ADENOVIRUS-LENTIVIRUS HYBRID VECTOR 47

HL Ad

FIG. 4. In vivo transduction in humanized liver of the chimeric mice via HL hybrid vector system. The mice were injected
with HL vector or phosphate-buifered saline (PBS) buffer. At indicated time points following HL infection, liver tissue was
analyzed for GFP and Sgal expression as follows: (A) Human CK8/18 immunostaining to determine replacement index of the
mouse liver with human hepatocytes (human hepatocytes appear brown). Original magnification: 10x. (B} Immuno-
fluorescence stain for GFP. Original magnification: 200x (C) Immunohistochemical stain for GFP. Original magnification:
200x (D) Immunoflucrescence staining for fgal. Original magnification:x200. (E) X-gal staining. Original magnifica-
tion:x 100. Representative sections of each stain are shown.
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FIG. 5. Detection of integrated second-stage LV in liver
tissue from chimeric mice after HL vector administration. (A)
Design of nested polymerase chain reaction (PCR) analysis to
amplify sequences spanning adjacent Alu repeats in the hu-
man genome (Alu-s and 5NC2-as) and the integrated lenti-
viral LTR (LTR9-s and US5PBS-as) (Nguyen et al, 2002;
Serafini et al., 2004). (B) Result of nested PCR analysis: PCR1
and PCR2 correspond to the first and second rounds of
nested PCR, respectively. M, 1-kb molecular mass size ladder
(Invitrogen); lane 1, PBS-trcated; lane 2, HL-infected, 4 days
postinfection; lane 3, HL-infected, 4 weeks postinfection; lane
4, no DNA template. The 121-bp final amplification product
is indicated. A 500-bp region of the human f-actin gene was
amplified from the same samples as an internal control.

in the liver when injected intravenously (Kass-Eisler et al.,
1994; Huard et al., 1995; Kubo et al., 1997) and can achieve
efficient hepatic gene delivery in vivo (Li et al., 1993). The
newer HDAdV system evades immune responses against
transduced cells, thercby achieving long-term expression in
the liver (Kim et al., 2001; Oka et al., 2001). However, HDAdV
vectors still cannot overcome the limited duration of expres-
sion due to dilution of viral DNA as cells start to divide, a
situation exacerbated if corrected hepatocytes have a selective
growth advantage (Overturf ef al., 1996; De Vree et al., 2000).
Thus, the use of integrating vectors such as oncoretroviruses
and lentiviruses has also been pursued.

However, hepatocytes are usually arrested in the G, phase
of the cell cycle (Ferry and Heard, 1998), and the in vivo
transduction efficiency of oncoretrovirus vectors is extremely
low unless cell division is stimulated by growth factors or
partial hepatectomy (Bosch et al., 1996; Patijn et al., 1998). In
fact, the transduction efficiency of oncoretroviral vectors in
the present uPA/SCID humanized liver model is only about
5% (Emoto et al.,, 2005). Even though cellular mitosis is not
absolutely required for lentiviral transduction, it has been
reported that hepatocytes may be refractory even to lentiviral
transduction unless they progress into the cell cycle (Parket al.,
2000), and certainly lentiviruses are incapable of efficiently
transducing cells in G, phase, presumably because of lack of
sufficient free nucleotide pools to support reverse transcrip-
tion (Naldini ¢f al., 1996; Korin and Zack, 1998). As AdVs can
readily infect nondividing cells (Benihoud ct al., 1999), it is
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quite advantageous to employ HDAAV as an efficient first-
stage delivery vehicle for initial transient transduction of
hepatocytes in vivo.

As the uPA/SCID chimeric mice are immunodeficient
(Tateno ef al., 2004) and our hybrid vector is based on the
HDAJV system which itself exhibits low immunogenicity
(Kim et al., 2001; Oka et al., 2001), it might be anticipated that
the HDAdV vector backbone would persist for an extended
period of time in the engrafted human hepatocytes. Instead,
expression of GFP in the humanized livers decreased sig-
nificantly within 4 weeks after HL infection. It is possible
that the toxic effects of HL-derived protein products (HIV-
associated proteins and marker gene products) in the trans-
duced cells might contribute to the activation of cell cycling
in the liver; however, serum AST levels and liver histology of
vector-injected animals were not significantly different from
those of controls. In any case, loss of the HL-adenoviral
episome would actually be advantageous to shutdown fur-
ther production of the second-stage LV. To increase safety, a
regulatable expression system could also be introduced into
the hybrid vector to regulate LV production as reported
previously (Kubo and Mitani, 2003).

Second-stage LV production in situ following HL vector-
mediated hepatic gene transfer was assessed in vivo using
chimeric mice in which the replacement indices indicated
that the livers were almost completely repopulated with
human hepatocytes. These chimeric mice have previously
been shown to be a useful model for assessing the functions
and pharmacological responses of human hepatocytes
(Tateno et al., 2004), but had never been previously employed
in the evaluation of gene transfer efficiency with viral vectors.

In this humanized liver model, we observed persistent figal
expression associated with detection of integrated lentivirus
sequences, despite a progressive decrease in GFP expression,
suggesting that successful in situ production of LV had been
achieved in HL-infected human hepatocytes. As noted earlier,
stimulation of hepatocellular cycling after first-stage HDAdV
infection might have accelerated the loss of adenoviral epi-
somes, but may also have helped to enhance second-stage
LV-mediated transduction of adjacent cells. As endogenous
expression of the amphotropic envelope generally results in
sequestration of the viral receptor and resistance to superin-
fection, it seems unlikely that cells initially transduced by the
first-stage TIDAdV would be reinfected with the second-stage
LV. Genomic integration of the second-stage lentivirus vec-
tor was confirmed by PCR using human Alu and HIV LTR-
specific primers. These data provide proof-of-principle for the
use of the HL hybrid vector system to transduce liver paren-
chyma in vivo and for the use of the uPA/SCID mice as a
model for gene delivery to human hepatocytes.

Acknowledgments

The authors thank Pedro Lowenstein for providing the
FLP recombinase-based HDAdAV helper system; Luigi Nal-
dini and Didier Trono for the lentiviral packaging constructs;
Stefan Kochanek for the STK plasmid; Paula Cannon for the
minimal lentiviral vector; Chimoto Ohnishi for flow cyto-
metric analysis; Maria Barcova, Celina Ngiam, and Ruth
Margalit for their help during the preliminary phase of this
work; and Karin Gaensier for helpful discussion. This work
was supported by an NIH grant R01 CA93709 (to N.K.).

-83-



ADENOVIRUS~LENTIVIRUS HYBRID VECTOR

Disclosure Statement

No competing financial interests exist.

References

Benihoud, K., Yeh, P., and Perricaudet, M. (1999). Adenovirus
vectors for gene delivery. Curr. Opin. Biotechnol. 10, 440-447.

Bieniasz, P.D., and Cullen, B.R. {2000). Multiple blocks to human
immunodeficiency virus type 1 replication in rodent cells.
J. Virol. 74, 9868-9877.

Bosch, A., McCray, P.B,, Jr., Chang, S.M., Ulich, T.R., Simonet,
WS, Joily, D.J.,, and Davidson, B.L. (1996). Proliferation
induced by keratinocyte growth factor enhances in vive
retroviral-mediated gene transfer to mouse hepatocytes.
J. Clin. Invest. 98, 2683-2687.

Caplen, N.J., Higginbotham, J.N., Scheel, J.R., Vahanian, N,
Yoshida, Y., Hamada, H., Blaese, RM., and Ramsey, W.].
(1999). Adeno-retroviral chimeric viruses as in vive transduc-
ing agents. Gene Ther. 6, 454459,

Chen, M., Kasahara, N., Keene, D.R,, Chan, L., Hoeffler, W.K.,
Finlay, D., Barcova, M., Cannon, PM., Mazurek, C,, and
Woodley, D.T. (2002). Restoration of type VII collagen ex-
pression and function in dystrophic epidermolysis bullosa.
Nat. Genet. 32, 670-675.

Dandri, M., Burda, M.R., Torok, E., Pollok, J.M., Iwanska, A.,
Sommer, G., Rogiers, X., Rogler, C.E., Gupta, 5., Will, H,,
Greten, H., and Petersen, J. (2001). Repopulation. of mouse
liver with human hepatocytes and in vive infection with
hepatitis B virus. Hepatology 33, 981-988.

De Vree, ].M., Ottenhoff, R., Bosma, P.}., Smith, A ]., Aten, ], and
Oude Elferink, R.P. (2000). Correction of liver disease by he-
patocyte transplantation in a mouse model of progressive
familial intrahepatic cholestasis. Gastroenterology 119, 1720~
1730.

Derigo, O., Gil, J.5., Gallaher, S.D., Tan, B.T, Castro, MG,
Lowenstein, P.R., Calos, M.P., and Berk, A.J. (2004). Devel-
opment of a novel helper-dependent adenovirus-Epstein-Barr
virus hybrid system for the stable transformation of mam-
malian cells. ]. Virol. 78, 6556-6566.

DuBridge, R.B., Tang, P, Hsia, H.C,, Leong, P.M., Miller, JH.,
and Calos, M.P. (1987). Analysis of mutation in human cells by
using an Epstein-Barr virus shuttle system. Mol. Cell. Biol. 7,
379-387.

Emato, C., Tateno, C., Hino, H., Amano, H., Imaoka, Y., Asa-
hina, K., Asahara, T., and Yoshizato, K. (2005). Efficient in vivo
xenageneic retroviral vector-mediated gene transduction into
human hepatocytes. Hum. Gene Ther. 16, 1168-1174.

Feng, M., Jackson, W.H,, Jr,, Goldman, C.K., Rancourt, C., Wang,
M., Dusing, SXK., Siegal, G., and Curiel, D.T. (1997). Stable
in vivo gene transduction via a novel adenoviral/retroviral
chimeric vector {see comments|. Nat. Biotechnol. 15, 866-870.

Ferry, N, and Heard, .M. (1998). Liver-directed gene transfer
vectors, Hum. Gene Ther. 9, 1975-1981.

Graham, FL., Smiley, ., Russell, W.C,, and Naim, R. (1977).
Characteristics of a human cell line transformed by DNA from
human adenovirus type 5. J. Gen. Virol. 36, 59-74.

Harui, A., Suzuki, S., Kochanek, S., and Mitani, K. {1999). Fre-
quency and stability of chromosomal integration of adenovi-
rus vectors. |, Virol. 73, 6141-6146.

