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Abstract

Recently, chimeric mice with humanized liver were established by transplanting human hepatocytes into an urokinase-type plasminogen
activator**/severe combined immunodeficient transgenic mouse line. The replacement with human hepatocytes is more than 80-90% and is
higher than any other chimeric mouse reported previously. In drug development, the liver is one of the most important organs because it is mainly
involved in the pharmacokinetics of drugs and is frequently damaged by many drugs due to the accumulation of drugs and/or metabolites. The
pharmacokinetics could affect the efficacy and toxicity of a drug, and thus prediction of the human pharmacokinetics is important for developing
new drugs without adverse reactions and toxicity. Extrapolation from experimental animals or in vitro studies to the human in vivo pharmacoki-
netics is still difficult. To date, human hepatocytes and liver microsomes are recognized as better tools and are frequently used (o estimate the
human pharmacokinetics. We thought that chimeric mice with humanized liver could become a new tool for estimating the human toxicity and
pharmacokinetics. At first, metabolism, which plays an essential role in pharmacokinetics, was investigated in the chimeric mice. In the liver of
the chimeric mice, human drug metabolizing enzymes were found to be expressed and to reflect the capacities and genetic polymorphism of the
donor. In an in vivo study on metabolism, human specific metabolites could be detected in the serum of the chimeric mice indicating that the
chimeric mice could be used as an in vivo model to address human metabolism. These results suggested that the chimeric mice could overcome
the species differences in drug metabolism and be used to evaluate drug toxicity due to genetic polymorphism. The reasons for drug interaction are
often enzyme induction and inhibition. By the treatment with a typical inducer of cytochrome P450 (P450), which is the central drug-metabolizing
enzyme, P450s expressed in the liver of the chimeric mice were found to possess induction potencies. After the treatment with a specific inhibitor
of human P450, the area under the curve of the P450 metabolite was significantly decreased in the chimeric mice but not in the control mice.
Therefore, it was indicated that the chimeric mice could be useful for assessing drug interactions in vivo, Moreover, drug excretion was determined
to be humanized because cefmetazole was mainly excreted in urine both in the chimeric mice and humans but in the feces in control uPA~/~/SCID
mice. Drug transporters expressed in the liver of the chimeric mice were also humanized.

In this review, studies of the chimeric mice with humanized liver, particularly on metabolism and excretion, are summarized and the possibility
of using the chimeric mice is proposed for the advanced prediction of human pharmacokinetics and toxicity.
© 2008 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction ing the enzyme activities. Such in vitro models have various

There is large interindividual variability in the efficacy and
toxicity of drugs, which may be mainly caused by differences
in the drug pharmacokinetics. The pharmacokinetics can be
determined by ADME (absorption, distribution, metabolism,
and excretion), especially drug metabolism. Drug metabolism
consists of the phase I reactions (oxidation, reduction, and
hydrolysis) and phase II reaction (conjugation), which occur
predominantly in the liver. Therefore, the liver is the essential
organ to determine the drug pharmacokinetics. One of the phase
I enzymes, cytochrome P450 (P450, CYP), plays a central role
in drug metabolism. P450 can metabolize various compounds
including xenobiotic and endogenous compounds (Nelson et
al., 1996), In addition, bioactivation leading to toxicity can
sometimes be initiated by some P450s. Recently, the phase II
reaction has been well studied since a parent drug and/or phase
I metabolites are frequently excreted after conjugation. Further-
more, several drug-metabolizing enzymes have been shown to
be polymorphic (Ingelman-Sundberg, 2002; Miners et al., 2002)
indicating that genetic polymorphism can affect differences in
the drug pharmacokinetics.

The mechanism of drug interactions can be often explained
by the induction and inhibition of drug metabolizing enzymes.
Serious drug interactions involving P450 have been reported
(Dresser et al., 2000; Niemi et al., 2003). The QT prolongation
caused by the inhibition of CYP3A4 by a coadministered drug
resulted in the withdrawal of terfenadine and cisapride from the
market. The prediction of adverse drug reactions is essential in
drug development,

There are many reports regarding drug interactions and toxic-
ity of various drugs, although the drugs were approved only after
their safety was thought to have been confirmed in preclinical
and clinical studies. In the preclinical stage, the pharmacoki-
netics of a drug candidate are investigated using human-derived
sources or experimental animals. The results from experimen-
tal animals and in vitro studies sometimes wrongly predict
the human pharmacokinetics and toxicity. Many researchers
have made much effort to overcome such difficulties includ-
ing those caused by species differences. Nowadays, human
liver microsomes and human hepatocytes in primary culture
are recognized as better tools and are frequently used dur-
ing drug development. Human liver microsomes can be stored
for a few years without the loss of enzyme activities but
cannot be used to evaluate the induction potencies. Human
hepatocytes express all the drug metabolizing enzymes, but
a novel technique for culture is needed to avoid decreas-

advantages and limitations, as have been described previ-
ously (Gomez-Lechon et al., 2003; Rodrigues and Rushmore,
2002).

To develop an artificial human liver is one of the best
approaches for predicting human pharmacokinetics and safety.
An urokinase-type plasminogen activator (uPA)**/severe com-
bined immunodeficient transgenic mouse line, in which the liver
could be replaced by 80-90% with human hepatocytes, was
established in Japan (Tateno et al., 2004). In this review, basic
researches concerning drug metabolism and drug interactions
are summarized for the application of chimeric mice in drug
development and toxicology.

2. Generation of chimeric mice with humanized liver

In 2001, chimeric mice with partially humanized liver were
described by Dandri et al. (2001) and Mercer et al. (2001).
In the former report, the livers in uPA/recombinant activation
gene-2 mice could be repopulated with approximately 15%
human hepatocytes (Dandri et al., 2001). In the latter, a por-
tion the liver in uPA**/SCID mice was replaced with human
hepatocytes (Mercer et al., 2001). Since they were investigat-
ing on hepatitis virus, their chimeric mice with low replacement
might be sufficient to achieve their purposes. However, the liv-
ers of such chimeric mice are not suitable to investigate human
ADME in mice in vivo. In 2004, Tateno et al. (2004) suc-
ceeded in generating chimeric uPA**/SCID mice, in which
the livers could be replaced by more than 90% with human
hepatocytes. The uPA**/SCID mice at 20-30 days after birth
were injected with human hepatocytes through a small left-
flank incision into the inferior splenic pole (Tateno et al.,
2004). We transplanted 7.5 x 10° hepatocytes into the livers of
the uPA**/SCID mice, and monitored their growth by deter-
mining the concentration of hAlb in the host serum. After
transplantation using hepatocytes from 9-month-old Caucasian
male into 19 uPA**/SCID mice, serum human albumin (hAlb)
concentrations in 14 mice reached 5mg/ml around 60 days
post-transplantation (Fig. 1). All mice survived for up to 60
days post-transplantation. To identify human hepatocytes in
the chimeric livers, liver sections of mice were subjected to
human specific cytokeratin 8/18 (hCK8/18) immunostaining
(Fig. 2). The anti-hCK8/18 antibodies reacted specifically with
hepatocytes and bile duct cells in the human livers, but did
not react with the livers of the host mice. The replacement
index (RI) of the mouse liver that received the human hepa-
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Fig. 1. Changes in the hAlb concentration in mouse serum. Nineteen
uPA**SCID mice were transplanted with 7.5 x 10° hepatocytes from 9-month-
old Cancasian male. The hAlb concentrations increased in all the transplanted
mice, and were >5 mg/ml in 14 mice among them.

tocytes was determined as the ratio of the area occupied by
hCK8/18-positive hepatocytes to the entire area examined in
immunostained sections using all lobules. The RI values cor-
related well with the serum hAIb concentrations of chimeric
mice (y=0.0413¢%076% where y=hAlb concentration (mg/ml)
and x=RI (%), r=0.92). The correlation formula suggests that
mice with >5 mg/ml hAlb concentration should have RI>70%.
Chimeric mice more than 11 weeks old would be used for
experiments because the hAlb concentration will have reached
a plateau. This chimeric mouse line has many advantages. By
measurement of the hAlb concentration, it is easy to estimate
the degree of replacement by human hepatocytes. Hepatocytes
from various donors and cryopreserved hepatocytes could be
used to generate such chimeric mice. Therefore, interindividual
variabilities of pharmacokinetics and toxicity can be evalu-
ated by the chimeric mice with hepatocytes from different
donors.

