees of Kanazawa University, and the Animal Ethics
Committee of Pfizer Global Research and Development Nagoya
Laboratories.

Chimeric mice with humanized livers were generated by the
method described previously using uPA™*/SCID mice (Figure 1;
Tateno et al., 2004). .uPA*" transgenic mice (B6SJL-TgN
[AlblPlau] 144Bri; The Jackson Laboratories, Bar Harbor,
ME, USA) were crossed with SCID mice (Fox Chase SCID
C.B-17/lcr-scid Jel; Crea Japan, Tokyo, Japan) to generate uPA™*/
SCID, uPA*/SCID, and uPAY"7/SCID mice. Human hepato-
cytes were purchased from In Vitro Technologies (Baltimore,
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Ficure |.—Schematic showing the method by which urokinase-type
plasminogen activator transgenic/severe combined immunodeficiency
(uPA**/SCID) mice with humanized livers were generated. A mouse
heterozygous for the uPA transgene (albumin promoter; alb-uPA*"
TG) was crossed with a SCID mouse: uPA*/SCID mice are then
crossed. Newborn uPA**/SCID mice receive an inoculation of human
hepatocytes into the spleen. The mouse liver is then repopulated with
transplanted human hepatocytes.

MD, USA) or BD Gentest (Woburn, MA, USA). At 20-30 days
of age, uPA**/SCID mice were inoculated with human hepato-
cytes through a small left-flank incision into the inferior splenic
pole. Following inoculation, human albumin (hAlb) was meas-
ured weekly in 2-pL tail vein blood samples using an enzyme-
linked immunoassay kit (Bethyl Laboratories, Montgomery,
TX, USA). To maintain immunotolerance to the transplanted

sagepub com by on June 22, 2010

- 417 -



Vol. 36, No. 4, 2008

CHIMERIC MICE WITH HUMAN HEPATOCYTES 583

TapLe 2.—Summary of immunohistochemistry materials and methods.

Antigen Source and type (clone or origin) Tissue fixation and embedding Dilution Expected reactivity Pretreatment
Human hepatocyte Dako MoAb (OCHIES) Frozen (PFA or acetone) 1:100 Hepatocyte (H*) None
CKS8,18 Cappel MoAb (NCL503) Frozen (acetone) 1:20 CK8,18 (H) None
Human albumin Bethyl PoAb (goat) Frozen (PFA) 1:20 Albumin (H) None
Laminin Dako PoAb (rabbit) Paraffin (PFA) I:1 Laminin (H and M#*) Proteinase K
CD31 Dako MoAb (JC70A) Paraftin (PFA) 1:50 CD31 (H and M) Heat

PCNA Dako MoAb (PC10) Parattin (PFA) 1: 100 PCNA (H and M) Heat

Human CYP3A4 Gentest PoAb (rabbit) Frozen (acetone) 1:100 CYP3A4 (H) None
Human CYP3AS Gentest PoAb (rabbit) Frozen (acetone) 1:50 CYP3AS5 (H) None
CYP2E] CHEMICON PoAb (rabbit) Paraftin (PFA) 1:50 CYP2EI (H) None
Human MRP2 MONOSAN MoAb (M2111-6) Paraffin (PFA) 1:20 MRP2 (H) Heat

Human MRP3 MONOSAN MoAb (M2111-6) Paraffin (PFA) 1:20 MRP3 (H) Heat

Human MRP6 MONOSAN MoAb (M2111-6) Paraffin (PFA) 1:20 MRPO (H) Heat

PGP Dako MoAb (C494) Paraffin (PFA) 1:20 PGP (H and M) Heat

Note: H*, human; M¥, mouse; moAb, monoclonal antibody; poAb, polyclonal antibody.

human hepatocytes, uPA™*/SCID mice were injected intraperi-
toneally with 0.3 mg/200 pL/animal nafamostat mesilate
(6-amidino-2-naphthyl p-guanidinobenzoate dimethanesulfonate:
Torii Pharmaceutical, Tokyo, Japan) once every 2 days, once per
day or twice per day for hAlb levels of up to 4 mg/mL, 6 mg/mL,
or >6 mg/mL, respectively. Chimeric mice were generated by
PhoenixBio (Hiroshima, Japan). All mice used in the studies
were aged 11-14 weeks. Mice were housed in cages individually
(175 x 245 x 125 mm) with free access to tap water and a pellet
diet (CRF-1; CREA Japan, Tokyo, Japan). The animal room
was maintained at 21-25°C with 40-70% relative humidity and
a 12 h light-dark cycle.