Hofmann, W., Schubert, D., Labonte, }., Munson, L., Gibson, S.,
Scammell, J., Ferrigno, P., and Sodroski, J. (1999). Species-
specific, postentry barriers to primate immunodeficiency virus
infection. J. Virol. 73, 10020-10028.

49

Huard, J., Lochmuller, H., Acsadi, G., Jani, A., Massie, B, and
Karpati, G. (1995). The route of administration is a major de-
terminant of the transduction efficiency of rat tissues by ade-
noviral recombinants. Gene Ther. 2, 107-115.

Kass-Eisler, A., Falck-Pedersen, E., Elfenbein, D.H., Alvira, M.,
Buttrick, P.M., and Leinwand, L.A. (1994). The impact of de-
velopmental stage, route of administration and the immune
system on adenovirus-mediated gene transfer. Gene Ther. 1,
395-402.

Katoh, M., Matsui, T., Nakajima, M., Tateno, C., Kataoka, M.,
Sceno, Y., Horle, T., Iwasaki, K., Yoshizato, K., and Yokoi, T.
(2004). Expression of human cytochromes P450 in chimeric
mice with humanized liver. Drug Metab. Dispos. 32, 1402-
1410

Kim, LH., Jozkowicz, A., Piedra, P.A., Oka, K., and Chan, L.
(2001). Lifetime correction of genetic deficiency in mice with a
single injection of helper-dependent adenoviral vector. Proc.
Natl. Acad. Sci. US.A. 98, 13282-13287.

Kochanek, S. (1999). High-capacity adenoviral vectors for gene
transfer and somatic gene therapy. Hum. Gene Ther. 10, 2451~
2459. .

Korin, Y.D., and Zack, J.A. (1998). Progression to the G1b phase
of the cell cycle is required for completion of human immu-
nodeficiency virus type 1 reverse transcription in T cells.
J. Virol. 72, 3161-3168.

Kubo, 8., Kiwaki, K., Awata, H., Katoh, H., Kanegae, Y., Saito,
I, Yamamoto, T., Miyazaki, ]., Matsuda, 1., and Endo, F.
(1997). In vive correction with recombinant adenovirus of
4-hydroxyphenylpyruvic acid dioxygenase deficiencies in
strain [ mice. [Hum. Gene Ther. 8, 65-71.

Kubo, S., and Mitani, K. (2003). A new hybrid systemn capable of
efficient lentivirat vector production and stable gene transfer
mediated by a single helper-dependent adenoviral vector.
J. Virol. 77, 2964-2971.

Leblois, H., Roche, C., Di Falco, N., Orsini, C., Yeh, P., and
Perricaudet, M. (2000). Stable transduction of actively dividing
cells via a novel adenoviral /episomal vector. Mol. Ther. 1,
314-322.

Li, Q., Kay, M.A,, Finegold, M., Stratford-Perricaudet, 1..D., and
Wooq, S.L. (1993). Assessment of recombinant adenoviral vec-
tors for hepatic gene therapy. Hum. Gene Ther. 4, 403-409.

Lieber, A., He, C.Y,, Meuse, L., Schowalter, D, Kirillova, I,
Winther, B., and Kay, M.A. (1997). The role of Kupffer ccil
activation and viral gene expression in early liver toxicity after
infusion of recombinant adenovirus vectors. J. Virol. 71, 8798~
8807.

Lieber, A., Steinwaerder, D.S., Carlson, C.A., and Kay, M.A.
(1999). Integrating adenovirus-adenc-associated virus hybrid
vectors devoid of all viral genes. ]. Virol. 73, 9314-9324.

Mariani, R., Rutter, G., Harris, M.E., Hope, TJ., Krausslich, HG.,
and Landau, N.R. (2000). A block to human immunodefi-
ciency virus type 1 assembly in murine cells. J. Virol. 74, 3859~
3870.

Mercer, D.F., Schiller, D.E., Elliott, ].F., Douglas, D.N., Hao, C.,
Rinfret, A., Addison, W.R., Fischer, K.P., Churchill, T.A,,
Lakey, J.R., Tyrrell, D.L., and Kneteman, N.M. (2001).
Hepatitis C virus replication in mice with chimeric human
livers. Nat. Med. 7, 927-933.

Naldini, L., Blomer, U., Gallay, P., Ory, D., Mulligan, R., Gage,
F.H., Verma, IM,, and Trono, D. (1996). In vipo gene delivery
and stable transduction of nondividing cells by a lentiviral
vector. Science 272, 263-267.

Nguyen, T.H., Oberholzer, ., Birraux, J., Majno, P., Morel, P., and
Trono, D. (2002). Highly efficient lentiviral vector-mediated

-84 -



50

transduction of nondividing, fully reimplantable primary he-
patocytes. Mol. Ther. 6, 199-209.

Oka, K., Pastore, L., Kim, LH., Merched, A., Nomura, S., Lee,
H.J., Merched-Sauvage, M., Arden-Riley, C., Lee, B., Finegold,
M., Beaudet, A., and Chan, L. (2001). Long-term stable cor-
rection of low-density lipoprotein receptor-deficient mice with
a helper-dependent adenoviral vector expressing the very
low-density lipoprotein receptor. Circulation 103, 1274-1281.

Ory, D.S., Neugeboren, B.A., and Mulligan, R.C. (1996). A stable
human-derived packaging cell line for production of high titer
retrovirus/vesicular stomatitis virus G pseudotypes. Proc.
Natl. Acad. Sci. US.A. 93, 11400-11406.

Overturf, K., Al-Dhalimy, M., Tanguay, R., Brantly, M., Ou,
C.N., Finegold, M., and Grompe, M. (1996). Hepatocytes cor-
rected by gene therapy are selected i vivo in a murine model
of hereditary tyrosinaemia type I. Nat. Genet. 12, 266-273.

Palmer, D., and Ng, P. (2003). Improved system for helper-
dependent adenoviral vector production. Mol. Ther. 8, 846-852.

Park, F.,, Ohashi, K., Chiu, W., Naldini, L.., and Kay, M.A. (2000).
Efficient lentiviral transduction of liver requires cell cycling
in vivo. Nat. Genet. 24, 49-52.

Parks, R.J., Chen, L., Anton, M., Sankar, U., Rudnicki, M.A., and
Graham, F.L. (1996). A helper-dependent adenovirus vector
system: Removal of helper virus by Cre-mediated excision of
the viral packaging signal. Proc. Natl. Acad. Sci. US.A. 93,
13565-13570.

Patijn, G.A., Lieber, A., Schowalter, D.B., Schwall, R., and Kay,
M.A. (1998). Hepatocyte growth factor induces hepatocyte
proliferation in vivo and allows for efficient retroviral-
mediated gene transfer in mice. Hepatology 28, 707-716.

Picard-Maureau, M., Kreppel, F., Lindemann, D., Juretzek, T.,
Herchenroder, O., Rethwilm, A., Kochanek, S., and Heinke-
lein, M. (2004). Foamy virus—adenovirus hybrid vectors.
Gene Ther. 11, 722-728.

Recchia, A., Parks, RJ., Lamartina, S., Toniatti, C., Pieroni, L.,
Palombo, F., Ciliberto, G., Graham, F.L.,, Cortese, R., La
Monica, N., and Colloca, S. (1999). Site-specific integration
mediated by a hybrid adenovirus/adeno-associated virus
vector. Proc. Natl. Acad. Sci. U.S.A. 96, 2615-2620.

Robbins, P.B., Skelton, D.C., Yu, X.J., Halene, S., Leonard, E.H.,
and Kohn, D.B. (1998). Consistent, persistent expression from
modified retroviral vectors in murine hematopoietic stem
cells. Proc. Natl. Acad. Sci. U.S.A. 95, 10182-10187.

Schiedner, G., Morral, N., Parks, RJ., Wu, Y., Koopmans, 5.C.,
Langston, C., Graham, F.L., Beaudet, A.L., and Kochanek, S.
(1998). Genomic DNA transfer with a high-capacity adenovi-
rus vector results in improved in vivo gene expression and
decreased toxicity. Nat. Genet. 18, 180-183.

Sena-Esteves, M., Saeki, Y., Fraefel, C., and Breakefield, X.O.
(2000). HSV-1 amplicon vectors—simplicity and versatility.
Mol. Ther. 2, 9-15.

KUBO ET AL.

Serafini, M., Naldini, 1., and Introna, M. (2004). Molecular evi-
dence of inefficient transduction of proliferating human B
lymphocytes by VSV-pseudotyped HIV-1-derived lentivec-
tors. Virology 325, 413-424.

Soifer, H., Higo, C., Kazazian, I1.11,, Jr., Moran, ].V., Mitani, K,,
and Kasahara, N. (2001). Stable integration of transgenes de-
livered by a retrotransposon-adenovirus hybrid vector. Hum.
Gene Ther. 12, 1417-1428.

Soifer, H., Higo, C., Logg, C.R,, Jih, L.]., Shichinohe, T., Harboe-
Schmidt, E., Mitani, K., and Kasahara, N. (2002). A novel,
helper-dependent, adenovirus-retrovirus hybrid vector: Stable
transduction by a two-stage mechanism. Mol. Ther. 5, 599-608.

Tan, B.T., Wu, L., and Berk, A ]. (1999). An adenovirus-Epstein-
Barr virus hybrid vector that stably transforms cultured cells
with high efficiency. J. Virol. 73, 7582-7589.

Tateno, C., Yoshizane, Y., Saito, N., Kataoka, M., Utoh, R.,
Yamasaki, C., Tachibana, A., Soeno, Y., Asahina, K., Hino, H.,
Asahara, T., Yokoi, T., Furukawa, T. and Yoshizato, K.
(2004). Near completely humanized liver in mice shows human-
type metabolic responses to drugs. Am. J. Pathol. 165, 901-912.

Umana, P., Gerdes, C.A., Stone, D., Davis, ].R., Ward, D., Castro,
M.G,, and Lowenstein, P.R. (2001). Efficient FLPe recombinase
enables scalable production of helper-dependent adenoviral
vectors with negligible helper-virus contamination. Nat. Bio-
technol. 19, 582-585.

Wivel, N.A., Gao, G.-P., and Wilson, |.M. (1999). Adenovirus
vectors. In The Development of Human Gene Therapy. T. Fried-
mann, ed. (Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY) pp. 87-110.

Yant, S.R., Ehrhardt, A., Mikkelsen, J.G., Meuse, L., Pham, T.,
and Kay, M.A. (2002). Transposition from a gutless adeno-
transposon vector stabilizes transgene expression in vivo Nat.
Biotechnol. 20, 999-1005.