Tabie |
Correlati svities and hATb coox o ey i
Isoform Enzyme activity Correlation (r)
Donor A Donor B
CYP2C8 FTXOH 093 0.69
CYP2C9 DICOH 0.98** 093
CYPZDS DBOH 0.97* 07
CYP3A4 DEXOH 0.97== 087"
UGT2B7 Morphine 093+ 0.93%ee
6-glocuronosyltransferase
o
SULT1AI Troglitazone 0.82 0.71*
sulfotransferase activity
SULTIE! Estrone 3-sulfotransferase 0.90* 0.89*
activity

Donor A chimeric mice (1 = 5); donor B chimeric mice (2 =7). Donor A, 12-year-
old Japanese male; donor B, 9-month-old Cancasian male. *p <0.05, **p<0.01,
***p <0.001. mwﬁwmmm

lase activity; DEXOH:

. J y

3. Drug metabolism in chimeric mice with humanized
liver

3.1. Cytochrome P450

phase I reactions is P450. One of the major isoforms, CYP3A4,
has been reported to be responsible for the metabolism of more
than 50% of clinical drugs (Pelkonen et al., 1998). In chimeric
mice, human CYP3A4 mRNA and human CYP3A4 protein
could be detected in an hAlb concentration-dependent man-
(RT-PCR) and Western blotting, respectively, which detected
human CYP3A4 but not murine Cyp3a isoforms (Katoh et al,
2004). As shown in Table |, dexamethasone 6-hydroxylase
activity (DEXOH) catalyzed by human CYP3A4 was also
significantly correlated with the hAlb concentrations. Dexam-
ethasone is primarily metabolized to 6-hydroxydexamethasone

Fig. 2. Demonstration of mouse liver chimerism. (A) A uPA**SCID mouse was transplanted with 7.5 x 10° bepatocytes from 9-month-old Caucasian male, and

d from the chi

ic mouse, and stained with anti-hCK8/18 antibodies. Positive (brown

killed at 68 days post-transplantation. Frozen liver sections were preg

colored) and negative (blue colored) regions showed human (H) and mouse (M) hepatocyte-occupied areas, respectively. RI determined as described in the text was

93%. (B) The region enclosed by the square in A is magnified and shown in B. Bar, 100 pm. (For interpr

reader is referred (o the web version of the article.)

of the refe to color in this figure legend, the

—169—



12 M. Katoh et al. / Toxicology 246 (2008) 9-17

in humans but to 6-hydroxy-9a-fluoro-androsta-14-diene-118-
hydroxy-16a-metyl-3,17-dione in mice (Tomlinson etal., 1997).
DEXOH in liver microsomes from the donor A chimeric mouse
with an RI of 90% showed almost the same activity as those
from the donor A (Katoh et al., 2004) indicating that the liver of
the chimeric mice possessed CYP3A4 capacity similar to that
of the donor.

CYP2C9 is responsible for the hydroxylation of many
non-steroidal anti-inflammatory drugs such as diclofenac.
CYP2C8 and CYP2D6 are involved in the hydroxylation of
the anticancer drug paclitaxel and many antipsychotropic
drugs, respectively. In the chimeric mice, human specific
activities such as diclofenac 4'-hydroxylase activity (DICOH)
by CYP2C9, paclitaxel 6a-hydroxylase activity (PTXOH) by
CYP2CS8, and debrisoquine 4’-hydroxylase activity (DBOH)
by CYP2D6 could be detected (Katoh et al., 2004). DICOH,
PTXOH, and DBOH as well as DEXOH correlated with
the hAlb concentrations (Table 1) and the chimeric mouse
with the highest hAlb concentration exhibited similar enzyme
activities to those of the donor. Therefore, the liver of the
chimeric mice could reflect the phenotype of the donor. In
our previous report (Katoh et al., 2004), the other four human
P450 isoforms, CYP1A2, CYP2A6, CYP2C19, and CYP3AS,
could be detected at the mRNA, protein and/or enzyme activity
level. In the report by Nishimura et al. (2005b), the mRNA of
20 human P450 isoforms could be detected in the liver of the
chimeric mice. It is surmised that all P450 isoforms expressed
in the donor can be expressed in the liver of the chimeric mice.
The chimeric mice have much fewer activities of mouse P450s
and high activities of human P450s because uPA**/SCID
mice causes sever liver failure in mouse hepatocytes and the
proliferation of human hepatocytes is needed for survival. That
is one of the advantages as compared to transgenic mice with
human P450s, which usually express only one human P450
isoform with many mouse P450s retaining normal activities.

3.2. Other phase I enzymes

Nishimura et al. (2005b) investigated the hepatic mRNA
expression of human phase I enzymes in chimeric mice by Tag-
Man real-time RT-PCR. The mRNA of 35 phase I enzymes
except for P450s was determined. Carboxylesterase, epoxide
hydrolase, and alcohol dehydrogenase could be detected at the
mRNA level. Based on the results from P450s, if the mRNA
is expressed, human drug metabolizing enzymes would exhibit
almost the same potency in the chimeric mouse liver. It was
assumed that all of the phase I enzymes expressed in the donor
could be expressed with their activities intact in the livers of the
chimeric mice.

3.3. Phase Il enzymes

The major hepatic phase I enzymes in humans are UDP-
glucuronosyltransferase (UGT), sulfotransferase (SULT), N-
acetyltransferase (NAT), and glutathione-S-transferase (GST).
The contribution of phase II conjugation to the clearance of
a drug was estimated to be approximately 30% or higher in

humans (Bjornsson et al., 2003). In recent drug development,
the relative involvement of phase Il enzymes in the metabolic
clearance of drugs is greater due to preselection concerning
P450 metabolism in the early preclinical stage (Fisher et al.,
2001). Taken together, attention needs to be paid to the interac-
tions via UGT. Hyperbilirubinemia caused by the inhibition of
UGT]1ALI has been reported (Zucker et al., 2001), since bilirubin
glucuronosyltransferase activity is catalyzed by UGTIAL

The mRNA and protein of major UGT isoforms could
be detected in the liver of chimeric mice (Katoh et al,
2005b). A specific human UGT2B7 activity, morphine 6-
glucuronosyltransferase activity, correlated with the hAlb
concentration as shown in Table 1. As in the case of phase 1
enzymes, human UGTs are also expressed in the chimeric mice
and possess enzyme activities. Generally, GST plays an impor-
tant role in the detoxification of various xenobiotics and reactive
metabolites. For applying the chimeric mice to toxicological
studies, the expression of human GST needed to be evaluated.
The mRNA of human GSTs could be detected in the chimeric
mice indicating that human GST may also have the potency of
conjugation. In terms of SULT and NAT, since mRNA, pro-
tein, and/or enzyme activities could be detected (Katoh et al.,
2005b), human phase II enzyme can also be expressed in the
chimeric mice. That the livers of the chimeric mice expressed
both human phase I and phase II enzymes is of great value
because a series of human drug metabolisms in the liver can be

investigated.
3.4. In vivo drug metabolism

In vivo experiments of chimeric mice would be more appro-
priate for the evaluation of human pharmacokinetics and toxicity.
Therefore, we examined the in vivo drug metabolism catalyzed
by human CYP2D6 in the chimeric mice. CYP2D6 function has
been reported to exhibit large species differences, butis responsi-
ble for the metabolism of one quarter of the known clinical drugs
(Ingelman-Sundberg, 2005). In addition, genetic polymorphism
of human CYP2D6 is known to exist and many mutant alleles
have been reported (http://www.cypalleles.ki.se/cyp2d6.htm).
The prediction of the human pharmacokinetics of a CYP2D6
substrate is important. A typical CYP2D6 substrate, debriso-
quine, is mainly metabolized to 4'-hydroxydebrisoquine (4-OH
debrisoquine) in humans but only slightly in mice (Masubuchi
et al., 1997). In our previous study (Katoh et al., 2007), the
donor B chimeric mice were used for investigating the in vivo
pharmacokinetics of debrisoquine. After oral administration of
debrisoquine, the Crax and AUC values of 4-OH debrisoquine
in the chimeric mice were significantly higher than those in the
control uPA~/~/SCID mice (Table 2, Katoh et al., 2007). The in
vitro K value of DBOH in the chimeric mice was similar to that
in humans (62—107 uM, Nakajima et al., 2002) but was different
from that in uPA~/~/SCID mice (213 uM) suggesting that the
chimeric mice could reliably shown to exhibit a humanized pro-
file of drug metabolism in both in vivo and in vitro studies. Thus
the chimeric mice could become a useful model for evaluat-
ing the biotransformation of drugs by human drug metabolizing
enzymes.
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mm and kinetic parameters of 4-OH debrisoquine in chimeric mice with humanized liver and uPA ~/~/SCID mice

Cruax (NM) AUCq 5 (nM-h) Kg (1M)
Chimeric mouse 297.1 & 37.7°%* 887 % 90*** T2 & gees
uPA~/~/SCID mouse 614 £ 9.0 279 + 32 213412

was orally admini

In vivo study for ph kinetic analysis, debri

d at 2.0 mg/kg. Data represent the mean + S.E. (1 =8). The donor B chimeric mice

with high hAlb concentrations (>5.0 mg/ml and RI>70) were used. ***p<0.001, compared with uPA™~/SCID mice.