For the APAP toxicity study, three groups of chimeric mice
(12-14 weeks; n = 3/group, hAlb = 6.6—-15.1 mg/mL) received
a single dose of APAP by oral gavage (0 mg/kg, 1,400 mg/kg,
and 1,400 mg/kg) and were killed at 24, 4, and 24 h postdose,
respectively. To eliminate any potential effects on APAP toxicity,
chimeric mice were not administered nafamostat in the 3 days
prior to the study. For comparison with the chimeric mice, five
groups of ICR mice (12 weeks; n = 3/group) were administered
APAP by oral gavage (0 mg/kg, 400 mg/kg [two groups], and
1,400 mg/kg [two groups]) and killed at 4 or 24 h postdose.
ICR mice were used in this experiment because sufficient
uPAYWT/SCID mice were not available from the bleeding
scheme; in addition, the ICR strain is commonly used in toxi-
cology study in Japan.

Necropsy and Tissue Preparations

Animals were killed by cutting the abdominal aorta after anes-
thesia with isoflurane (inhalation) or pentobarbital (70 mg/kg,
intraperitoneal injection). Tissues were fixed in 4% paraformalde-
hyde (PFA) or snap-frozen in liquid nitrogen. PFA-fixed tissues
were analyzed by light or electron microscopy, and frozen-
tissue sections were used for specific immunohistochemical
assays. For light microscopy, PFA-fixed samples were trimmed,
embedded in paraffin, sectioned to a thickness of 4 pm. and
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stained with hematoxylin and eosin (H&E) or used in immuno-
histochemistry assays.

Immunohistochemistry

Immunohistochemistry (IHC) was used to demonstrate the
expression of human proteins in transplanted hepatocytes, sinu-
soidal endothelial cells, and basement membranes. Markers of
cell proliferation and apoptosis were also detected via THC.
Specific reagents and experimental conditions are summarized
in Table 2. Frozen tissues were sectioned at 6 tm and mounted
on glass slides, and postfixed in cold acetone or 4% PFA for
3 minutes and incubated with antibody. Additional PFA-fixed
tissues were processed routinely, paraffin embedded. and sec-
tioned at 6 pm. Pretreatment of paraffin tissue sections con-
sisted of 0.01 M citric acid (pH 6.0) in distilled water at 100°C
for 10 minutes (heat pretreatment, Table 2) or proteinase K
(DakoCytomation, Tokyo, Japan) for 10 minutes. Murine mono-
clonal antibodies were detected with avidin-biotin (Vectastain
Elite ABC; Vector Laboratories, Burlingame, CA, USA) while
peroxidase-conjugated rabbit anti-goat immunoglobulin G
(IgG; Chemicon, Temecula, CA, USA) or goat anti-rabbit 1gG
(Vectastain) for the rabbit polyclonal antibodies were used as the
secondary antibodies. THC stains were visualized with the chro-
mogen 3,3’-diaminobenzidine tetrachloride (DakoCytomation)
and counterstained with hematoxylin.

Detection of Apoptosis

The In Situ Apoptosis Detection Kit (TACS2 TdT-DAB;
Trevigen. Gaithersburg, MD, USA) was used to label apoptotic
cells in paraffin sections (TdT-dUTP nick end labeling or
TUNEL). TUNEL labeling required pretreatment of the tissue
sections with proteinase K, and Mn?* was used as the cation in
the labeling reaction mixture. Paraffin-embedded small intes-
tine was used as the positive tissue control for the proliferating
cell nuclear antigen (PCNA) and TUNEL staining.
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Image Analyses

Quantitative image analysis was carried with the Image
Processor for Analytical Pathology (IPAP-WIN; Sumika Techno-
service, Osaka, Japan). The replacement index (RI), which is the
extent of human hepatocyte population in the mouse liver, was
expressed as the percentage of CK8,18- or OCHIES5-positive
staining area in the total liver section. Immunolocalization of
CYP expression (CYP% = percentage of CYP-positive area in
the total liver section) and PCNA-labeling indices (PCNA-LI% =
percentage of PCNA-positive cells in the liver section) were
calculated. For each animal, four fields (4x objective for CK8,18
or OCHIES, 10x for PCNA) were measured to calculate the
average score for each IHC marker.

Electron Microscopic Examinations

For transmission electron microscopy, small pieces of PFA-
tixed liver from three mice (one uPAY™1/SCID and two chimeric
mice with RI > 90%) were postfixed in 2.5% glutaraldehyde,
contrasted with 1% osmium tetroxide, and embedded in epoxy
resin. Sections were cut to a thickness of 1 pm, stained with
toluidine blue, and examined microscopically. Appropriate areas
were selected in the semithin sections, and ultrathin sections
were made from the trimmed blocks. Ultrathin sections mounted
on the grid mesh were stained with uranyl acetate and lead
citrate, and observed with a Hitachi H-7600 electron micro-
scope (Hitachi, Tokyo, Japan).