Address correspondence to:

Dr. Shuji Kubo

Laboratory of Hust Defenses

Institute for Advanced Medical Sciences
Hyogo College of Medicine

1-1, Mukogawa-cho, Nishinomiya
Hyogo 663-8501

Japan

E-mail: s-kubo@hyo-med.ac.jp

Received for publication February 22, 2009;
accepted after revision September 2, 2009.

Published online: December 17, 2009.

-85-



Hindawi Publishing Corporation

PPAR Research

Volume 2009, Article ID 476217, 11 pages
doi:10.1155/2009/476217

Review Article

A Human Hepatocyte-Bearing Mouse: An Animal Model to
Predict Drug Metabolism and Effectiveness in Humans

Katsutoshi Yoshizato? and Chise Tateno'

! PhoenixBio, Kagamiyama, 3-4-1 Kagamiya, Higashihiroshima 739-0046, Japan
2Osaka City University Gradate School of Medicine, 1-4-3 Asahi-machi, Abeno-ku, Osaka 545-8585, Japan

Correspondence should be addressed to Katsutoshi Yoshizato, katsutoshi.yoshizato@phoenixbio.co.jp
Received 9 April 2009; Accepted 13 July 2009
Recommended by James P. Hardwick

Preclinical studies to predict the efficacy and safety of drugs have conventionally been conducted almost exclusively in mice and
rats as rodents, despite the differences in drug metabolism between humans and rodents. Furthermore, human (/) viruses such as
hepatitis viruses do not infect the rodent liver. A mouse bearing a liver in which the hepatocytes have been largely repopulated with
h-hepatocytes would overcome some of these disadvantages. We have established a practical, efticient, and large-scale production
system for such mice. Accumulated evidence has demonstrated that these hepatocyte-humanized mice are a useful and reliable
animal model, exhibiting /-type responses in a series of in vivo drug processing (adsorption, distribution, metabolism, excretion)
experiments and in the infection and propagation of hepatic viruses. In this review, we present the current status of studies on
chimeric mice and describe their usefulness in the study of peroxisome proliferator-activated receptors.
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1. Introduction

The human (h)-body consists of approximately 30 organs,
each of which fulfills a specific function, autonomously yet
cooperatively with other organs, to maintain life. The liver
is essential to (h)-life, as it participates in the control of
energy balance and plays central roles in the metabolism
and excretion of ingested food and chemicals. Knowledge
of the mechanisms underlying the functions of the h-liver
is important for understanding the biology of the liver as
well as for clinically treating liver-damaged patients and for
studying drug pharmacology in humans. The ideal approach
to elucidating the mechanisms responsible for liver functions
would be to perform experiments using the h-liver in situ, but
of course this approach is not realistic. Therefore, scientists
have taken two other approaches: in vitro examination of
samples isolated from the h-body (in vitro/human), and in
vivo examinations using animals (in vivo/animal). Although
these two approaches, separately and together, have revealed
much about the mechanisms governing the functions and
morphology of the h-liver, they are inherently limited by
the complexity of the biological phenomena and the species

differences in homologous mechanisms between animals and
humans.

The complexity of a biological phenomenon results from
the required mutual interactions of multiple different com-
ponents. The specific cells that represent an organ’s functions
are collectively termed parenchymal cells. For example, the
parenchymal cells of the liver are hepatocyte, because they
perform liver-specific functions such as the synthesis and
secretion of serum proteins and the synthesis of metabolism-
related enzymes, including liver-specific cytochrome P450
(CYP450) proteins. However, hepatocytes by themselves are
unable to fulfill liver functions and require the cooperation
of nonparenchymal liver cells such as hepatic blood vessels,
bile duct biliary cells, Kupfier cells, and stellate cells in the
space of Disse, located between the hepatic plate and the
sinusoids [1]. The portal vein is the major import route
for nutrients to the liver, via the hepatic sinusoids, from
the small and most of the large intestine, the spleen, and
the pancreas. Nutrients and oxygen in the sinusoids and
secretory proteins in the hepatocytes are exchanged through
the space of Disse. Stellate cells, the major cell type producing
extracellular matrix components in the liver, are located
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adjacent to the hepatocytes and the sinusoidal endothelial
cells [2]. Hepatocytes, endothelial cells, and stellate cells
represent 65, 21, and 6%, respectively, of the h-liver and are
the main cells responsible for liver functions [1].

Interactive cooperation among ditferent cells types is
a principal way in which a multicellular entity is able to
function as a living system. It is also a major source of the
limitations in in vitro/human studies. To date, no studies
have successfully reconstituted an in vitro/h-liver system that
perfectly mimics the events that occur in the h-liver in vivo.
This limitation has prompted a search for an in vivo/animal
experimental system appropriate for providing animal data
that can be extrapolated to humans. However, animal models
must address the challenge of species differences in the genes
and proteins associated with a biological phenomenon.

The liver processes nutrients from the gut and intestines
into proteins, lipids, and carbohydrates. It also serves an
endocrine function by secreting albumin (Alb), most coagu-
lation factors, several plasma carrier proteins, and lipids into
the blood. In addition, the liver synthesizes bile and secretes
it into the digestive tract. The elaborate histological structure
of the liver optimizes these functions [3]. Hepatocytes are
well organized in an aggregated association (the hepatic
epithelium) of polarized hepatocytes, creating small apical
domains that line the channels between cells (canaliculi).
These channels connect to the bile ducts, which drain
into the intestine. The basal sides of the hepatocytes are
juxtaposed to the fenestrated endothelium of the sinusoids,
into which blood flows from the arterial and intestinal portal
circulations before emptying into the venous circulation [4].

h-Hepatocytes are indispensable for an in vitro/human
liver study. Nevertheless, the preparation of h-hepatocytes
in sufficient numbers for experimental purposes is difficult
because the source is very limited and because h-hepatocytes
do not abundantly proliferate and grow in vitro. This led
us to create a mouse (m) bearing a liver composed almost
entirely of h-hepatocytes. This approach may simultaneously
abolish the limitations of both in vitro/human and in
vivo/animal studies. With this m-model, a small number of
available h-hepatocytes could abundantly proliferate in the
m-liver for use in in vitro/human studies. Furthermore, these
mice would provide a superior new type of model animal
for in vivo/animal studies, because fewer species differences
would exist with respect to liver functions.

We have called this type of mouse a “liver-humanized
mouse,” or simply a chimeric mouse, although the correct
name should be “hepatocyte-humanized mouse.” The idea
of a h-liver chimeric mouse was originally described by
Brinster’s group in 1995 [5] and was actualized by the two
groups in 2001 to study h-hepatitis B virus (h-HBVs) [6]
and h-HCV infections [7], and later, in 2004, by us to
study the in vivo growth capacity of h-hepatocytes and the
gene and protein expression of CYPs [8]. One year later,
a detailed morphological study of a chimeric m-liver was
reported by Meuleman et al. [9]. Kneteman and Mercer
briefly reviewed the current chimeric mouse studies [10]. In
this article, we review the studies on chimeric mice, including
their short historical background, usefulness in testing h-
type metabolism of clinically usable drugs, and potential
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use in examining h-type peroxisome proliferator-activated
receptors (PPARs), especially PPAR«, which plays key roles
in the metabolism of xenobiotics in an animal species-
dependent manner. We demonstrate that h-hepatocytes
propagated in a chimeric m-liver and then isolated can serve
as normal h-hepatocytes for an in vitro/human model [11].

2. A Mouse Bearing Transplanted Homogenic
and Xenogenic Hepatocytes

To study neonatal bleeding disorders, transgenic mice
(Tgap.upa) carrying a tandem array of about four Albu-
min promoter/enhancer-driven urokinase-type plasminogen
activator (uPA) genes were created [12]. Their hepatocytes
over-produce murine urokinase, and the liver becomes
severely hypofibrinogenemic, which accelerates hepatocyte
death. Sandgren et al. [13] developed a model of liver
regeneration in Tgyy, ,ps Mice, in which a chronic stimulus
for liver growth was generated due to a functional liver
deficit. When a hepatocyte stochastically deleted the dele-
terious transgene, the hepatocytes of mice hemizygous for
the transgene started to replicate and selectively expanded to
regain the original size of the liver. Transgene expression in
the replicating hepatocytes was abolished because of a DNA
rearrangement that affected the transgene tandem array. This
permitted the individuals to survive beyond birth, and the
plasma uPA concentrations gradually returned to normal by
2 months of age. The transgene-deficient cells formed clonal
colonies called hepatic nodules. These nodules expanded
and replaced the surrounding transgene-active cells, which
could not replicate because of cellular damage. Eventually,
the transgene-deficient cells replaced the entire liver. This
study demonstrates the usefulness of the Tg,, .p, mouse for
examining the replicative capacity of not only m-hepatocytes,
which was successfully done by transplanting hepatocytes
isolated from adult mice into the transgenic mice [14], but
also hepatocytes of mammals that acquire immunotolerance
as follows.

Rhim et al. [5] introduced the Alb-uPA transgene into
immunotolerant nu/nu mice by mating Tg,y 4 mice
with Swiss athymic nude mice, generating immunotolerant
Tgap.upa Mice (Tgyy upa/ NUDE mice). Rat (r) liver cells
were transplanted into the livers of Tg,y, upa” /NUDE mice
homozygous for the transgene. The host livers that had not
been transplanted with r-liver cells were completely pale
(white). In contrast, those with r-liver cells had white regions,
representing the area composed only of transgene-expressing
host m-cells, and red regions, representing the area com-
posed of transgene-deleted host m-cells, repopulated r-cells,
or both. Immunohistochemical analysis with antibodies
against r-hepatocytes confirmed that the red region was
composed primarily of r-hepatocytes. The completely regen-
erated transgenic m-livers resemble normal m-livers in color,
shape, and size. Southern blot analysis demonstrated that
up to 56% of the DNA was of rat origin, which agreed well
with the parenchymal cell occupancy rate in the liver. These
findings strongly support the idea that the host liver was
chimeric, with r-parenchyma and m-nonparenchymal cells,
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which included vessels, bile ducts, and associated connective
tissues. The ratio of the liver weight to the body weight was
6.8%, which was similar to that of the non-transgenic control
mice (5.8%), indicating that the rat-mouse (r/m) chimeric
livers were able to normally terminate growth. The successful
generation of a healthy mouse with a chimeric liver indicates
that r-parenchymal and m-nonparenchymal cells were able
to communicate with each other to reconstitute a functional
liver, despite the species difference.