3.5. Genetic polymorphism

The interindividual variability of the pharmacokinetics and
toxicity is partly related to the genetic polymorphism of
drug metabolizing enzymes (Eichelbaum et al., 2006: Nagar
and Remmel, 2006). Pharmacogenetics has become impor-
tant in the developing concept of personalized medicine.
FDA has approved genetic testing for mutations in the
CYP2C19, CYP2D6, and UGTIAI genes. In the case of
CYP2D6, the CYP2D6 polymorphism might affect 3.4-
methylenedioxymethamphetamine cytotoxicity (Carmo et al.,
2006) and is associated with the occurrence of adverse effects
of some antidepressants (Rau et al., 2004). The necessary dose
adjustments of antidepressants according to the CYP2D6 geno-
type have been summarized (Kirchheiner et al., 2004) and will
facilitate the selection of a drug and its dosage. However, the nec-
essary dose adjustment and the effects on drug safety by many
variants of other drug metabolizing enzymes remain unclear.

Genetic polymorphism of the CYP2A6 gene has been sug-
gested to be related to the risk of lung cancer because CYP2A6
has a major impact on nicotine clearance (Nakajima and Yokoi,
2005). Bosch et al. (2007) hypothesized that the lethal toxi-
city of an anticancer drug, UFT (uracil/tegafur), is probably
caused by a decrease in tegafur metabolism due to CYP2A6
polymorphism. The donor A was homozygous for CYP2A6*4
alleles, in which the whole CYP2A6 gene is deleted (Katoh et
al., 2004). Human CYP2AG6 protein and coumarin 7-hydroxylase
activity catalyzed by CYP2AG6 could not be detected in the liver
of the donor A chimeric mouse with a high hAlb concentration
(13.7 mg/ml; RI1=90), whereas they could be detected in that
of the donor B chimeric mouse with a high hAlb concentration
(7.7 mg/ml; RI=90). The donor A chimeric mice were geno-
typed as CYP2A6*4/CYP2A6*4 using genomic DNA extracted
from the liver suggesting that the chimeric mice have the same
genotype and phenotype as the donor. With regard to other P450
isoforms, CYP2C19 and CYP3AS, the genotype of the chimeric
mouse was the same as the donor.

NAT?2 carries out the acetylation of arylamines and aryl-
hydrazines including environmental carcinogens. According to
the isoniazid metabolism, individuals have been classified as
slow and rapid acetylator phenotypes. NAT2 genetic polymor-
phism is known to be involved in such variations (Meyer and
Zanger, 1997). The frequency of the main adverse reaction of
isoniazid, peripheral neuropathy, in the slow acetylator phe-
notype was higher than that in the rapid acetylator phenotype
(Hughes et al., 1954). The donor B and the donor B chimeric
mice were genotyped as NAT2 *6/NAT2*1 3, which was classified

as slow acetylator (Cascorbi et al., 1995). Sulfamethazine N-
acetyltransferase activity is a human specific activity catalyzed
by human NAT2. Such activity in the donor B chimeric mice
was lower than that in the donor A chimeric mice (Katoh et al.,
2005b), which was consistent with the result of the genotyping.

Troglitazone is a thiazolidinedione antidiabetic agent that
was withdrawn from the market in 2000 due to its association
with idiosyncratic hepatotoxicity. A strong correlation between
transaminase elevation and the combined GSTM! and GSTT/
null genotype was observed (Watanabe et al., 2003). The sus-
ceptibility to tacrine hepatotoxicity was increased in individuals
with these null genotypes (Simon et al., 2000). GSTM1 and
GSTT]1 are expressed in the liver in humans. Human GSTM1
mRNA in the liver of the donor B chimeric mice could not
be detected by TagMan real-time RT-PCR suggesting that the
GSTM1 gene was deleted in donor B. Chimeric mice generated
by a donor with GSTM1 and GSTT] null genotypes may become
a useful tool for predicting such hepatotoxicity.

If a donor with a poor metabolizer phenotype is used
for generating the chimeric mice, the influence of genetic
polymorphism on the pharmacokinetics and toxicity could be
investigated. It is a great advantage that the chimeric mice can
retain both the genotype and phenotype of the donor for person-
alized medicine and toxicological studies.

4. Induction of P450 in chimeric mice with humanized
liver

Enzyme induction of a drug-metabolizing enzyme is a long-
term consequence of chemical exposure and leads to an elevation
of the enzyme activity (Lin and Lu, 2001). Drug interactions
caused by the induction of P450, especially CYP3A4, are some-
times a serious problem because the induction may result in
changes in the efficacy and toxicity of a drug (Pascussi et al.,
2003; Niemi et al., 2003). Many CYP3A4 inducers are used as
drugs in clinical practice and they can induce CYP3A4 at clini-
cally used doses (Pascussi et al., 2003). By the coadministration
of a typical CYP3A4 inducer, rifampicin, the pharmacokinetic
of other drugs is sometimes changed significantly (Niemi et al.,
2003). Moreover, P450 induction by herbal medicines includ-
ing St John’s wort could become a serious problem depending
on the increased use of herbal medicines (Henderson et al.,
2002). Therefore, the screening of drug candidates for induction
potencies regarding drug-metabolizing enzymes is important in
preclinical studies.

Using a primary culture of cryopreserved chimeric mouse
hepatocytes, Nishimura et al. (2005a) investigated the induc-
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Fig. 3. Induction of DEXOH in rifabutin- or rifampicin-treated donor B chimeric
mice with h ized liver. Ri in and rifampicin were f Iy
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tion of human CYP3A4 mRNA by TagMan real-time RT-PCR.
They reported that CYP3A4 mRNA was significantly increased
2.2-8.4-fold by the reatment with 50 uM rifampicin for 24 h,
which was a similar increase to that shown in fresh and cry-
opreserved human hepatocytes. After intraperitoneal treatment
with rifampicin at 50 mg/(kg day) for 4 days, DEXOH had sig-
nificantly increased by 4.1-fold on average in liver microsomes
from the chimeric mice (Fig. 3, Katoh et al., 2005a). As men-
tioned above, since DEXOH is a human specific activity for
CYP3A4, the increase of DEXOH would indicate that human
CYP3A4 in the chimeric mice has in vivo induction potencies.
Iwasaki et al. (2005) also determined the changed excretion
of 6-hydroxydexamethasone after treatment with rifampicin in
chimeric mice. After 4-day treatment with rifampicin (50 mg/kg,
intraperitoneally), dexamethasone at 10 mg/kg was administered
subcutaneously in chimeric mice and then the urinary excretion
of 6-hydroxydexamethasone was measured. The excretion of 6-
hydroxydexamethasone was increased 1.9-3.3-fold suggesting
that the chimeric mice could be applied for in vivo and in vitro
induction studies.

Rifabutin, which is a specific inducer of human CYP3A4
but not mouse Cyp3a, was used to evaluate the induction of
human CYP3A4 in chimeric mice (Katoh et al., 2005¢). DEXOH
was increased in the liver microsomes from rifabutin-treated
chimeric mice (Fig. 3, Katoh et al., 2005¢). The induction poten-
cies of rifampicin have been reported to be stronger than those
of rifabutin (Perucca et al., 1988; Li et al., 1997), which is con-
sistent with our result. The degree of induction can be evaluated
using the chimeric mice.

Other inducible P450 isoforms, CYPIAI and CYP1A2, were
also examined for the induction potency in the chimeric mice.
CYP1A1 and CYP1A2 play critical roles in the metabolic acti-
vation of many carcinogens. CYPIA induction has long been
studied concerning its association with the toxicity of car-
cinogens and the risk of cancer (Ma and Lu, 2007). In the
chimeric mice, the mRNA and protein of both CYPIAI and
CYP1A2 were induced by the treatment with typical inducers,
B-naphthoflavone or 3-methylcolanthrene, in in vitro and in vivo
studies (Katoh et al., 2005a; Nishimura et al., 2005b; Yoshitsugu

et al., 2006). Although the human specific CYPIAI/CYP1A2
activities could not be evaluated, these activities in the chimeric
mice might be induced as in the case of human CYP3A4.

