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Fig. 2. Time course of P450 activities in fresh and cryopreserved chimeric hepatocytes after isolation or thawing, respectively, as

assessed by HPLC

Fresh and cryopreserved 2YM-chimeric hepatocytes were stored after isolation and thawing, respectively, at 4°C for 3 and 6 h. The fresh
and cryopreserved chimeric hepatocytes were purified by Percoll isodensity centrifugation after isolation or thawing. Fresh and
cryopreserved chimeric hepatocytes, just after purification (0 h) and after storage for 3 h and 6 h, were treated with four substrates specific
for four P450s (Table 1): (A) 1A2, (B) 2C9, (C) 2C19, and (D) 3A. The incubated medium was used to analyze each metabolite by HPLC; the
metabolic activity of each P450 is shown as pmal/10° cells/min (Table 3).

cytes from the chimeric mice showed similar P450 activi-
ties to unpurified ones, supporting this suggestion (Fig.
1)

Glucuronide conjugation of ketoprofen in chi-
meric m-hepatocytes: Glucuronide conjugates were
detected by in vitro metabolic assay for ketoprofen using
fresh and cryopreserved hepatocytes from the 6YF-chi-
meric mouse and cryopreserved donor cells (6YF);
however, uPA(wt/wt)/SCID mouse hepatocytes did not
show products of UGT activity. The proportion of non-
metabolized ketoprofen in fresh chimeric hepatocytes
was similar to that in donor cells and lower than that in
cryopreserved chimeric hepatocytes (Fig. 4). The
proportion of ketoprofen-glucuronide in fresh chimeric
hepatocytes was significantly higher than that of both
cryopreserved chimeric hepatocytes (P<0.05). The
transferred ketoprofen-glucuronide levels in fresh chi-
meric hepatocytes were also higher than those of both
cells, but not significantly so (Fig. 4). From these results,
we suggest that the freeze-thaw procedure decreased cel-
lular glucuronide conjugation activities on drugs such as
ketoprofen.

Discussion

Recent studies have revealed that chimeric mice may
be a useful model for the examination of drug absorp-
tion, distribution, metabolism, and excretion (ADME)
and drug interactions via enzyme induction and
inhibition in vivo."**’1?-' S.Warfarin has been shown
to be metabolized to S-7-hydroxywarfarin, catalyzed
by CYP2C9, and is primarily recovered in urine in hu-
mans.'” The mass balance and metabolic disposition of S-
warfarin in chimeric mice were found to be similar to
reported human data.'*'® In humans, ketoprofen is
primarily metabolized by UGT and converted to
ketoprofen glucuronides.”’ When chimeric mice were ad-
ministered ketoprofen, glucuronide conjugates were de-
tected in their sera and bile.” By treatment with typical
inducers of P450 (3-methylcholanthrene and rifampicin),
human CYP1A and CYP3A4, respectively, were induced
in the chimeric mouse liver."” After treatment with
quinidine, a specific inhibitor of human CYP2D6, the
area under the curve (AUC) of CYP2D6 metabolites was
significantly decreased in the chimeric mice, but not in
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Fig. 3. P450 activities of liver microsomes from chimeric mice, uPA/SCID mice, and human livers as determined by LC-MS/MS

Microsomes from a 6YF-chimeric mouse and pooled microsomes of uPA/SCID mice and human livers were treated with eight substrates
specific for seven P450s (Table 1), and the metabolite concentrations were measured by LC-MS/MS; the metabolic activity of each P450 is
shown as pmol/mg protein/min (Table 2): (A) 1A2, (B) 2A6, (C) 2C9, (D) 2C19, (E) 2D6, (F) 2E1, (G) 3A, midazolam, and (H) 3A, testosterone.

control mice.'”” These findings demonstrate that h-
hepatocytes in the chimeric mouse liver had normal hu-
man phase I and Il enzyme activity, and that the chimeric
mice may have advantages in studies of ADME and drug
interactions. However, no study had examined the meta-
bolic activity of fresh h-hepatocytes isolated from chimer-
ic mice. In the present study, we determined whether the
chimeric mouse could be a useful source of fresh h-
hepatocytes for in vitro metabolic studies.