Hepatocytes initiate and terminate proliferation under
the influence of nonparenchymal cells [1]. Thus, the normal
progression and termination of r/m-chimeric liver regener-
ation implies that r-hepatocytes produce surface proteins
that interact correctly with soluble m-factors, m-extracellular
matrix, and m-surface proteins on m-nonparenchymal cells.
The successful replacement of Tg,y ,py' " /NUDEm-livers
with r-hepatocytes raised the exciting possibility that m-
livers could also be reconstituted with h-hepatocytes [5].

3. Repopulation of /-Hepatocytes in m-Liver

In two previous studies to generate a mouse with a h-
hepatocyte-mouse (h/m) chimeric liver, Rug-2-knockout
mice [6] and severe combined immunodeficient (SCID)
mice [7] were used as immunodeficient mating partners
for uPA transgenic mice. We mated SCID mice (micescip)
with Tgy wpa”’ " mice to yield liver-injured SCID mice
(miceal-upasscip) [8]. Normal h-hepatocytes, ~106 viable
cells per mouse, were transplanted into the livers of these
mice at 20-30 days after birth. The h-hepatocytes engrafted
the liver at rates as high as 96% and progressively repopulated
it. The repopulation after h-hepatocyte transplantation was
easily monitored by the increase in the h-Alb concentration
in the host blood, and the expansion of h-hepatocyte
colonies was visualized by immunohistological staining of
liver sections with h-specific anti-cytokeratin (CK) 8/18
antibodies. The ratio of the number of engrafted h-
hepatocytes to total hepatocytes (m- and h-hepatocytes) in
the host liver, which is the replacement index (RI), was
determined by calculating the ratio of the area occupied by
hCK8/18-positive hepatocytes to the entire area examined in
immunohistochemical sections of seven lobes. It was demon-
strated that sustained engraftment of h-hepatocytes occurs in
homozygous Alb-uPA transgenic (Tgjj, .ps) Mice, but not in
hemizygous transgenic (Tgy,, ,ps) mice. The h-hepatocytes
started to proliferate around 7 days after transplantation.
Their colonies gradually became larger and were almost
confluent at around 70 days, when the RI was as high as
96%. Immunobhistological staining of liver sections for type
IV collagen, laminin, stabilin (a liver endothelial cell marker),
BMS8 (a Kupffer cell marker), and desmin (a hepatic stellate
cell marker) demonstrated the chimeric nature of the liver
(Figure 1). The interactions between hepatocytes and stellate
cells are critical for physiological and pathological conditions
of the liver [15]. Close and seemingly normal associations
of h-hepatocytes with m-stellate cells were immunohistolog-
ically visualized by staining with specific antibodies against
h-CK8/18 (h-hepatocytes) and m-desmin (m-stellate cells)

(Figure 2). These results clearly show that the chimeric m-
livers with a high RI consisted of parenchymal cells (mostly
h-cells with a low percentage of m-cells), m-nonparenchymal
cells, and m-ECMs, in agreement with a previous study [9].
There was good correlation between the RI and the mRNA
expression levels of housekeeping genes such as h-Alb and
h-transferrin, supporting the notion that transplanted h-
hepatocytes are functional [16]. In our experience, mice
with >6 mg/mL h-Alb in the blood had an RI >70%. Our
histological studies illustrated that the h-hepatocytes were
well organized and surrounded by m-nonparenchymal cells,
and they reconstituted the normal tissues specific to a normal
functional liver (described in Section 1), despite the large
species difference between humans and mice.

We chose robustly growing young mice as hosts. These
mice were able to not only survive but also grow, although
relatively slowly, and increase their body weight by >50%
of their original weight, during the replacement of host
m-hepatocytes with h-counterparts. These simple animal
experiments made us realize that m-cells and h-hepatocytes
were able to mutually communicate to maintain life: m-
cells supported the proliferation of h-hepatocytes, and h-
hepatocytes supported the growth of the young mouse. The
host liver of a mouseai-upascip is congenitally damaged
owing to uPA overproduction, low blood levels of Alb, and
significantly high levels of alanine aminotransferase (ALT).
Repopulation of the h-hepatocytes in the liver increased the
blood Alb concentration and decreased the ALT level, indi-
cating that h-hepatocytes contributed to the improvement
of m-liver function [8]. Based on these considerations and
findings, we expect that a m-liver made of h-hepatocytes
would function as an apparently normal liver, metabolizing
and detoxifying endogenous and exogenous biomolecules.

4. Expression Profiles of /-Cytchrome P450s in
Relation to Phase 1 Metabolic Enzymes

Biochemical treatment of foreign substances (xenobiotics)
that have been absorbed into the body is one of the major
tasks of the liver. In hepatocytes, xenobiotics are pro-
cessed to more stable and hydrophilic derivatives by groups
of enzymes, collectively called xenobiotic-metabolizing
enzymes (XMEs), via two phases: phase 1, which is accom-
plished by oxidative enzyme, and phase 2, performed by
conjugating enzymes [17]. Ingested drugs, toxicants, and
chemical carcinogens are metabolized in phase I by CYP and
the flavin-containing monooxygenase superfamily. Notably,
CYP is the key enzyme in the elimination of clinical drugs.
Humans and rodents respond ditferently to xenobiotics,
and this is explained in part by species ditferences in CYP
subfamilies. These species differences raise serious issues in
research for clinically usable medicines, because the results of
xenobiotic metabolism studies with mice and rats, which are
the most commonly used experimental models for pharma-
cological and toxicological studies, cannot be extrapolated
to humans. Thus, information about the expression of
CYP families and subfamilies should be valuable from two
viewpoints. First, the expression in h/m-chimeric mice of
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FiGure 1: The histological harmonization of h-hepatocytes with m-nonparenchymal cells. uPA/SCID mice were transplanted with h-
hepatocytes and allowed to grow until the repopulation of the liver was complete. Then, liver sections were prepared from the h-hepatocyte-
chimeric mice. Sections were immunostained with m-specific antibodies for type IV collagen (a); laminin (b); stabillin (c), a marker of liver
endothelial cells (a gift from Dr. A. Miyajima, Tokyo University); and BM8 (d), a marker of Kupffer cells. The immunosignals are brown.
The arrows in (c) and (d) point to typical immunopositive cells. Bar, 100 ym.

a CYP subtype that is found in h-hepatocytes, but not in
mice, would be a good indication that the h-hepatocytes are
biochemically functional in the m-iver. Second, the h-CYP-
expressing chimeric mouse is a useful experimental model
for studying h-type metabolic responses to xenobiotics,
including clinically valuable drugs. Of note, CYP3A4 is the
most abundantly expressed CYP in h-liver and metabolizes
>60% of all therapeutic drugs; collectively, CYP2D6 and
CYP3A4 metabolize >70% of the drugs on the market [17].
Species differences in the CYP2C subfamily are well
known and have been characterized intensively [18, 19]. The
h-liver contains four CYP2C isoforms, CYP2C8, CYP2C9,
CYP2C18, and CYP2C19, all of which are absent from mice
and rats. Western blot analyses using h-specific antibodies
against CYP2C9 revealed positive signals with hepatocytic
microsomal fractions from h/m-chimeric mice with an RI
>34% and from the donor, but not with hepatocytic micro-
somal fractions from chimeric mice with an RI <28% or from
mice that had not been transplanted with h-hepatocytes.
CYP2C9 catalyzes the 4'-hydroxylation of diclofenac, and
the microsomal fractions from the chimeric mice showed
diclofenac 4'-hydroxylation activity that depended on the
RI of the mouse, strongly suggesting that the h-hepatocytes
in chimeric livers retain h-type pharmacological activity
toward drugs. One of the clearest and best-defined examples

of a difference in a CYP between mice and humans is
CYP2D6 [20, 21], which is involved in the metabolism of a
large number of clinically used drugs [22, 23]. In humans,
CYP2D6 is the only active member of the CYP2D subfamily,
whereas rats and mice do not express a protein with the
enzyme activity of hi-CYP2D6, although they do have at least
five other CYP2D genes [20, 24]. The enzymatic activity
of h-CYP2D6 in the chimeric mouse was demonstrated by
orally administering debrisoquin, a h-CYP2D6 substrate, to
the mice and subsequently detecting 4'-hydroxydebrisoquin,
a major debrisoquin metabolite produced by h-CYP2D6,
in the blood of the mice. Pretreatment of the mice with
quinidine, a typical h-CYP2D6 inhibitor, decreased the
level of the metabolite. Thus, a CYP enzymatic activity in
the chimeric mice was specifically induced by a CYP2D6-
metabolized drug and specifically suppressed by a CYP2D6
inhibitor {25].

Among the known CYP families, four families (CYP1-
4) play primary roles in XMEs. We compared the mRNA and
protein expression profiles of six h-CYPs, CYP1Al, 1A2, 2C9,
2C19, 2D6, and 3A4, in the chimeric m-liver with those in
the donor liver [8]. Total RNA was prepared from the livers
of chimeric mice with different Rls and of donors, and the
mRNA for the six h-CYPs was amplified in a quantitative
reverse-transcriptase polymerase chain reaction (gRT-PCR).
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£—— h-hepatocyles

m-stellate

Ficure 2: Close natural apposition of m-stellate cells and h-
hepatocytes in a chimeric liver. A serial section shown in Figure 1
was doubly stained with /-CK8/18 (green) for h-hepatocytes and
m-desmin (orange) for m-stellate cells. The h-hepatocytes are well
organized and closely apposed to m-stellate cells in Disse’s space.
Arrows indicate representative h-hepatocytes (green) and m-stellate
cells (orange). Bar, 10 #m.

All six mRNAs were amplified to detectable levels, which
were higher in mice with higher RI values. Thus, the h-
hepatocytes in the chimeric mice appeared to express the six
h-CYP genes in a manner similar to their expression in the
h-body.

We then asked whether these normally expressed h-
CYPs in the h/m-chimeric liver were inducible in a drug-
specific manner. The h-CYP3A4 and h-CYP1A subfamilies
specifically respond to rifampicin and 3-methylcholanthrene
(3-MC), respectively [26]. Chimeric mice with h-hepatocytes
were injected intraperitoneally with rifampicin or 3-MC,
once per day for 4 days. The mRNA levels of the six h-CYPs
in the liver tissues were measured 24 h after the last injection.
Rifampicin treatment enhanced the expression of hi-CYP3A4
by 5.8-fold, but did not atfect the levels of the other five h-
CYPs. The administration of 3-MC enhanced CYP1Al and
CYP1A2 mRNA levels by 10.0-fold and 6.4-fold, respectively,
but had no eftect on the other four CYPs. Neither rifampicin
nor 3-MC induced the expression of any of the six i-
CYPs in micespyps sop that had not been transplanted
with h-hepatocytes. Rifabutin, an analogue of rifampicin,
also specifically induced h-CYP3A, but not the host murine
Cyp3a, in the chimeric m-liver {27]. The degree of CYP3A4
induction in the chimeric mouse has practical applications
in drug testing, because many drugs are CYP3A4 substrates
and the induction of CYP3A4 decreases the pharmacological
potency of these drugs [17].