For induction studies, it is believed that human hepatocytes
are better than any other models, although human hepatocytes
loose the enzyme activity very quickly. Because this chimeric
mouse line could overcome such difficulties, it could become a
better tool for induction studies in humans.

5. Inhibition of P450 in chimeric mice with humanized
liver

Enzyme inhibition is an acute decrease of metabolism by aco-
administered drug or a time-dependent decrease in the amount
of an enzyme by several factors (Pelkonen et al., 1998). Drug
interactions are often caused by the inhibition of P450 activities
(Dresser et al., 2000). The prediction of human pharmacokinetic
parameters from in vitro technologies has progressed (Houston
and Galetin, 2003) but quantitative extrapolations from in vitro
to human in vivo and from experimental animals to humans are
still difficult. It would be a great advantage if drug interactions
in humans could be predicted using this chimeric mouse line.

The P450 inhibition by a coadministered drug is thought to be
very critical when a patient requires long-term treatment with
it. Some CYP2D6 inhibitors such as antidepressants are pre-
scribed for long periods of time. The inhibition of CYP2D6
enzyme activity by quinidine and selective serotonin reuptake
inhibitors is well known in clinical practice (Caporaso and Shaw,
1991 Hemeryck and Belpaire, 2002). Therefore, we focused on
CYP2D6 inhibition and the drug interactions between debriso-
quine and quinidine were investigated in chimeric mice in vivo
(Katoh et al., 2007). Quinidine, a frequently prescribed antiar-
rhythmic agent, is a specific inhibitor of human CYP2D6 but not
mouse Cyp2d indicating that the specific inhibition of human
CYP2D6 could be determined in this experiment. After 3-day
treatment with quinidine, the AUC and Cmay values of 4-OH
debrisoquine were significantly decreased in the chimeric mice,
but such values did not change in the control uPA™/~/SCID mice
(Fig. 4, Katoh et al., 2007).

An in vitro inhibition study using liver microsomes also
demonstrated the human specific inhibition. The Kj value of
quinidine on DBOH in the chimeric mice (0.049 uM) was sig-
nificantly lower than that in the control uPA~"~/SCID mice
(29 pM, p<0.001 compared with the chimeric mice, Katoh
et al., 2007). Therefore, the specific inhibition of human the
CYP2D6 highly expressed in the chimeric mice suggested that
human drug interactions could occur in the chimeric mice. Given
the possibility of using chimeric mice for induction and inhibi-
tion studies, they could be a useful in vivo tool to predict drug
interactions and toxicity.

6. In vivo excretion in chimeric mice with humanized
liver
A drug is mostly eliminated by biliary and urinary excretion.

To elucidate the excretion of a drug as well as the metabolism
is essential for understanding the pharmacokinetics and toxic-
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Table 3 metabolizing enzymes, and excretion in in vivo studies. This

Cet ie excrouon in chi mice with humanzed liver chimeric mouse line should be a promising model for evalu-

n Excretion (% of the dose) ating the in vivo pharmacokinetics in humans. In recent drug

Urine R development, adverse pharmacokinetic and bioavailability have

reduced as a cause of attrition although toxicology has increased

Chimeric mouse 5 BLO£9.5%%  59£47***  (Kola and Landis, 2004). Drug-induced hepatotoxicity is one of

MR Dm0 ? il 48 NALUD the major problems in drug development and clinical practice.

Cef le was i itoneally iat 25.0mg/kg. Urineand feces  Recently, Yamamoto et al. (2007) demonstrated the usefulness

samples were cd!ected during Z-HI after the cefmetazole administration, Data
represent the mean = S.D. ***p <0.001, compared with uPA =/~ /SCID mice.

ity. Species differences in the excretory pathway may make the
extrapolation from experimental animals to humans difficult. In
the case of an antibiotic agent, cefmetazole was mainly excreted
in urine in humans (Ko et al,, 1989) but in feces in rats and
mice in an unchanged form (Murakawa et al., 1980; Okumura
et al., 2007). Thus, cefmetazole was a better probe 1o investigate
the humanization of the excretion pathway in chimeric mice.
Following intraperitoneal administration, the 24-h cumulative
recovery of cefmetazole in urine and feces was quantified in the
chimeric mice (Okumura et al., 2007). As shown in Table 3, the
main pathway was urinary excretion in chimeric mice whereas
it was fecal excretion in control uPA~/~/SCID mice indicating
that the excretory profile was humanized by the replacement
with human hepatocytes.

Many drug transporters have been clarified to be responsible
for drug excretion. Species differences of drug transporters have
been clarified (Katoh et al., 2006; Suzuyama et al., 2007). As
shown by Nishimura et al. (2005b) and us (Katoh et al., 2005c:
Okumura et al., 2007), human drug transporters were expressed
in the liver of the chimeric mice. The humanization of drug
transporters may be also one of the determinants of the alteration
of the cefmetazole excretory pathway. Although further study
is needed, this chimeric mouse line might be a suitable model
for predicting the humanized type of excretion. Since genetic
polymorphism of drug transporters exists, the changed hepatic
uptake and excretion can also be studied using the chimeric mice.

7. Conclusions

The chimeric mice have been shown to exhibit a humanized
profile of drug metabolism, induction and inhibition of drug

of the chimeric mice in a toxicological study that evaluated
acetaminophen. This chimeric mouse model could therefore
contribute to estimate human specific toxicity.
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Susceptibility of Chimeric Mice with Livers
Repopulated by Serially Subcultured Human
Hepatocytes to Hepatitis B Virus

Rie Utoh,' Chise Tateno,"? Chihiro Yamasaki,' Nobuhiko Hiraga,’ Miho Kataoka,' Takashi Shimada,*
Kazuaki Chayama >’ and Katsutoshi Yoshizato'%?

We previously identified a small population of replicative hepatocytes in long-term cultures
of human adult parenchymal hepatocytes (PHs) at a frequency of 0.01%-0.09%. These
hepatocytes were able to grow continuously through serial subcultures as colony-forming
parenchymal hepatocytes (CFPHs). In the present study, we generated gene expression
profiles for cultured CFPHs and found that they expressed cytokeratin 19, CD90 (Thy-1),
and CD44, but not mature hepatocyte markers such as tryptophan-2,3-dioxygenase (TO)
and glucose-6-phosphatase (G6P), confirming that these cells are hepatic proge.nitor—l.i.k:
cells. The cultured CFPHs were resistant to infection with human hepatitis B virus (HBV).

To examine the growth and differentiation capacity of the cells in vivo, serially subcultured
CFPHs were transplanted into the progeny of a cross between albumin p /enh
driven urokinase plasminogen activator-transgenic mice and severe mm.bmul immunode-
ficient (SCID) mice. The cells were engrafted into the liver and were able to grow for at least
10 weeks, ultimately reaching a maximum occupancy rate of 27%. The CFPHs in the host
liver expressed differentiation markers such as TO, G6P, and cytochrome P450 subtypes and
could be infected with HBV. CFPH-chimeric mice with a relatively high replacement rate
exhibited viremia and had high serum levels of hepatitis B surface antigen. Conclusion:
Serially subcultured human hepatic progenitor-like cells from postnatal livers successfully
repopulated injured livers and exhibited several phenotypes of mature hepatocytes, includ-
ing susceptibility to HBV. In vitro—expanded CFPHs can be used to characterize the differ-
entiation state of human hepatic progenitor-like cells. (HEpATOLOGY 2008;47:000-000.)

Cer-
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shown that parenchymal hepatocytes (PHs) have

great growth portential. When mouse () heparo-
cytes were transplanted into the livers of albumin promor-
er/enhancer-driven urokinase plasminogen activator
(uPA)-transgenic mice,' they engrafted and repopulated
the host liver, Serial transplantation experiments using
m-hepatocytes in mice with tyrosinemia showed their
enormous growth capaciry.? The replicarive porential of
rat hepatocytes has also been demonstrated by transplant-
ing them into the partially hepatectomized liver of a ret-
rorsine-treated rat,> and uPA-transgenic mice crossed
with severely immunodeficient mice, such as severe com-
bined immunodeficient (SCID)/beige mice,* SCID
mice,>® or recombinarion acrivarion gene 2 knockour
mice’ have been used to show the growth potential of
human (h)-hepatocytes. When transplanted into uPA/
SCID mice, PHs from a human juvenile male grew in the
host liver to a level at which the proportion (replacement
index) of the area of repopulated A-hepatocytes to the
total number (host and donor) of heparocytes reached
96% at 64 days posttransplantation. Such A-hepatocyte-
chimeric mice have been used to study the pharmacolog-
ical responses of A-hepatocytes® and to investigate
h-hepatitis viral infections.#¢-#

In contrast, normal hepatocytes have limited replica-
tive capacity #n vitro and acquire an abnormal phenorype
if they are culrured for extended periods.”!® Studies on
hepatocyrtes cultured in a newly devised medium (hepa-
tocyte clonal growth medium!!!?) revealed a subpopula-
tion of highly replicative PHs, known as small
hepatocytes (SHs), in both rats'? and humans.!* Their
occupancy rate in A-liver ranged from 0.01% to 0.09%
and was dependent on donor age.”* The 4-SHs formed
colonies and grew continuously through several subcul-
tures, which led us to name them colony-forming PHs
(CFPHs).'? Replication of the CFPHs was donor age-
dependent up to passage 7 (p = 7),'* and the cells did nor
exhibit a normal hepatocytic phenotype. Instead, they
exhibited the traits of heparocyrtes or biliary cells depend-
ing on the culture conditions. In addition, the CFPHs
were not susceptible to infection with heparitis B virus
(HBV) (unpublished data).