REsuLTs
Histopathology of the Chimeric Mouse Livers

H&E and THC analysis of the human hepatocyte markers
demonstrated proliferation of human hepatocytes with varying
degrees of replacement of mouse hepatocytes in the chimeric
livers (Figure 2).

The livers from uPA”/SCID chimeric mice exhibited multi-
focal clear eosinophilic areas interspersed with or surrounded
by basophilic hepatocytes (Figure 2A, 2B, 2G, and 2H). In con-
trast, livers from uPAY™T/SCID mice consisted of normal
appearing hepatocytes (Figure 2C and 2I). The clear cosinophilic
areas in the chimeric mice were positive for OCHIES (Figure
2F), CK8,18 (Figure 2D and 2E), and hAlb (Figure 2J and 2K)
by THC and were interpreted to represent viable, transplanted
human hepatocytes. As shown in Table . chimeric mice had
varying amounts of human hepatocytes in the liver (RI up to
95%), and the RI generally correlated with the hAlb levels in the
blood (data not shown). In areas negative for hAlb, CK8,18, and
OCH I E5 staining, basophilic small hepatocytes (replacing irreg-
ular areas of single-cell hepatocyte necrosis) and brown pigment-
laden macrophages were observed. These histological features
were distinct from those of uPAY""Y/SCID mice (Figure 2). In
chimeric mice with lower RI, normal mouse hepatocytes were
observed in the liver; furthermore, these normal murine hepato-
cytes were negative for human hepatocyte markers (Figure 2A).
Thus, the chimeric mouse livers had three components: foci of
repopulating human hepatocytes. degenerating donor mouse
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hepatocytes, and histologically normal mouse hepatocytes. Human
hepatocytes in the chimeric livers were distinguished from
murine hepatocytes by their clear cytoplasm and smaller nuclei
on H&E staining (Figure 2). Furthermore, PCNA THC demon-
strated proliferation of human hepatocytes in the mouse liver. The
human hepatocyte foci exhibited varying amounts of prolifera-
tion (PCNA labeling index [PCNA-LI}, 22-68%) and apoptotic
cells were observed in the murine hepatocyte areas (Figure 3).
In well-differentiated foci of human hepatocytes (CKS8,18 or
OCHIES positive with low PCNA-LI), hepatic cords and
sinusoid-like structures were observed (Figures 4E and 5A).

Laminin and CD31 [HC were used to evaluate the architecture
of the human hepatocyte foci and the relationship with degener-
ating murine hepatocytes (Figure 4). In areas of degenerating
mouse hepatocytes, the sinusoid structure was characterized by
the presence of increased laminin positive filaments (Figure 4C).
In the human hepatocyte areas, poorly vascularized hepatocyte
aggregates (few CD31-positive sinusoid endothelial cells) were
observed in the areas of proliferating (higher PCNA LI) human
hepatocytes (Figure 4C and 4D). Developing hepatic cords were
lined by a laminin—positive basement membrane and by CD31-
positive sinusoid endothelial cells (Figure 4E and 4F).

Electron microscopy demonstrated developed bile canaliculi
between human hepatocytes (Figure 5C and 5E). Furthermore,
transplanted hepatocytes expressed CYP2E1 (predominantly
diffuse, >70% hepatocytes, Figure 2M), CYP3A4 (faint and
diffuse in >40% cells), and CYP3AS (faint staining in <5%
cells) proteins. In addition, IHC localized expression of the
MRP2 transporter to the apical hepatocyte membrane (Figure
2N), with faint expression of MRP3 (Figure 20). and MRP6
and P-glycoprotein (PGP: data not shown), in the basolateral
membranes of the human hepatocytes.