Rifampicin is a ligand for the pregnane X receptor
(PXR), which forms a heterodimer with retinoid X receptor
a {RXRa). Rifampicin/PXR/RXRa subsequently binds to
a xenobiotic response element (XRE) composed of the
direct repeat of alpha and beta half-sites separated by
four nucleotides on the CYP3A4 gene, thereby upregulating
its expression in phase 1 [28]. Rifampicin is a potent
activator of human and rabbit PXR, but has little activity

in the rat and mouse [29]. Thus, that the liver data of
h/m-chimeric mice faithfully reflect those in humans. The
binding of 3-MC to the aryl hydrocarbon receptor (AHR)
forms a AHR/3-MC complex, which upregulates CYP1Al,
CYP1A2, and CYP1BI expression by binding, together with
the AHR nuclear translocator (ARNT), to the XREs of
these genes [30]. Our studies suggest that these known
ligand-activated receptor signaling pathways activated by
rifampicin and 3-MC are functional in the h/m-chimeric
m-liver. Thus, we propose that the hepatocyte-humanized
mouse will be a useful animal model in studies of h-type
signaling pathways that regulate gene expression induced by
xenobiotics.

5. Humanization of Phase II Conjugation
Pathway of a Drug in /;/m-Chimeric Mice

It is estimated that phase II conjugation accounts for
approximately >30% of drug clearance [31], especially of
compounds with polar groups. The major hepatic phase
I enzymes in humans are UDP-glucuronosyltransferase
(UGT), which is responsible for glucuronidation; sulfo-
transferase (SULT), for sulfation; N-acetyltransferase (NAT),
for acetylation; and glutathione S-transferase (GST), for
glutathione conjugation. We examined the mRNA and
protein expression and the enzyme activity of the h-forms of
these enzymes in chimeric mice with livers having RI values
ranging from 0 to 90% [32]. The chimeric livers expressed /-
UGT, h-SULT, h-NAT, and h-GST mRNA and the UGT2B7,
SULT1E1, SULT2AL, and GSTAl proteins at levels that
correlated with their RI values. Activities of related enzymes
such as morphine 6-glucuronosyltransferase and estrone
3-sulfotransferase were also detected in an RI-dependent
manner. The protein content and enzyme activities of phase
[I-associated enzymes in chimeric m-livers with an RI of
approximately 90% were similar to those in the donor liver.
In a separate study, we systematically compared the mRNA
expression profiles for 26 phase Il h-enzymes, including GST,
SUL, NAT, and UGT members, between livers of chimeric
mice with RIs of 71-89% and donor livers [16]. All of
the tested enzyme genes were detected. For 65% of the
tested genes, the expression levels in the chimeric livers
were 30 to 55% of the levels in the donor livers; although
lower, these values are comparable to the RI values. These
results indicate that the hepatic phase II biotransformation
of a drug is appreciably humanized in the li/m-chimeric
mouse.

There are groups of drugs in clinical use that bind
to PXRs or constitutive androstane receptors (CARs). The
ligand-activated PXRs and CARs are involved in the reg-
ulation of some phase II XME genes such as SULTIA,
UGT1A, and GST [33-35]. Thus, it is likely that these h-type
ligand-activated transcriptional regulators are functional in
h/mn-chimeric m-livers, suggesting that these chimeric mice
will contribute to studies on the regulation of gene and
protein expression of these transcription factors in relation
to xenobiotic metabolism.
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6. Drug Transport through the Chimeric
m-Hepatocyte Membrane

Drug transport in the liver is largely performed by two sys-
tems: extrahepatic-to-hepatic transport using transporters
such as organic cation transporter 1 (OCT1), organic
anion transporting polypeptide (OATP) 1B1, and OATP1B3;
and hepatic-to-bile duct transport using adenosine 5'-
triphosphate-binding cassette (ABC) proteins, including P-
glycoprotein, bile salt export pump (BSEP/ABCBI11), breast
cancer resistance protein (BCRP/ABCG2), and multidrug
resistance-associated protein 2 (MRP2) [36]. The former
transporters are located on the sinusoidal membrane and
are responsible for the uptake of drugs into hepatocytes; the
latter are on the canalicular membrane and are responsible
for biliary excretion of the metabolites. The h-genes of
these transporting systems were preferentially expressed
compared with the m-counterpart genes in chimeric mice
with RIs >60% [36]. Cefmetazole (CMZ), a cephalosporin
antibiotic, is excreted without any chemical modification,
through urinary and biliary pathways. The urinary pathway
is dominant in humans [37], whereas rats [38] and mice
|36] use the biliary pathway. Before receiving h-hepatocytes,
the host mice excreted CMZ primarily through the biliary
pathway, but the urinary pathway was dominant in chimeric
mice with RIs >60% [36)].

The h-ABCB4 transporters have been characterized
in relation to fibrate-metabolism [39]. In addition, we
examined the expression levels of 21 h-transporter genes,
including members of the ABC, solute carrier (SLC), and
OATP families, in the livers of chimeric mice with Rls
ranging from 71 to 89%, with respect to the levels in donor
Tivers [16]. For 62% of the tested genes, the expression ratios
in the chimeric livers were 0.35 to 0.75. From these limited
data, it appears that most of the h-type transporter genes
were expressed in the chimeric m-liver.

7. Infectivity of Chimeric Mice with
h-Hepatitis Viruses

h-Liver diseases caused by HBV and HCV, especially HCV,
are targets for the discovery of efficient antivirus drugs,
worldwide [40]. However, the development of effective
therapeutics has been hampered by the lack of useful in vitro
and in vivo models of viral replication. For example, cultured
h-hepatocytes are not appropriate as recipient cells for viral
propagation, and rodents are not useful animal models
because of the strict species specificity of viral infection
[41]. Viral infectivity and propagative potential in the h/m-
chimeric mouse would be persuasive evidence for concluding
that it was actually “humanized.” A research group led by
Kneteman first challenged chimeric mice with an inoculation
of HCV-infected h-serum, which produced a virus-infected
model mouse [7]. Owing to their substantial advantage in
both magnitude and duration of h-hepatocyte engraftment,
homozygous animals were superior to their hemizygous
counterparts in this regard. Initial increases in total viral
load were up to 1950-fold, with replication confirmed by the
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detection of negative-strand viral RNA in transplanted livers.
HCV viral proteins were localized to h-hepatocyte nodules,
and infection was serially passed through three generations
of mice, confirming both synthesis and release of infectious
viral particles. Using h-hepatocyte-chimeric Rug-2-knockout
mice as test animals, Dandri et al. was the first to succeed in
producing in vivo HBV infection [6].

We studied HBV infectivity in the chimeric mice [42].
After mice were inoculated with h-serum containing HBV, a
high level of viremia occurred in mice for up to 22 weeks.
Passage experiments showed that the serum of these mice
contained infectious HBV. As shown previously for HCV,
the level of HBV viremia tended to be high in mice with
a continuously high RI. Furthermore, lamivudine, an anti-
HBV drug, effectively reduced the level of viremia in the
infected mice. Thus, the chimeric mouse may be an ideal
model in which we can develop and evaluate anti-h-hepatitis
virus drugs.

8. The /i/m-Chimeric Mouse as an Animal ,
Model for the Study of /-Type Peronsome
Proliferator-Activated Receptors

8.1. Drug Metabolism under The Control of Ligand-Activated
Receptors. Biochemical systems in the liver manage not only
endogenous (homobiotic), but also xenobiotic molecules.
These molecules are first recognized by specific protein
receptors on the hepatocyte surface. In general, the binding
of a ligand to its receptor generates a signal that ultimately
changes gene expression, producing a cellular response. Hep-
atocytes possess four types of receptors [16], all of which are
ligand-activated transcriptional regulators: CAR; PXR {also
called steroid X receptor (SXR)]; peroxisome proliferator-
activated receptor (PPAR}); and aryl hydrocarbon receptor
(AHR). The first three belong to the nuclear receptor (NR)
superfamily, which consists of seven subfamilies, 1 to 6 and 0
{43]. AHR is a member of the Per-AhR/Arnt-Sim homology
sequence (PAS)/basic helix-loop-helix (HLH) superfamily,
which also represents the period regulator of circadian
rhythm (PER), Ah receptor nuclear translocator (ARNT),
and single-minded regulator of midline cell differentiation.

Historically, the roles of PPARs have been studied using
liver. They belong to NR subfamily 1, along with thyroid
hormone receptor, retinoic acid receptor (RAR), and vitamin
D receptor (VDR). As transcription factors, these receptors
share a similar process. They are activated by ligand binding;
form heterodimers, usually with the retinoid X receptor
(RXR); translocate to the nucleus; bind to a cis-acting
XRE consisting of a direct repeat of two hexanucleotides,
separated by one or two nucleotides, in the promoter region
of the target gene; and enhance target gene expression
[17]. Generally, in the absence of ligand, subfamily 1 NR
heterodimers are bound to co-repressor proteins and repress
transcription when bound to the cis-acting element [44].
Upon ligand binding, the receptor dissociates from the co-
repressors and associates with coactivator proteins, which
enables the NRs to promote gene expression.
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Three PPAR subtypes are currently known {45]: PPAR«
(or NRIC1),PPARf#/8 (NRIC2}, and PPARy (NR1C3).
When continuously exposed to certain xenobiotics such as
hypolipidemic drugs, plasticizers, and herbicides, which have
little apparent structural relationship, rats and mice may
show hepatic peroxisome proliferation (increase in volume
and number) leading to hepatic tumors; this suggests a
correlation between the stimulation of genes for fatty acid -
and w-oxidation enzymes and the hepatic neoplastic process
[46, 47]. Reddy and Rao [48] proposed that specific soluble
binding sites for these drugs, collectively termed peroxisome
proliferators (PPs), were present in liver and kidney cell
extracts [49, 50]. The PPAR gene was first cloned as a
member of the steroid hormone receptor superfamily from
a m-hepatic cDNA library [51]. This gene corresponds to
PPARa, according to the current nomenclature. Two years
later, three closely related members of the PPAR family
(xPPARa, 8, and ) were isolated from a Xenopus ovary
c¢DNA library and were shown to activate the promoter of
the acyl coenzyme A oxidase (ACO) gene, which encodes the
key peroxisomal fatty acid f-oxidation enzyme [52]. xPPARa
is homologous to Issemann’s PPARa [51], and xPPARy is
currently placed in the PPARysubfamily, together with other
homologous members found in mammals. Mammalian
PPARS was in a new PPAR group because of a difference
in amino acid sequence compared with xPPARf; however,
it is presently considered to be a PPARS and is designated
as PPAR[i/§ [45]. Of the three PPARs, PPAR« is the most
critical in the present review, because it is expressed at high
levels in the liver, activates fatty acid catabolism, stimulates
gluconeogenesis and ketone body synthesis, and participates
in the control of lipoprotein assembly {45].