In this study, we generated gene expression profiles of
CFPHs and transplanrted serially subcultured CFPHs into
homozygous uPA/SCID mice to examine their growth
and differentiation capacity. Our results indicate that the
cells were engrafted onto the liver parenchyma and repop-
ulated the tissue, ultimately differentiating into mature
hepatocytes. Importantly, the i wvitro-propagated
CFPHs became susceprible to infection with HBV. This
study supports our previous suggestion that CFPHs from

S tudies using rodents with damaged livers have
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h-postnatal liver are hepatic progenitor-like cells with the
potential to assume a normal hepatocytic phenotype.'?

Materials and Methods

h-Hepatocytes. This study was performed with the
approval of the Hiroshima Prefectural Institute of Indus-
trial Science and Technology Ethics Board. PHs were
isolated as described'?'4 from livers donated by a 12-year-
old Asian male (12YM) and a 16-year-old Asian female
(16YF) according to the guidelines of the 1975 Declara-
tion of Helsinki. Cryopreserved PHs from a 9-month-old
Caucasian male (9MM) and a 10-year-old Caucasian fe-
male (10YF) were obrained from In Vitro Technologies
(Baltimore, MD) and BD Biosciences (San Jose, CA),
respectively.

Culture of CFPHs. Cryopreserved PHs from the
9MM, 12YM, and 16YF were thawed® and serially sub-
cultured to obtain in vitro-expanded CFPHs.'* Com-
mercial 9MM PHs and freshly isolated 12YM and 16YF
PHs were each subcultured to p = 3. The expanded cells
were then cryopreserved, thawed upon use, and cultured
on collagen-coated plates for 14-20 days as described.!?

Flow Cytometry. We detached 12YM CFPHs (p = 4
or 5) from culture plates by treatment with 0.25% Tryp-
sin-EDTA (Invitrogen, Carlsbad, CA), suspended, incu-
bated on ice for 30 minutes with m-monoclonal
antibodies against #Thy-1 (clone F15-42-1; Chemicon,
Temecula, CA), and incubated with antibodies against
m-immunoglobulin G Alexa-488 (Molecular Probes, Eu-
gene, OR). We used m-immunoglobulin G, as a negative
control. The cells were then analyzed and separated using
a fluorescence-activated cell sorter (Becton Dickinson,
Franklin Lakes, NJ) as reported.'?

Transplantation of PHs and CFPHs. We detached
9MM and 12YM CFPHs (p = 4) from their culture
plates and treated for 1 hour with DMEM conraining
10% feral bovine serum and 3 pg/mlL anti-A-integrin a1
monoclonal antibodies (clone FB12, Chemicon).!'s This
procedure improved engraftment of the CFPHs in uPA/
SCID m-liver and reduced host mortality.

Transplantation of PHs and CFPHs was performed as
described previously. Homozygous uPA/SCID mice
were injected with 0.75 X 10° 9MM and 12YM PHs or
0.75-1.0 X 10° in vitro-expanded 9MM and 12YM
CFPHs into the inferior splenic pole. When necessary, 10
mM 5-bromo-2'-deoxyuridine (BrdU) (Sigma, St. Louis,
MO) and 1.2 mM 5-fluoro-2’-deoxyuridine (Wako,
Osaka, Japan) in saline were injected intraperitoneally
into the mice at 10 pl/g body weight 1 hour prior to
death. The animals were treated according o the guide-
lines of our local committee on animal experiments,
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Table 1. Summary of CFPH and PH Transplantation Experiments In uPA/SCID Mice

Time of Sacrifice Mo. of Mice with
(Weeks After No. of Tr fanted Engraft
Group Donor Calls Transpiantation) Mice IRE (%}] Rit [Mean = SD (n)]
A 12YM CFPHs (p = 4) 3 ] 3(33) 0.06-0,19% [0.14 = 0.07% (n = 3)]
] OMM CFPHs (p = 4) 3 8 4(67) 0.03-0.05% [0.04 = 0.01% (n = 4)]
c MM PHs 3 3 3 (100) 5.1-19.4% [6.4 = 2.9% (n = 3))
) 12YM CFPHs (p = 4) 9.10 27 14 (52) 0.2-27.0% [6.6 + B.3% (n = 14)]
£ 9MM PHs 10-11 231 23 (100)4 32.6-82.2% [57.4% (n = 2)]
F 12YM PHs 10 6 4(67) 31.0-77.0% [62.3 = 23.8% (n = 4)]
6§ 12YM CFPHs (p = 4) 17-20 4 ND ND

Abbreviation: ND, not determined

*Number of mice whose livers were engrafied with transplanted PHs or CFPHs. The RE was determined via hALB immunohistochemistry on sections prepared from

5 lobes of a liver,
tRanges of Rl of chimedc mice used in each group.
{Data from Tateno et al.®
§Mice from group G were used for HBV infection studies.

We transplanted 9MM and 12YM CFPHs into 6 and
40 uPA/SCID mice, respectively. The mice were then
killed 3, 9, or 10 weeks later, depending on the experi-
mental purpose. In a previous reporrt, we used 9MM and
12YM PHs as donor cells.® In this study, we used some of
the preserved livers from these mice for histological exam-
inations and as sources of RNA for reverse-transcription
polymerase chain reaction (RT-PCR) analysis. The mice
used in our transplantation experiments were separared
into 7 groups (A-G) as shown in Table 1, which includes
the rates of engraftment and replacement indices (RIs) of
the chimeric mice.

Blood samples (5 pL) were collected periodically after
transplantation from the tail veins of the hosts, and the
level of A-albumin (ALB) in each was determined using a
Human Albumin ELISA Quantitation Kit (Bethyl Labo-
ratories, Montgomery, TX) to monitor the growth of the
transplanted CFPHs.

RT-PCR. An RNeasy Tissue Kit (Qiagen, Valencia,
CA) was used to isolate toral RNA from freeze-thawed
9MM and 10YF PHs, cells of the A-hepatoma cell line
HepG2, and 12YM and 16YF CFPHs (p = 4). RNA was
also isolated with Isogen (Nippon Gene, Tokyo, Japan)
from the livers of homozygous uPA/SCID mice and mice
chimeric for 12YM PHs or 12YM CFPHs. Each RNA
sample was treated with deoxyribonuclease (Takara Bio,
Kyoto, Japan) and used as the template for RT-PCR. The
RNA (1 pg) was reverse-transcribed with random hexam-
ers using PowerScript Reverse Transcriptase (Clontech,
Kyoto, Japan). All reactions were performed with Ex Taq
(Takara Bio). Semiquantitative PCR was performed to
allow linear amplification of the rargets. The following
h-specific or m and / cross-reactive genes were subjected
to RT-PCR under the conditions shown in Supplemen-
tary Table 1: ALB, al-andtrypsin (AAT), tryptophan-
2,3-dioxygenase (TO), glucose-6-phospharase (GGP),

a-fetoprotein (AFP), cytokeratin 19 (CK19), biliary gly-
coprotein (BGP), Thy-1, CD44, multidrug resistance
protein 1| (MDR1), multidrug resistance-associated pro-
tein 1 (MRP1), MRP2, and glyceraldehyde-3-phosphate
dehydrogenase.

In Sita Hybridization. Cryosections (7 pm thick)
were fixed with 4% paraformaldchyde, then incubated
with 100 ng/mL proteinase K for 10 minutes ar 37°C.
The sections were then treared at 90°C for 6 minutes and
hybridized for 2 hours at 37°C with biotinylated h-DNA
probes (Dako, Glostrup, Denmark). The sections were
also used to detect whole /-genomic DNA using the Gen-
Point System (Dako) according to the manufacturer’s in-
structions. Finally, they were stained with hemaroxylin-
eosin.