The metabolic capacities of fresh and corresponding
cryopreserved hepatocytes from several donors have
been compared by testosterone hydroxylation, 7-ethoxy-
resorufin-O-deethylase (EROD), and 7-ethoxycoumarin-
O-deethylase (ECOD). These activities were found to be
lower in cryopreserved hepatocytes than in fresh
ones.'”'® Phase Il enzyme activities, GST, UGT toward 4-
methylumbelliferone (MUF), and sulfotransferase (SULT)
were also significantly reduced after cryopreservation of
h-hepatocytes, whereas the activity of UGT toward 4-
hydroxybiphenyl (HOBI) and that of SULT were similar
to those measured in fresh h-hepatocytes.'” Despite the

observed reductions of these enzyme activities,

cryopreserved h-hepatocytes are regarded as the best in
vitro model for use in predicting human intrinsic clear-
ance of xenobiotics.'” This is because ahead-of-time ex-
perimental planning using fresh h-hepatocytes and attain-
ing reproducible studies using the same donor of fresh h-
hepatocytes is not feasible. Additionally, because large in-
dividual variations are known to exist among h-hepato-
cytes, pooled hepatocytes derived from several donors
could help eliminate such individual variation, but such
pooling of fresh h-hepatocytes is not possible. Here, we
compared the P450 activities of fresh and cryopreserved
chimeric hepatocytes originating from the same donor,
and fresh h-hepatocytes from human livers. Results indi-
cated that CYP1A2, 2C19, and 2D6 activities declined,
while CYP2A6, 2C9, 2E1, and 3A activities were not af-
fected by the freeze-thaw procedure. Fresh and
cryopreserved chimeric h-hepatocytes were used for the
determination of ketoprofen glucuronidation. Concen-
trations of ketoprofen-glucuronide and transferred
ketoprofen-glucuronide were higher in fresh chimeric
hepatocytes than in their cryopreserved counterparts.
Chimeric hepatocytes from the same donor showed
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Fig. 4. Glucuronidation of ketoprofen in fresh and cryopreserved chimeric hepatocytes, uPA(wt/wt)/SCID mouse hepatocytes, and

cryopreserved donor hepatocytes, as determined by LC-MS/MS

Fresh and cryopreserved chimeric hepatocytes, uPA(wt/wt)/SCID mouse hepatocytes, and cryopreserved donor hepatocytes (6YF) were in-
cubated with ketoprofen for 3 h. The conditioned medium was treated with g-glucuronidase and 1 N KOH, and the concentration of
ketoprofen was measured by LC-MS/MS (Table 2): (A) Non-metabolized ketoprofen, (B) Ketoprofen-glucuronide, (C) Transferred ketoprofen-
glucuronide, and (D) other metabolites. The concentrations of ketoprofen-glucuronide and transferred ketoprofen-glucuronide were calcu-
lated by the formulas indicated in Materials and Methods, and the activities were expressed as the ratio of the concentration of ketoprofen
or its glucuronide conjugate to the ketoprofen concentration at 0 h. The values shown are the means+ SD of three or five different chimeric

mice. *p<0.05, **p<0.01. ND, not detected.

smaller variations in P450 activities than fresh h-hepato-
cytes from different individuals (Fig. I). These results in-
dicated that fresh chimeric hepatocytes may address the
problem of individual differences in fresh h-hepatocytes.
Additionally, the fresh and cryopreserved chimeric
hepatocytes tested retained P450 (CYP1A2, 2C9, 2C19,
and 3A) activities for at least 6 h. These studies demon-
strated that chimeric mice can provide fresh h-hepato-
cytes ahead of time, making reproducible studies using
the same donor possible.

The decreased metabolism in cryopreserved hepato-
cytes could be attributable to two mechanisms: inactiva-
tion of P450 enzymes and loss of the cofactor NADPH
due to cell membrane damage.’” The addition of a
NADPH-generating system to the incubation mixture has
been shown to increase benzo[a]pyrene metabolite for-
mation by cryopreserved rat hepatocytes to approximate-
ly the level of freshly isolated rat hepatocytes.z” When
cryopreserved rat hepatocytes were purified by Percoll
centrifugation after thawing, to remove dead and mem-
brane-damaged cells, benzo[a]pyrene metabolism reco-