8.2. Species Differences in PPARa-Associated Signaling. The
PPARa isotype has prime importance for studies with
animal models to predict the effects of hepatic PPs in
humans, because PPARa agonists induce seemingly quite
different actions in rodents and humans [53]. Originally,
as the name indicates, PPARs were studied because of their
ability to bind PPs and consequently induce PP-metabolizing
enzymes. In rats and mice, but not in humans, PPs such as
hypolipidemic drugs, industrial plasticizers, and herbicides
are non-genotoxic carcinogens that cause liver tumors [54].
In humans, these drugs function to maintain lipid homeosta-
sis and do not induce peroxisome proliferation. Thus, the
toxicity and carcinogenicity of PPs are highly species specific
[55]. The species differences may be attributable to lower
PPAR mRNA expression levels in h-hepatocytes compared
with rodent cells {56, 57]. Alternatively, or additionally,
species ditterences may be the result of different sensitivities
of the genes associated with the peroxisome proliferation
response to low levels of PPs, owing to structural dif-
ferences in PPAR« [54]. There are both similarities and
differences in responses to xenobiotics among not only
difterent species (interspecies) but also individuals of the
same species (intraspecies). Interspecific PPARa diversity
between rodents and humans is well known and has been
studied with respect to drug metabolism. NR subfamily 1

members have at least two functions in mammals. One
is to regulate peroxisome proliferation through binding to
PPAR response elements (PPREs) in the promoters of genes
such as ACO [58, 59], bifunctional dehydrogenase/hydratase
(BFE) [60], and microsomal CYP4Al [61]. The other
is to modulate the serum cholesterol level by targeting
genes such as the lipoprotein lipase gene [62] and the
apolipoprotein regulating genes Al, All, and CII [63]. The
former mechanism appears to function in rodents, but not in
humans, and is responsible for the induction of peroxisome
proliferation and hepatocarcinogenesis, whereas the latter
mechanism controls basic lipid metabolism in both rodents
and humans [56]. This species difference in xenobiotic
receptor/ligand signaling may be attributable to ditferences
in the expression level of a receptor, or to differences in
receptor/ligand binding affinity, and causes difficulty in
determining responses in humans based on rodent data (56].

8.3. PPARu Gene-Humanized Mice. One approach to over-
coming species differences is to generate “humanized”
transgenic mice (gene-humanized mice), in which a h-
gene of interest is introduced into the m-genome {17]. A
PPAR« gene-humanized m-line that expresses the -PPAR«
gene [64] under the control of the tetracycline responsive
regulatory system in the liver of murine PPAR« gene-
null mice [65] has been created. These mice functionally
responded to the expected ligands as wild-type mice, but
did not exhibit the hepatocellular proliferation, including
increases in peroxisomes, seen in wild-type mice. Thus, this
approach may help overcome species ditferences and provide
animal models suitable for studying h-responses regulated by
genes of interest.

8.4. PPAR Signaling in Chimeric Mice. Considering the
prominent roles and the species divergence of PPARs in the
response to xenobiotics, it is important to study h-PPAR-
related responses of the h/m-chimeric mouse. We examined
the effects of fibrates (antihyperlipidemic drugs and PPAR
agonists) [63, 66| in the chimeric mice. Given the central
role of the liver in PPAR-regulated lipid metabolism and the
use of fibrate compounds in a variety of clinical drugs, the
responses of h/m-chimeric mice to fibrates and PPARs may
have important practical implications.

Hepatocytes secrete biliary phospholipids, composed
largely of phosphatidylcholine (PC}, through multidrug-
resistance 2 P-glycoprotein (MDR3, or ABCB4) embedded in
the canalicular membrane. MDR3 was shown to translocate
PC in a study using mdr2 gene (a murine homolog
of h-MDR3) knockout mice. These mice completely lack
phospholipids in their bile [67], but the bile PC is fully
recovered with the overexpression of h-MDR3 [68). The
expression level of the h-MDR3 gene attects the development
of hepatobiliary diseases [69].

Fibrates upregulate mdr2 gene expression {70], which is
associated with an increase in biliary phospholipid secretion
{71]. Benzafibrate (BF), a second-generation fibrate analog,
was clinically shown to reduce ¢levated serum biliary enzyme
levels in patients with chronic cholestatic liver disease
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[72]. It was shown to bind to PPARf/§ and «, with a
higher affinity for the former, and was thus said to be a
bona fide PPAR ligand [73]. Other researchers created a
coactivator-dependent receptor-ligand in vitro interaction
assay and demonstrated that BF was a ligand for PPARa,
A/8, and y [74]. The same researchers also showed drug-
induced activation of PPARa/RXRa, PPARS/6/RXRa, and
PPARy/RXRa [74).

BF induces an increase in ABCB4 (MDR3), and its
redistribution in the cell membrane. This induction was
associated with an enhanced capacity of h-hepatocytes to
direct PC into bile canaliculi [75]. Purthermore, ABCB4
redistribution was attenuated when PPARa expression was
suppressed by small interfering RNA or morpholino anti-
sense oligonucleotides in cultured HepG2 cells (hepato-
blastoma cells) [75], strongly suggesting the necessity for
PPAR« in the BE-induced activation of PC secretion in h-
hepatocytes.

We tested the ability of the h/m-chimeric m-liver to
exhibit h-type PPAR-dependent responses by administering
BF to the chimeric mice. Mice with Rls of 60-80% were
fed a standard laboratory chow containing 0.3% (wt/wt)
BF for 7 days, and their livers were analyzed for MDR3
mRNA and protein expression [39]. The mRNA level in the
BF-treated mice was approximately 2-fold the level in non-
treated control mice. The protein level was approximately
3.5-fold that in the controls. The fibrate induced a robust
redistribution {exocytosis and insertion) of MDR3 proteins
into the bile canaliculi.

Although studies on the expression and function of
PPARs in the h/m-chimeric m-liver are limited, we conclude,
based on the studies described above, that the chimeric
m-liver exhibits the phenotypes of PPAR-regulated physi-
ological and pathological processes, including responses to
xenobiotics, that are normally present in the h-liver in vivo.

9. Summary and Prospective

After administration, a xenobiotic is generally and largely
absorbed by the liver, intracellularly distributed, metab-
olized, and secreted through the bile or urinary ducts.
These steps, collectively termed absorption, distribution,
metabolism, and excretion (ADME), are interdependent, and
drug pharmacokinetics are determined by the parameters
resulting from these interactive processes. There are marked
species differences in the many genes and proteins associated
with ADME of a xenobiotic. The differences between humans
and rodents dictate that pharmacokinetic data determined in
rodents must be very cautiously, deliberately, and correctly
extrapolated to humans in order to ensure that the drug will
be safe and effective in patients. Until recently, h-hepatocyte-
chimeric mice have been studied primarily in relation to
CYP-associated metabolism, representing the M of ADME,
and HCV/HBYV infection. These studies have shown that the
chimeric mice are significantly and appreciably humanized,
providing a reliable and promising animal model for pre-
dicting drug metabolism and efficacy in humans. Although
data have also been accumulated for the A, D, and E
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steps of ADME, more work is required before reaching an
appropriate conclusion concerning the humanization of a
chimeric mouse with respect to these processes. Nevertheless,
currently available data appear to demonstrate that these
processes are also well humanized.

Based on our studies and experiences to date, the h-
hepatocyte-chimeric mice exhibit h-type liver responses at
the gene and protein levels. These mice can mimic the steady-
state expression in the h-liver in the absence of exogenous
stimuli and exhibit the expected h-type responses upon
stimulation. However, we must consider the limitations of
chimeric mice. Current chimeric mice carry hepatocytes
only of human origin, but all other cells are of m-origin.
To perform liver functions, parenchymal cells require non-
parenchymal cells, which are of mouse, and not of human,
origin in the chimeric mice. Some interactions between h-
hepatocytes and m-nonparenchymal cells may proceed as
normal homogeneous interactions, and some may not.

In addition, endocrinological regulation is crucial for
hepatocytes to achieve normal metabolic homeostasis and to
return to normal conditions after endogenous or exogenous
factors have caused metabolic parameters to extend beyond
the normal range. Chimeric livers are under the influence
of the m-endocrinological system, and some m-hormones
such as growth hormone (GH) are not able to act on h-
cells, because a hormone-receptor complex does not form
between m-GH and h-hepatocyte receptors [76]. In support
of this notion, h-hepatocytes administered with h-GH
showed enhanced expression of liver growth-associated h-
genes, including IGF-1, STAT-3, Cdc 254, and cyclinD1, and
repopulated the host liver at a rate approximately 6-fold that
in the control. Despite these possible limitations, we consider
the chimeric mouse to be the best animal model to date
for h-liver function studies, because the chimeric mice with
high RI values not only expressed h-liver proteins but also
mimicked h-liver functions. Five years ago, we started mass
production of homogenous populations of the hepatocyte-
humanized mice with high Rls to facilitate research activities
in the academic and industrial communities, including
examinations of h-type metabolism of new drugs for h-use,
the study of h-HCV infection mechanism and propagation,
and the development of new anti-HCV-drugs. However, we
are still in the initial stages of characterizing various aspects
of the chimeric mice. Further study will systematically
reveal the advantages and limits of this newly developed
hepatocyte-humanized mouse.
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Hepatocytes From Fibrotic Liver Possess High Growth Potential in Vivo
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Hepatocyte transplantation is effective for treating liver failure, but healthy donors as a source of hepatocytes
are quite limited. The livers of patients with hepatic fibrosis could be an alternative source; however, few
reports have examined the nature of hepatocytes from fibrotic livers (f-hepatocytes). In this study, we com-
pared the growth of {-hepatocytes and hepatocytes from normal livers (n-hepatocytes). Hepatocytes were
isolated from normal and CCl,-treated wild-type Fischer rats that express dipeptidyl dipeptidase IV (DPPIV)
gene (DPPIV*), The n- and f-hepatocytes proliferated in culture at similar rates. Both types of hepatocytes
were transplanted into DPPIV- mutant Fischer rats that had been treated with retrorsine (o injure the liver
and were partially hepatectomized (PHx) before transplantation. Both n- and f-DPPIV*-hepatocytes prolifer-
ated and formed colonies. The colony sizes of f-hepatocytes 21 days posttransplantation were approximately
three times those of n-hepatocytes. The hepatocytes were analyzed using a fluorescence activated cell sorter
(FACS). The FACS profile differed between f- and n-hepatocytes: f-hcpatocytes were less granular, less
autofluorescent, and smaller than n-hepatocytes. These characteristics of f-hepatocytes resembled those re-
ported for small-sized n-hepatocytes (SHs), which are highly proliferative and preferentially express a unique
set of 10 SH genes. However, f-hepatocytes preferentially expressed only five of the SH genes. The expres-
sion profile of f-hepatocytes was rather similar to that of proliferating n-hepatocytes in the regenerating liver
after PHx. The f-hepatocytes were morphologically normal and did not show any preneoplastic phenotype.
These normal and proliferative natures of f-hepatocytes in vivo suggest the fibrotic liver as a source of

hepatocytes for transplantation.
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INTRODUCTION