Immunohistochemistry and Histochemistry. For-
malin-fixed livers were embedded in paraffin and sec-
tioned 5 pm thick. The sections were heated in a
microwave oven for 5 minutes in Targer Retrieval Solu-
tion (Dako), then placed at room temperature for 20 min-
utes. The livers used to generate frozen sections were
embedded in OCT compound (Sakura Finechemicals,
Tokyo, Japan), frozen in liquid nitrogen, and sectioned 5
pm thick. The cultured cells were fixed in cold ethanol for
10 minutes. The primary antibodies and conditions used
for immunohistochemistry are listed in Supplementary
Table 2. For bright-field immunohistochemistry, the an-
tibodies were visualized using a Vectastain ABC Kit (Vec-
tor Laboratories, Burlingame, CA) using DAB substrates.
Fluorescense immunohistochemistry was performed us-
ing Alexa 488 —conjugated or Alexa 594 —conjugated sec-
ondary antibodies (Molecular Probes). The nuclei were
stained with Hoechst 33258. Glycogens were visualized
using a periodic acid-Schiff (PAS) staining kit (Muto Pure
Chemicals, Tokyo, Japan). Rls were determined using
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hALB-immunostained sections of chimeric m-livers as re-
ported previously.®

HBV Infection. We obtained h-serum containing
high-titer HBV DNA (8.1 log) genome equivalents/mL
serum) from an HBV genotype C carrier after obraining
informed consent. The serum was kept at —80°C until
use. Four CFPH-chimeric mice were intravenously in-
jected with 100 uL of the HBV-positive serum 9-12
weeks after transplantation.

HBV Marker Analysis. Heparitis B surface antigen
(HBsAg) was measured using an Architect Analyzer (Ab-
borr, Osaka, Japan). Serum DNA was extracted using a
SMITEST EX-R&D Nucleic Acid Extraction Kit (Ge-
nome Science Laboratories, Fukushima, Japan). Small
amounts of HBV DNA (<300 copies/mL) were detected
via nested PCR.® If HBV DNA was detected during the
initial round of PCR, the copy number was determined
via real-time PCR as reported.?

Results

Phenotypes of CFPHs In Vitro. We seeded IMM
and 12YM PHs on culture dishes and confirmed thart the
CFPHs from the 2 donors were similar in morphology
and replicative capacity. A small number of the CFPHs
(0.01%-0.09% of the seeded PHs) began to replicate after
5 days, and the number of replicating cells gradually in-
creased until colonies appeared at 17 days (Fig. 1A); after
21 days, the cells covered the surface of the dish (Fig. 1B).
Most of the seeded PHs were not replicative, and they
gradually flattened, acquiring a senescent morphology
within 20 days of seeding (Fig. 1A). The CFPHs showed
an epithelial cell-like morphology with scant cytoplasm
(Fig. 1B), and they retained this appearance during sub-
culture (Fig. 1C). The population doubling time (PDT)
of the CFPHs gradually increased as the passage number
increased. Up to p = 4, the CFPHs from the young
donors replicated with a population doubling time of
170-220 hours; subsequently, the population doubling
time increased until the cells finally became senescent.!?

The expression of several marker genes was compared
among PHs, HepG2 cells, and CFPHs (Fig. 1D). In our
experience, no significant differences exist in the marker
gene expression profiles of PHs among different donors,
and the same trend applies to subcultured CFPHs.!? At
p = 4, the CFPHss expressed less ALB and AAT messenger
RNA compared with the PHs. The PHs expressed TO
and G6P, both of which are markers of mature hepato-
cytes, whereas the CFPHs did not. CK19, a hepatic pro-
genitor/biliary cell marker, was expressed in both the
CFPHs and HepG2 cells, but not in the PHs. BGP, a
cellcell adhesion molecule in epithelium, endothelium,

HEPATOLOGY, Month 2008

and myeloid cells, ' was expressed in the PHs and HepG2
cells, but only faintly in the CFPHs, The CFPHs, but not
the PHs or HepG2 cells, expressed Thy-1, a hematopoi-
etic/hepatic progenitor cell marker. AFP, a hepatic pro-
genitor/carcinoma cell marker, was only detectable in
HepG2 cells. CD44, an SH” or oval cell marker,'® was
strongly expressed in CFPHs, but only faintly in PHs and
HepG2 cells. PHs and CFPHs faintly expressed MDRI.
PHs expressed MRP2, but not MRP1. In contrast,
CFPHs expressed MRP1, but not MRP2. A change from
MRP2 1o MRP1 expression during culture has been re-
ported in rat hepatocytes.!?

Thy-1 and CD44 expression in CFPHs was assessed
via immunocytochemistry (Fig. 1E-F). A few CFPHs
were positive for Thy-1 (Fig. 1E), whereas the majority
was strongly positive for CD44 (Fig. 1F). Fluorescence-
activated cell sorting indicated that a minor population of
the CFPHs expressed Thy-1 (Fig. 1G-H), with an occu-
pancy rate of 1%-3% (Fig. 1H). The CFPHs expressed
CK7, CK8, CK18, and CK19 in the preconfluent state
and became CK7- and CK19-negative in condensed re-
gions postconfluence (data not shown), which is in agree-
ment with our previous findings.'? Other hepatic stem
cell markers such as CD34 and c-kit were undetectable in
our CFPHs (data not shown).

Repopulation of CFPHs in wPA/SCID Mouse
Liver. We transplanted 12YM CFPHs (p = 4) into 27
homozygous uPA/SCID mice. The serum concentration
of AALB was monitored posttransplantarion as a measure
of the RI of CFPHs (Fig. 2A). Approximately half of the
hosts had no or only a small increase in the level of PALB
throughour the experimental period. The remaining mice
showed a continuous increase in the concentration of
AALB, which reached >10 pg/mL after 9 to 10 weeks,
Animal 27 showed the greatest increase, reaching 0.7
mg/mL after 10 weeks. The RI of each of the 14 mice in
which blood AALB concentration was >8 ug/mL after 9
to 10 weeks was determined by dividing the AALB-posi-
tive areas by the entire area measured, and the dara were
plotted against the corresponding blood AALB concentra-
tions (Fig. 2B). Rls between 0.2% and 27.0% were well
correlated with blood AALB concentrations in the 9-728
pg/mL range.

Livers of mice engrafted with the CFPHs were sub-
jected to immunohistochemical staining for #ALB (Fig,
3A-D,H) and in situ hybridization using A-genomic DNA
probes (Fig. 31). hALB-positive cells were visible within 3
weeks postransplantation as single cells or small clusters
consisting of up to 25 cells (Fig. 3A-B). Larger clusters
containing 20-450 ALB-positive cells appeared after 9 to
10 weeks (Fig. 3C foranimal 2 and Fig. 3D for animals 17
and 27). To detect replicating CFPHs, the mice were
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Fig. 1. CFPH growth and gene ex-
pression. (A-C) CFPH colony forma-
tion. We seeded 9MM PHs at 8 X
10° cells/cm? and cocultured with
mitomycin C-treated Swiss 3T3 cells
in h-hepatocyte clonal growth me-
dium. A few CFPHs profiferated and
formed colonies. CFPHs were cul-
tured for (A) 17 and (B) 21 days.
PHs were nonrepiicative and were
gradually expelled by replicative
CFPHs. Arrowheads indicate the re-
maining fiattened PHs, whose sire
increased. (C) Cryopreserved 12YM
CFPHs (p = 3) were thawed and
cultured In h-hepatocyte clonal
growth medium with Swiss 3T3 cells
for 14 days. (D) CFPH messenger
RNA expression profiles. RNA was
extracted from 9MM and 10YF PHs,
HepG2 cells, and 12YM and 16YF
CFPHs (p = 4). Semiquantitative
RT-PCR was performed for ALB, AAT,
T0, G6P, BGP, AFP, CK19, Thy-1,
CD44, and the ABC transporers
MDR1, MRP1, and MRP2. Glyceral-
dehyde-3-phosphate  dehydroge-
nase (GAPDH) was used as an
intemal control. (E.F) Immunohisto-
chemistry of Thy-1 and CD44. 12YM
CFPHs (p = 4) were cultured for 14
days and stained for (E) Thy-1 and
(F) CD44. The nuclei were stained