Toxicological Responses to APAP

The toxicological response in the chimeric liver following
APAP administration was compared with that of the ICR mouse
liver (Figure 6), a standard toxicology strain in Japan. At 24 h
postdose, all chimeric mice survived the oral administration of
APAP at 1,400 mg/kg, while ICR mice were dead. In the livers
of chimeric mice receiving 1,400 mg/kg APAP, mild vacuolation
of hepatocytes (Figure 6E and 6F) and mild hepatocellular
degeneration (Figure 6F) were observed in the human hepato-
cyte areas. A few TUNEL-positive cells were observed in the
human hepatocyte area at 4 h after administration of 1,400 mg/kg
APAP, but these were not apparent at the 24 h time point. CYP
THC revealed that APAP-related changes were limited (o a 63%
decrease (relative to vehicle control) in CYP2EI expression
at 24 h (Figure 6J-L). APAP hepatotoxicity was mild in the
chimeric mouse livers, in contrast to the severe centrilobular
hepatocellular necrosis observed in the ICR mouse livers (Figure
6N and 60). These results suggest that the chimeric mice are less
susceptible to APAP toxicity than ICR mice. This may be due to
differences between human and mouse hepatocytes, genetic dif-
ferences between the uPA™*/SCID and ICR mice strains, or some
combination of these two factors.
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Ficure 2.—Histopathological characterization of the livers of urokinase-type plasminogen activator transgenic/severe combined immunodefi-
ciency (uPA**/SCID) chimeric mice and uPAY™I1/SCID mice. Eosinophilic clear foci were observed in the uPA*%/SCID chimeric mouse livers
with lower RI (A and G: RI = 56%, hAlb = 2.1 mg/mL) and higher RI (B and H: RI = 87%, hAlb = 10.8 mg/mL), whereas livers of the
uPAY™/SCID mice appeared normal (C and 1) with hematoxylin and eosin staining. Areas of normal hepatocytes were observed in the lower
RI chimeric mouse (A, upper left). Clear foci were positive for immunohistochemical markers for human hepatocytes: CK8,18 (D and E, corre-
sponding to A and B, respectively), OCHI1ES (F, corresponding to B/E), and hAlb (J and K, corresponding to G and H, respectively). The
uPAYT/SCID mouse liver was negative for hAlb immunostaining (L, corresponding to I). Results of immunohistochemical analyses of human
CYP2E1 (predominantly diffuse pattern: M), MRP2 (apical hepatocyte membrane; N). and MRP3 (faint basolateral membrane; O) in chimeric
liver are also shown. WT, wild type; RI, replacement index; hAlb, human albumin. Bar = 100 pm.

Discussion IHC with human-specific hepatocellular markers and circulating

hAIb. Human hepatocytes proliferated extensively (PCNA-LI,

In the present study, mouse-human chimeric livers contained 22-68%) in the mouse liver, replacing damaged and degenerat-
variable numbers of human hepatocytes as demonstrated by ing murine hepatocytes and restoring some of the architectural
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Ficure 3.—Cell proliferation and apoptosis in the liver of an urokinase-lype plasminogen activator transgenic/severe combined immunodeficiency
(uPA**/SCID) chimeric mouse with a replacement index (RI) of 85%. Proliferating cell nuclear antigen (PCNA) immunohistochemistry revealed
proliferating human (h) hepatocyte foci in the mouse (m) liver (A). PCNA labeling index (LI) of the mouse area was 25% (B, corresponding o m*
in Figure 2A). Human hepatocyte foci indicate proliferating areas (C: PCNA-LI = 64%, corresponding to h* in Figure 2A) and differentiating areas
(D: PCNA-LI = 22%, corresponding to h® in Figure 2A). TUNEL-positive apoptotic cells were observed in the mouse area (E). Positive controls
of small intestine samples for PCNA (F) and TUNEL (G) are also shown. TUNEL, TdT-dUTP nick end labeling. Bar = 100 pm.

features (bile caniliculi, sinusoidal endothelial cells, basal lamina).
The chimeric mouse with the highest hAlb levels appeared
healthy, except for small body size, as previously described
(Tateno et al., 2004). In addition, the livers did not exhibit any
inflammatory reactions associated with the presence of the
human hepatocytes (Tateno et al., 2004).

The results described here suggest that the transplanted
human hepatocytes can function effectively in terms of nutri-
tion, bile acid secretion, and synthesis of hAlb or other proteins
without adversely affecting the donor mouse. Furthermore, in
the murine environment, these human hepatocytes retained

expression of human CYPs and transporter proteins (Katoh and
Yokoi, 2007; Nishimura et al., 2005; Tateno et al., 2004; Tsuge
et al., 2005) and can be expected to retain human liver function.
Although the light and electron microscopic features of the
humanized hepatocyte areas showed incompletely developed
architecture, sinusoid-like CD31-positive vascular channels,
hepatic cord-like structures, and bile canaliculi were observed
in the well-differentiated human hepatocyte areas.

Mouse hepatocytes undergoing replacement by transplanted
human hepatocytes appeared shrunken and degenerate, similar
to those reported in Alb-uPA** transgenic mice (Sandgrenet al.,
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