The liver cell transplantation therapy for a damaged
liver was first reported in 1993, in which hepatocytes
(1-60 x 107 cells) were autotransplanted into the spleen
of cirrhosis or chronic hepatitis patients (11). The donor
cells lived for up to 11 months. Strom et al. transplanted
less than 1.2 x 1P allogeneic hepatocytes into the spleen
as a bridge to the ensuing liver transplantation (14). The
patients who received hepatocyte transplantation before

liver transplantation had an average survival of 3.8 £ 3.3
days versus 2.8 + 2.5 days for those without hepatocyte
transplantation. Although the survival period did not dif-
fer statistically, hepatocyte transplantation improved
serum ammonia, cerebral blood flow, and intracranial
pressure. Two of 30 patients were able 1o recover with
hepatocyte transplantation alone without usual liver
transplantation (14).

Paticnts with metabolic diseases have been also sub-
jected 10 hepatocyte transplantation in some cases. For
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cxample, an ornithine transcarbamoylase (OTC)-defi-
cient 5-year-old patient was transplanted with 1.7 x 10°
normal hepatocytes. The patient improved symptomati-
cally but died from pneumonia 43 days posttransplanta-
tion (15). When a 10-year-old patient with Crigler-Najjar
syndrome was transplanted with 7.5 x 10° bepatocytes,
an amount approximaicly equal to 5% of the entire liver,
the patient was able to decreasc the serum bilirabin to a
half the level before liver transplantation (4). Recently,
a patient with glycogen storage diseasc type Ib caused
by a deficiency of glucose-6-phosphate transporter was
treated with hepatocyte transplantation, which resulted
in normalization of glucose-6-phosphatase activity in the
liver, and substantial improvement in quality of life (9).

These previous studies show that the transplantation
of hepatocyies equivalent to 1-5% of the total hepato-
cytes in the liver is therapeutically effective. Cell trans-
plantation is easier, safer, and less expensive than liver
transplantation, and can be performed repeatedly. The
major challenge to hepatocyte transplantation is the
shortage of transplantable cells owing to the limited
availability of healthy donors (16). Hepatocytes from fi-
brotic livers (f-hepatocytes) are a potential source of he-
patocytes for transplantation because of their greater
availability over hepatocytes from normal livers (n-hepa-
tocytes). Mito et al. isolated n- and f-hepatocytes from
rals and transplanted each of them into the syngenic rat
spleen (10). Although the yield and viability of the f-
hepatocyles were lower than the n-hepatocytes, and their
features were different from the normal counterpart in
some aspects, they were able (o continue to proliferate
for 6 months after transplantation. However, the prolif-
erative ability of f-hepatocytes has nol been character-
ized in the liver, which is of prime importance when
they are utilized as the cells for transplantation.

This study aimed to characterize the growth of f-hepa-
tocytes using rats as a mode] animal. The adult rat liver
contains a minor population of hepatocytes called small
hepatocytes (SHs) (6,17,19). These cells are smaller and
have greater replicative potential than typical parenchy-
mal hepatocytes (PHs). SHs have been characterized us-
ing an “SH fraction” that contaminated PHs. Previously,
we isolaied a PH-free SH fraction and SH-frce PH frac-
tion from the adult rat liver using a fluorescence-acti-
vated cell sorter (FACS) combined with centrifugal elu-
triation and characterized the hepatocytes in the fraction.
These hepatocyltes were designated as pure SHs or R3Hs
and pure large hepatocytes (LH) or R2Hs in our previ-
ous study, respectively (2). For the sake of simplicity,
we call pure SHs ‘SHs” and pure LHs “LHs” in this
study and assume that “hepatocytes” consist of LHs and
SHs. SHs were mononuclear and of lower ploidy. Pre-
viously, we identified 10 genes that are preferentially
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expressed in SHs: p55cde, hydroxysteroid sulfotransfer-
ase (Sta), cytochrome P450 17 (CYPI7), prostaglandin
E2 receptor EP3 subtype (Pgelr), pancreatic secretory
trypsin inhibitor (Psti), Cdc2, connexin 26 (Cx26), mi-
totic centromere-associated kinesin (Mcak), rat EST
207254, and an unknown gene (ab088476) (2). These
genes are referred to as the SH-associated genes.

We isolated n- and f-hepatocytes from rats. The f-
hepatocytes were characterized in terms of size, FACS
profile, in vitro and in vivo proliferation ability, and
gene expression, and were compared with n-hepatocytes
and hepatocytes in the regenerating liver (r-hepatocytes).
As a result, we clearly demonstrated that f-hepatocytes
are different from LHs, are similar to SHs in prolifera-
tion ability, and are similar to r-hepatocytes in their gene
expression profile.

MATERIALS AND METHODS
Treatment of Animals

Dipeptidyl dipeptidase IV-deficient (DPPIV-) mutant
male Fischer rats aged 9-10 weeks were purchased from
Charles River Japan, Inc. (Yokohama, Japan) and their
wild-type (DPPIV*) counterparts from Japan SLC, Inc.
(Shizuoka, Japan). Liver fibrosis was induced by intra-
muscular injection of DPPIV* rats with CCl, at 1 ml/kg
body weight, twice a week, for 6 weeks. Hepatocytes
were isolated from the rats 6 weeks postinjection.
DPPIV* male Fischer rats aged 15—-16 weeks were sub-
jected to two thirds partial hepatectomy (PHx). Then, r-
hepatocytes were isolated from the rats 36 h after PHx.

Hepatocyte Isolation

DPPIV*+ male Fischer rats aged 15-16 weeks were
divided into three groups, one used for normal controls,
second for CC), treatment, and the last for PHx experi-
ment. The n-, f-, and r-hepatocytes were isolated from
these rats using the two-step collagenase perfusion
method (6), and were collected by centrifugation at 50 x
g for 2 min. The pellets were centrifuged through 45%
Percoll at 50 x g for 24 min (6). These pellets were cen-
trifuged again at 50 x g for 2 min, and the final pellets
were used as hepatocytes, which consisted of LHs and
SHs. In our previous study, PHs and SHs were obtained
as the pellet and supernatant, respectively, after centrifu-
gation of the original hepatocyte preparations at 50 X g
for 1 min (17). The hepatocyte preparation used in the
present study corresponds to this previous preparation
consisting of PHs and SHs. The viability of the hepato-
cytes was determined by Trypan blue exclusion. The n-,
f-, and r-hepatocytes were subjected to FACS analysis,
and to determining the cell diameter (17) and the gene
expression levels. In addition, the proliferation ability of
n- and f-hepatocytes was assayed in vitro and in vivo.
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FACS Analysis

Hepatocytes were analyzed using a cell sorter (FACS
Vantage; Becton Dickinson, Mountain View, CA) with
a 100-pm nozzle, as reported previously (17). Fluores-
cence excited at 488 nm was measured through 530-nm
(FL1) and 575-nm (FL2) filters with 4-decade logarith-
mic amplification. To measure the physical characteris-
tics of the cells, linear amplification was used for the
forward scatter, which is a measure of cell size, and 4-
decade logarithmic amplification was used for the side
scatier (SCC), which is a measure of cytoplasmic com-
plexity. The optical bench was calibrated at a fixed am-
plitude and photomultiplier voltage using fluorescent
polystyrene beads (Fluorosbrite Calibration Grade 6-um
YG microspheres; Polysciences, Warrington, PA), and
the instrument was used in the conditions under which
these beads fell in the same peak channels. Propidium
iodide was added to the cell suspensions to be analyzed,
at a concentration of 1 pg/ml. The cells that excluded
the dye were analyzed as viable cells. Data obtained
from the FACS experiments were analyzed using Cell
Quest software (Becton Dickinson).

Determination of the Growth Potential of Hepatocytes
In Vitro

The n- and f-hepatocytes were cocultured with mito-
mycin C-treated Swiss 3T3 cells on Celldesks in HCGM
culture medium (i.e., Dulbecco’s modified Eagle's me-
dium supplemented with 10% fetal bovine serum, 20
mM N-2-hydroxyethylpiperazine-N'-2-ethane sulfonic
acid, 30 pg/ml L-proline, 0.5 pg/ml insulin, 107 M dex-
amethasone, 44 mM NaHCO,, 10 mM nicotinamide, 10
ng/ml EGF, 0.2 mM L-ascorbic acid 2-phosphate, 100
1U/ml penicillin G, and 100 pg/ml streptomycin) (1,13,
17-19). They were incubated in a 5% COy/95% air at-
mosphere at 37°C. Swiss 3T3 cells were seeded on the
hepatocytes 24 h after the hepatocytes were plated. The
growth potential of the hepatocytes was determined at
10 days, as previously shown (17).

Hepatocyte Transplantation

DFPIV~ rats weighing 130-140 g were given two in-
traperitoneal injections of retrorsine at 30 mg/kg body
weight, 2 wecks apart. Four weeks after the last injec-
tion, a two thirds PHx was performed (6,8). The n- and
f-hepatocytes (1.5 x 10%) isolated from the DPPIV- rats
were transplanted into the retrorsine-trcated partial hepa-
tectomized (retrorsine/PHx) DPPIV- rats via the portal
vein. Some rats were killed 48 h after transplantation to
measure the engraftment rate of the transplanted hepato-
cytes, the ratio of transplanted cells to cells integrated
to the liver plate. Other rats were killed 21 days after
transplantation. Tissues from each lobe of the liver were
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frozen until use for enzyme-histochemical or immuno-
histochemical analyses.