UTOH ETAL. 35

|l\'|l‘|lm Vi

Hepatwe progenitor
hiliary cells

"MDRI
MRPI
L MRP2
GAPDH

vz
Zz

D4

with Hoechst 33258, Scale bar: 100
pm. (G,H) Flow cytometric analysis
of CFPHs for Thy-1. Cells were sus-
pended in Dulbecco's modified Ea-
gle's medium containing 10% fetal
bovine serum with (G) m-immuno-

globulin G, as a negative control or
(H) anti-hThy-1 antibodies. Living
cells were analyzed via fluores-
cence-activated cell sorting. A smail
fraction (3% in this case) of the

Thy-1 . neganve

Thy-1

CFPHs was Thy-1". Three indepen-
dent analyses were performed with
similar results.

given BrdU after 9 weeks. BrdU-positive CFPHs were
observed at the edges of the colonies (Fig. 3E-G). Serial
liver sections were prepared from CFPH-chimeric mice 9
to 10 weeks after transplantation for JALB immuohisto-
chemistry (Fig. 3H) and for in sitx hybridization with an
h-DNA probe (Fig. 31). The regions identified as contain-
ing A-hepatocytes by the 2 methods were identical.
Comparison of Repopulation by CFPHs and PHs.
PHs and CFPHs (p = 4) were prepared from the livers of
9MM and 12YM donors and transplanted into uPA/

SCID mice, and the mice were killed 3 and 10 weeks
posttransplantation. The transplanted cells were identi-
fied as AALB-positive from histological sections. The
number of PH- and CFPH-derived clusters was 125.0 =
282 (n = 3) and 3.3 = 7.5 (n = 7), respectively, per
cross-section of the left lobe of the livers 3 weeks after
transplantation, suggesting that the rate of engraftrment of
the CFPHs was much lower than that of the PHs.

The CFPHs were smaller in size compared with the
PHs after 3 weeks (Fig, 4A-B). The cytoplasm of the
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former was less abundant and more strongly stained for
HALB than that of the latter. We observed #CD44 in the
plasma membrane of the CFPH-derived cells (Fig. 4E),
but not in that of the PH-derived cells (data not shown).
At 10 weeks posttransplantation, the CFPHs had in-
creased in size to match those of the PHs, whose sizes were
unchanged (Fig. 4C-D), and ACD44 expression disap-
peared from the CFPH-derived cells (Fig. 4F). The diam-
eter of each CFPH and PH was quantified as follows:
18.3 £ 5.1 pwm (mean = SD, n = 65) versus 25.8 * 6.4
um (n = 124) at 3 weeks and 27.0 *+ 5.5 pum (n = 185)
versus 25.8 * 4.8 pm (n = 187) at 10 weeks. We found

171

between the 2 parameters was
0.91.

no significant differences in this parameter between the
12YM and 9MM samples. Thus, it appears that the
CFPHs replicated without changing their original small
size until 3 weeks posttransplantation, when they became
larger.

Liver sections from the chimeric mice were stained
with hemaroxylin-eosin to compare the morphological
features of PHs and CFPHs at 10 weeks, The repopulated
CFPHs (Fig. 4G) showed no significant difference in
morphology compared with the repopulated PHs (Fig.
4H). As reported previously,$ the PHs in the chimeric
livers were enlarged and had less eosinophilic cytoplasm
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Fig. 3. Engraftment and repopu-
lation of CFPHs in chimeric mouse
liver. The chimeric mice in this ex-
periment are included in groups A

DinTablei Weperhn'r!d

mice (A,8) 3, (C) 9, and (D) 10
weeks after transplantation. (AB)
Small clusters composed of 1-25
cells were scattered throughout the
liver at 3 weeks in 3 of 9 mice. (C,D)
The clusters became larger at 9 to
10 weeks. The liver sections in panel
C were prepared from animal 2 in
Fig. 2A (R1 = 1.1%). The liver sec-
tions in panel D were prepared from
animals 17 (Rl = 20.0%; upper
section) and 27 (Rl = 27.0%; lower
section). Three mice were randomly
selected for the Brdl incorporation
experiments (animals 2, 19, and 20
in Fig. 2A). They were given BrdU 1
hour before death at 9 weeks post-
transplantation. Serial liver sections
were subjected to (E) hALB- and (F)
BrdU immunohistochemical stain-
ing. The image in panel G is panel E
and panel F merged. Similar results
were obtained from these expesd-
ments, and the result from animal
19 (Rl = 0.6%) is shown in panels
E-G. Serial liver sections were pre-
pared from CFPH-chimeric mice (an-
imals 2, 15, and 17 in Fig. 2A) 9 to
10 weeks after transplantation for
hALB immunohistochemistry (H) and
for in situ hybridization with an h-
genomic probe (1), Similar results
were obtained from the 3 mice. The
results shown in panels H and | were
obtained from animal 2 (positive
cells are indicated by amowheads).
Scale bars in panels A-C, G, and I
100 pm. Scale bar in panel D: 1
cm.

; >
HALB/ weeks

than the PHs in A-livers. The livers of the mice that had
low AALB levels at 10 weeks posttransplantation were
mostly occupied by red nodules, which have been re-
ported to be formed by the transgene-deleted hepatocytes
of the host.20

Gene and Protein Expression Profiles of CFPHs in
12YM CFPH-chimeric mice (11, 15, and 17) were ran-
domly selected from the mice in Fig. 2A and killed 10
weeks after ransplantation. RNA was extracted from each
liver to generate gene expression profiles via RT-PCR.
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RT-PCR was also performed on 2 12YM PH-chimeric
mice thar were included in a previous study.® The CFPH
livers expressed #ALB, AAT, ATO, #G6P, and A/MRP2,
bur not #CK19, 5Thy-1, or AIMRP], just as in the PH-
livers (Fig. 5). Previously, we showed that the PHs in
chimeric mice expressed various A-cytochrome P450
(#CYP) subtypes in 2 manner similar to the donor liver.?
In this study, we found that the expression of ACYPs 1A2,
2C8, 2C9, 2D6, and 2E], but not 3A4, in the CFPH-
chimeric mice was similar to that in the PH-chimeric
mice (dara not shown). Expression of ACYP3A4 was very
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Fig. 4. Immunohistochemical staining for CFPHs and PHs in chimeric
mice. immunohistological analysis with antibodies against (A-D) hALB
and (E-F) hCD44, We produced 3 12YM CFPH-chimeric mice and 4 9MM
CFPH-chimeric mice [(A) and (E), included in groups A and B in Table 1]
and 3 9MM PH-chimeric mice [(B), group C], which were killed at 3
weeks postiransplantation. At 10 weeks postiransplantation, 3 12YM
CFPH-chimeric mice that were randomly selected from the mice shown in
Fig. 2A (15, 16, and 17) were killed [(C) and (F), group D), as were SMM
and 12YM PH-chimeric mice, 2 mice each [(D), groups E and F]. (A-D)
Representative images of liver sections prepared from the animals and
stained with anti-hALB antibodies. The diameters of the hALB-positive
cells were measured in 10-15 randomly selected fields. (EF) Double-
fluorescence immunostaining. Green and red stains depict hALB and
hCD44, respectively. (G,H) Hematoxylin-eosin staining. (G) Eight CFPH
mice were randomly Selected from the mice shown in Fig. 2A and killed
at 10 weeks posttransplantation. Their liver tissues were then subjected
to hematoxylin-eosin staining. (H) Three 12YM PH-chimeric mice were
killed at 10 weeks posttransplantation for hematoxylin-eosin staining as
above, Similar results were obtained for the 8 CFPH-chimeric mice and
3 PH-chimeric mice. (E-F) Sections from (E) a CFPH-chimeric mouse
(Rl = 20.0%) and (F) a PH-chimeric mouse (Rl = 57%). h, h-hepatocyte
region; m, m-hepatocyte region. Dashed lines show the boundary be-
tween the 2 regions. Scale bars: 50 um.
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low (less than one-fifth) in CFPHs compared with thatin
PHs.

Protein expression was investigated immunohisto-
chemically for the CFPH-chimeric livers at 3, 9, and 10
weeks postransplantation. All of the examined CFPHs
were Thy-1-negative, CK7-negative, CK19-negarive,
and AFP-negative (data not shown). The SALB-positive
cells were coincident with the #CK18-positive cells at
both 3 (data not shown) and 9 weeks posttransplantation
(Fig. 6A-C). MRP2-positive signals were present on the
bile canalicular membranes of the transplanted CFPHs ar
10 weeks (Fig. 6D-F). CYP3A4-expressing CFPHs were
localized in the pericentral zone (Fig. 6G-I) as reported
previously,2! but their distributions were unique. Al-
though some of the CFPHs were positive for CYP3A4,
approximately 70% of them were negative. In contrast, all
of the CFPHs in the pericentral zone strongly expressed
CYP1A2 (Fig. 6J-L), which is known to be expressed in
postnatal liver.22 The CFPHs in the chimeric mice were
strongly PAS-positive (Fig. 6N), whereas the iz vitro
CFPHs were fainty PAS-positive (dara not shown). From

hCK19
hThy-1
hMRP]

m/hGAPDH

Fig 5. Gene expression profiles of CFPHs in chimeric mice. Two
uPA/SCID mice were transplanted with 12YM PHs ([1] and [2]); 3
uPA/SCID mice were transplanted with 12YM CFPHs ([1], [2], and [3]).
The chimeric mice in this experiment are included in groups D and F in
Table 1. After 10 weeks, the livers were removed for RT-PCR analysis. At
the time of death, the PH{1}-, PH-[2}-, CFPH-[1}-, CFPH-[2}-, and
CFPH-{3}-chimeric mice had Ris of 41.0%, 57.0%, 2.1%, 7.9%, and
20.0%, respectively. The analysis was repeated using liver tissues from
donor and uPA/SCID mice without ransplantation (W/T). Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) amplification was used as
an intemal control.




HEPATOLOGY, Vol. 47, No. X, 2008

Fig. 6. Protein expression profiles
of the CFPHs in chimeric livers. Mice
were transplanted with 12YM CFPHs,
and their livers were removed 9 to
10 weeks after transplantation for
immunohistochemical analysis of
(A.DHK) hALB, (B) hCK18, (E)
MRP2, (1) CYP3A4, and (L) CYP1A2,
The chimeric mice in this experiment
are included in group D in Table 1.
Representative images are shown.
(A-F) Double-fluorescence immuno-
staining. (A,D) hALB is stained
green. (B) hCK18 and (E) AMRP2
are stained red. Panels A and B
were merged to create panel C; pan-
els D and E were merged to create
panel F. The amowheads in panels
A-C show macrophages engulfing
such wastes as lipids. Seral sec-
tions of liver tissues subjected to 2
seres of immunohistochemical ex-
aminations, one for (G-1) hCYP3A4
and the other for (J-L) ACYP1A2, The
sactions were stained with (GJ)
Hoechst 33258, and for (H,K) hALB,
(1) hCYP3A4, and (L) hCYP1AZ. Se-
rial sections of liver tissues at 9
weeks posttransplantation were sub-
jected to hALB-immunostaining (M)
and PAS staining (N). The positive
cells appear brown in (M) and red in
(N). h, h-hepatocyte region; m, m-
hepatocyte region; pc., pericentral
zone. Dashed lines show the bound-
ary between the h-hepatocyte and
m-hepatocyte regions. Scale bars:
100 pm.

these results, we conclude that the transplanted CFPHs
differentiated into functionally marure heparocytes, No
h-cell rtumors were formed during any of our experiments
in the uPA/SCID mice.

Infection of CFPH-Chimeric Mice with HBV. To
further examine whether CFPHs had exhibited normal
differentiated phenotypes in chimeric mice, we tested
their susceptibility to HBV infection. Four CFPH-chi-
meric mice with various serum 2ALB levels (0.2, 1.6, 7.3,
and 222.0 ug/mL) were inoculated with 100 uL of HBV-
positive A-serum at 9-12 weeks posttransplantation. The
animals were then tested every 2 weeks for HBV viremia

and serum AALB levels (Fig. 7A). The amount of HBV
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DNA in the animals increased between 2 and 8 weeks
after inoculation, and all 4 mice developed measurable
viremia within 8 weeks. However, a correlation was ob-
served berween the HBV DNA and/or HBsAg level and
the AALB level: the former appeared to be high when the
lacter was high (Fig. 7A). HBsAg was detectable in the
serum of the chimeric mice when they showed elevared
virus titers: the HBsAg levels of chimeric mice with HBV
DNA levels of 2 X 103,5.2 X 10%,5.9 X 107, and 7.7 X
10® copies/mL 8 weeks after inoculation were <0.05,
<0.05, 3.2, and 124.0 IU/mL, respectively. HBV was
infectious to CFPH-chimeric mice with very low levels of
hALB (<10* ng/mL), and all mice showed quandirarively



10 UTOH ET AL

b -]

Wheig
I
1248
5

< 0t

I‘IIM ANA roplevmle s
‘L3535 Rl

)
L
"

-
*
-
H

won AL el
.3

Fig 7. Susceptibility of chimeric mice to infection with HBV. The
chimeric mice in this experiment are included in group G in Table 1.
uPA/SCID mice were transplanted with 12YM CFPH (p = 4), (A) The
serum hALB concentration of each mouse was determined 9-12 weeks
postiransplantation just before the mouse was intravenously injected
with 100 ul of HBV-positive h-serum (0.2 pg/mlL at 12 weeks, 1.6
pg/ml at 10 weeks, 7.3 pg/mL at 11 wesks, and 222.0 pug/ml at 9
weeks). The animals were examined every 2 weeks for HBV viremia and
serum hALB level. The upper and lower graphs show the HBV DNA levels
(copies/mL) and serum hALB concentrations (ng/mL), respectively. The
amount of HBV DNA (<10° copies/ml) was semiquantitatively mea-
sured via nested PCR. The values in the upper graph represent the HBsAg
levels at 8 weeks. (B-E) Immunohistochemical analysis of chimeric livers
infected with HBV. Serial sections of liver tissues at 8 weeks after
inoculation were stained for (B) hALB, (C,D) hepatitis B core antigen, and
(E) HBsAg. The region enclosed by a square in panel C is magnified in
panel D, Scale bars: 100 pm.

measurable viremia (>10° copies/mL) up to 8 weeks after
inoculation. In contrast, most PH~chimeric mice with
<10* ng/mL AALB did nor show quantitarively measur-
able levels of viremia up to 12 weeks after inoculation
(data not shown) as reported previously.® In this study, we
confirmed that CFPHs were not susceptible to infection
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with HBV prior to transplantation. The presence of hep-
atitis B core antigen and HBsAg in the CFPHs from
HBV-infected chimeric livers was examined immunohis-
tochemically (Fig. 7C,E). CFPHs were positive for both
antigens that were sporadically distributed in the same
regions among the CFPH colonies. Hepatitis B core an-
tigen—positive cells accounted for 18.7 = 8.3% of the
total number of CFPHs (n = 3; total cell count = 1,215)
(Fig. 7C), and both the nucleus and cytoplasm of the cells

Discussion

This study supports our previous conclusion that
CFPHs are A-hepatic progenitor-like cells.!® Culrured
CFPHs expressed such hepatic progenirtor cell markers as
CK19, Thy-1, and CD44, but not mature hepatocyte
markers such as TO and G6P. We also found that i
vitro—expanded CFPHs in uPA/SCID mice were able 1o
into mature hepatocytes. FISH (fuorescence in situ hy-
bridization) using mouse X chromosome probes showed
thar the engrafted and propagated CFPHs did not fuse to
the mouse cells (data not shown). Thus, replicative
CFPHs isolated from postnatal liver are normal, func-
tional hepatocyte progenitor-like cells.

The existence of stem/progenitor cells in the adulr liver
is controversial 2*2* In the present study, we showed thar
the CFPHs expressed CK19, Thy-1, and CD44, but not
AFP, in serial culture. Thy-1 antigens are expressed in
h-hepatic progenitor cells in fetal liver® and in rat oval
cells,? but not in normal adult heparocytes. We showed
that Thy-1-expressing cells were present among the
CFPHs at an occupancy of 1%-3%. SHs show greater
growth potential than PHs in rats.'? Other studies have
reported that CD44 is a specific marker for rat SHs in
vitro and in vive, and that its expression level decreases
with SH maturation iz vitre.)” Moreover, a recent study
cells in a 2-acetylaminofluorene/partial hepatectomy, a
D-galactosamine, and a retrorsine/partial hepatectomy rat
model, but not by small hepatocyre-like progenitor cells
(SHPC:s)'® thar appeared in a retrorsine/partial hepatec-
tomy model.2# We detected CD44 expression in CFPHs
at the plasma membrane. These results suggest that Thy-1
and CD44 may be common markers for both rat and
h-hepatic progeniror cells.
both hepatocytes and bile ducts in uPA/SCID mice.?
Like PHs, our CFPHss differentiared into marure hepato-
cytes, but not into biliary epithelial cells, in uPA/SCID
mice. CFPHs are considered to be heparic progeniror-like
cells, like rar SHs'230-33 and SHPCs.2834¢ SHPCs are