Enzyme-Histochemical and Immunohistochemical Staining

DPPIV enzyme histochemistry was performed on 10-
pum-thick cryosections that hiad been prepared from the
liver, fixed in ice-cold acetone for 5 min, air-dried, and
washed for 5 min in ice-cold 95% ethanol. The sections
were air-dried and incubated for 40-60 min in a sub-
strate reagent consisting of 0.5 mg/ml Gly-Pro-methoxy-
B-naphthylamide (Sigma Chemical, St. Louis, MO), 1
mg/ml Fast Blue BB {Sigma Chemical), 100 mmol/L
Tris-maleate (pH 6.5), and 100 mmol/L NaCl. Then, the
sections were washed with PBS and fixed in 10% form-
aldehyde. All tissue sections were counterstained with
hematoxylin.

Cryosections were fixed in —20°C acetone for 5 min
and subjected to immunohistochemistry (o detect liver-
related proteins. The primary antibodies (Abs) used
were as follows: anti-rat DPPIV mouse monoclonal anti-
body (gift from Dr. D. C. Hixson, Rhode Island Hospi-
tal), anfi-rat albumin rabbit antiserum (a hepatocyte
marker; Cappel, Durham, NC), anti-human o-smooth
nuscle actin (SMA) mouse monoclonal antibody (an ac-
tivated stellate cell marker; MBL, Nagoya, Japan), anti-
rat ghitathione-S-transferase (a prencoplastic hepatocyte
marker, GST-P) rabbit antiserum (MBL), OV6 mouse
monoclonal antibody (an oval cell marker; gift from Dr.
D.C. Hixson) (5), and anti-human cytokeratin 19 mono-
clonal antibody (CK19; a bile duct cell and oval cell
marker; Amersham). The primary Abs were visualized
with Alexa 488-labeled goat anti-mouse-1gG or Alexa
594-labeled goat anti-rabbit 1gG (Molecular Probes, Eu-
gene, OR).

Morphometric Analysis

Livers were isolated from rats 48 h after transplanta-
tion, weighed, and processed for cryosectioning and
DPPIV staining. The approximate numbers of hepato-
cytes per gram of liver were calculated from the liver
weight using the value 115x 106215 x 10° hepato-
cytes/g liver (12). DPPIV* and DPPIV- hepatocytes
were counted in arbitrary areas visualized on tissue sec-
tions, and the numerical ratio of the former to the latter
was calculated as the cccupancy rate of engrafled hepa-
tocytes in the liver. The number of engrafted hepato-
cytes per liver was calculated by multiplying the occu-
pancy rate of the engrafted hepatocytes by the total
number of host hepatocytes per liver. The engraftment
index (the numerical ratio of engrafted hepatocytes to
injected hepatocytes on transplantation) was calculated
by dividing the number of engrafted hepatocytes per
liver by the number of injccted hepatocytes.
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A transplanted hepatocyte homes to the liver, starts
to replicate there, and forms a colony soon after trans-
plantation. The area of colonies formed by the trans-
planted hepatocytes was measured using NIH image var.
1.62, and the data were analyzed using StatView ver.
5.0 (SAS Institute, Cary, NC). The colony size increases
as engrafted hepatocytes proliferate. The volume of a
colony was estimated using a reported method (6).
Briefly, we made 10-um-thick semiserial sections from
liver specimens, at 100-ium intervals. Different parts of
a DPPIV* colony were seen in several different serial
sections when the diameter of the colony cxceeded 100
pm, which is a colony area corresponding to >7,850
lm?2. We selecied the section in which the longest diam-
eter of a particular DPPIV* colony was seen and calcu-
lated the colony area using this diameter. For a colony
with a diameter <100 pum, we assumed that the diameter
measured in a section was he longest diameter and cal-
culated the colony area using this diameter. We only
measured the colonies consisting of more than eight
DPPIV* transplanted hepatocytes. The colonies were
oval or round. To quantify the area of these colonies, 40
portal areas were examined in each animal at 21 days
posttransplantation. The volume of a colony was calcu-
lated from the area of the colony, assurning that the col-
ony was spherical and that the cross section was made
along the maximum diameter of the sphere. To calculate
the mean diameter of cells in colonies formed by the
transplanted hepatocytes, the area and cell pumber
therein were measured for 10 colonies. The mean cell
number in a colony was calculated using the arca or
volume of the colony and the mean cell diameter of he-
patocytes.

Quantification of mRNA

Total RNA was purified from n-, f-, and r-hepato-
cytes using an RNeasy minikit (QIAGEN K K., Tokyo,
Japan) and was treated with an RNase-free DNase set
(QIAGEN). ¢DNA was synthesized using PowerScript
reverse transcriptase (Clontech, Palo Alto, CA) and was
amplified with a sel of gene-specific primers (2) and
SYBR Green PCR mix in a PRISM 7700 Sequence De-
tector (Applied Biosystems, Tokyo, Japan). A series of
diluted plasmid cDNAs containing each gene was used
to plot the standard amplification curves. The mRNA
copy numbers in cDNA samples were calculated using
the standard amplification curves (2).

Statistical Analysis

The area of colonies formed by the transplanted hepa-
tocytes was measured using NIH image ver. 1.62, and
the data were analyzed using StatView ver. 5.0 (SAS
Institute, Cary, NC). The significance of differences was
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analyzed using the Mann-Whitney rank ssm test. A
value of p < 0.05 was considered significant.

RESULTS
Size and FACS Characterization of Hepatocytes

We prepared n- and f-hepatocytes from normal and
CCl,-treated rats, respectively. The yield of the n- and
f-bepatocytes was 350+ 19.0 x 10° and 2.6 + 1.5 x 10¢
cells per animal (n = 3), respectively, and their viability
was 95.5 + 0.6% and 69.6 + 2.2% (n = 3), respectively.
Similarly, r-hepatocytes were isolated from rats 36 h
after PHx. These cells were placed on nonadhesive
dishes to determine their diameters as a measure of cell
size. The n-, {-, and r-hepatocytes had diameters of 22.1 &
0.2, 20.1 £0.2, and 21.5+ 1.0 um, respectively. Pre-
viously, we had found diameters of 23.2+ 0.5 and 174 %
0.0 um for LHs and SHs, respectively (2).

The shape of contour lines in FACS analysis were
variable from experiment to experiment, depending on
the axis adjustment of the cell souter that is usually
made and fixed in each series of experiment. We always
compared the level of FL1 (autoflorescence) and SSC
(granularity) of experimental cells (f- and r-hepatocytes
in this study) with control cells (n-hepatocytes). It was
confirmed that the similar differences of f-hepatocytes
over n-hepatocytes and that of r-hepatocytes over n-hepa-
tocytes were reproducibly observed in three independent
analyses. The FACS analysis showed that f-hepatocytes
were totally different from n-hepatocytes (Fig. [A).
Most of the f-hepatocytes were less granular and less
autofluorescent. The FACS profile of r-hepatocytes was
similar to that of n-hepatocytes, although the former
contained more populations with low granularity and
low autofluorescence than the-latter (Fig. 1B).

Growth Ability of n- and f-Hepatocytes

The n- and f-hepatocytes were isolated from three
normal rats and four CCl.-treated rats, respectively, and
then cultured with Swiss 3T3 cells in HCGM for 10
days. The ratios of the ccll number at day 10 to that at
day 1 were 3.5 £ 1.0 and 3.3 £ 0.1 for f- and n-hepato-
cytes (n=3), respectively, clearly indicating similar
growth ability between the two types of hepatocytes in
vitro.

The growth ability in vivo was compared between n-
and f-hepatocytes. DPPIV® n- and {-hepatacytes were
transplanted into DPPIV- retrorsine/PHx rats via the
portal vein. The livers were harvested 48 h after irans-
plantation. The DPPIV* n- and f-hepatocyles were coun-
ted on the host liver sections. The engraftment index of
f-hepatocytes obtained by two transplantation experi-
ments was 12.3% and 7.4% (average 9.9%), which was
similar to that of n-hepatocytes, 13.0% and 5.6% (9.3%).
A previous study revealed that oval cells were not seen
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Figure 1. FACS profiles of hepatocytes. Two series (A, B) of experiments were performed in
which hepatocyles were analyzed by FACS in terms of the side scatter (SSC) and fluorescence
through 530-nm filter (FL1). (A) One series compared the FACS profiles of n- and f-hepatocytes,
and (B) the other compared the profiles of n- and r-hepatocytes.

in the livers of CCl-treated rats (3). In the present study,
serial liver sections were immunostained for DPPIV and
an oval cell marker, OV6. There were no DPPIV and
OV6 double-positive cells (data not shown), showing
the absence of oval cells in the hepatocyte preparations
used in this study.

Retrorsine/PHx DPPIV rats were transplanted with
n- and f-hepatocytes that had been isolated from four
DPPIV* rats each as described above, killed 21 days
after transplantation, and their livers were processed for
DPPIV* enzyme histochemistry (Fig. 2). The f-hepato-
cyte colonies were more heterogeneous in size and ap-
peared larger than the n-hepatocyte colonies, suggesting
higher growth potential of the former than the latter. To
quantitatively evaluate the growth ability, we measured
two parameters on histological sections, the colony area
and volume. Area size distribution of the hepatocyte col-
onies was dctermined and is shown in Figure 3, which
confirmed the above suggestions of higher size hetero-
geneity and larger colony area of f-hepatocytes than
those of n-hepatocytes. The mean colony area was cal-
culated from these graphs and is shown in Table 1. f-

Hepatocytes formed colonies whose areas were approxi-
mately 2.4-fold larger (significant at p < 0.05) than those
of n-hepatocytes. The diameter of the hypothetical
sphere formed by the transplanted hepatocytes was mea-
sured and also is shown in Table 1. As expected, the
colony volume of f-hepatocytes was approximately 3.7-
fold larger (significant at p < 0.05) than that of n-hepato-
cytes. From thc mecan area and volume of colonies
formed by the transplanted hepatocytes, we estimated
the replication potential of a transplanted cell. To sim-
plify the calculation, we assumed that transplanted hepa-
tocytes were spherical, and we calculated the number of
transplanted cells per area and volume of a colony as
described in the Materials and Methods. As shown in
Table 2, the number of transplanted cells per area and
volume of a colony was about 1.9- and 2.6-fold larger
than that of n-hepatocytes, respectively. The average
numbers of cell divisions for transplanted f- and n-hepa-
tocytes over 21 days were calculated to be 11-13 and
9-11, respectively (Table 2). From these measurements,
we concluded that f-hepatocytes have higher growth po-
tential than n-hepatocytes in vivo.
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