vered to equal that of fresh rat hepatocytes.’) The
decline in phase II enzyme activities has also been shown
to be overcome by Percoll centrifugation, but not com-
pletely to the level of freshly isolated cells.”” Addition of
endogenous cofactors uridine 5’-diphosphoglucuronic
acid (UDPGA) and adenosine 3’-phosphate 5’-phos-
phosulfate (PAPS) to cryopreserved rat hepatocytes im-
proved 7-hydroxycoumarin-glucuronide and 7-hydroxy-
coumarin-sulfate formation to levels observed in fresh
hepatocytes.”” The UDPGA and PAPS synthesis machine-
ries may be damaged during freezing and thawing. Fresh
or cryopreserved chimeric hepatocytes would be useful
in clarifying the mechanisms underlying the decline in
metabolic activities after freezing and thawing. The
results of this study also suggest that fresh chimeric
hepatocytes are useful for testing phase I and Il reactions,
including glucuronidation, without the need for Percoll
purification or the addition of cofactors.

Chimeric hepatocytes contain about 17% of m-hepato-
cytes, and 66Z antibodies react specifically with m-
hepatocytes. We purified h-hepatocytes from the chimer-
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ic hepatocytes by 66Z rat IgG and magnetic bead-conju-
gated anti-rat IgG antibodies. After the magnetic removal
of m-hepatocytes, the proportion of m-hepatocytes
decreased to approximately 3%. We measured the P450
activities of microsomes isolated from the chimeric
mouse and pooled microsomes from uPA/SCID mice and
human livers using the same substrates as those used in
the cell suspension study. Because we were not able to
obtain microsomes from the donor of the chimeric mice
(6YF), pooled human microsomes were used for this
study. Except for CYP2D6 and 2E1, the activities of uPA/
SCID mouse liver microsomes were similar to, or lower
than, those of pooled human liver microsomes. The activ-
ities of CYP2D6 and 2El in uPA/SCID mouse liver
microsomes were 50-100% higher than those of pooled
human liver microsomes, respectively. We also found
that P450 activities were similar between pre- and post-
purified chimeric hepatocytes. From these results, we
deduced that m-hepatocytes contaminating the chimeric
hepatocytes might not significantly affect the activities of
chimeric hepatocytes.

Gender differences in CYP3A4 activities have been re-
ported when using cryopreserved human hepatocytes.””
We assumed that P450 activities were independent of
the gender in recipient uPA/SCID mice, because we re-
cently showed that there was no significant difference in
P450 activity (CYP1A2, 2C9. 2C19, 2D6, and 3A) be-
tween microsomes from male and female chimeric
mice.”” In the present study, hepatocytes isolated from
both male and female chimeric mice were used, and
there was no difference in P450 or UGT activity between
them (data not shown); however, the number of animals
was limited.

Non-platable 4YF- and 6YF-donor cells were engrafted
and grown in the uPA/SCID mice and hepatocytes were
isolated from the livers using the collagenase perfusion
method. Fresh chimeric hepatocytes adhered well onto
the culture dishes, compared with fresh and
cryopreserved h-hepatocytes. This suggests that fresh chi-
meric hepatocytes would be suitable for P450 induction
and toxicity studies that are usually performed with plat-
ed cells.

Cryopreserved h-hepatocytes isolated from the chi-
meric mice were demonstrated to be useful for evaluat-
ing the induction of CYPIA2 and 3A4;* in addition,
CYP1A2 and 3A4 mRNA induction and expression from
three different donor hepatocytes were reproduced in
cryopreserved chimeric hepatocytes.*® Due to the higher
plating efficiency of fresh hepatocytes compared to
cryopreserved cells, fresh chimeric hepatocytes would be
useful for evaluating the human P450 induction abilities
of xenobiotics.

We conclude that fresh and reproducible h-hepato-
cytes isolated from chimeric mice could be a useful tool
in predicting the pharmacokinetics of chemical entities

in addition to in vivo chimeric mouse studies. Compara-
tive in vitro and in vivo studies using chimeric mice with
the same donor could generate abundant data for resolv-
ing poorly understood phenomena and mechanisms.
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Liver mass is optimized in relation to body mass. Rat
(r) and human (h) hepatocytes were transplanted
into liver-injured immunodeficient mice and allowed
to proliferate for 3 or 11 weceks, respectively, when
the transplants stopped proliferating. Liver/body
weight ratio was normal throughout in r-hepatocyte-
bearing mice (r-hep-mice), but increased continu-
ously in h-hepatocyte-bearing mice (h-hep-mice), un-
til reaching approximately three times the normal
m-liver size, which was considered to be hyperplasia
of h-hepatocytes because there were no significant
differences in cell size among host (mouse [m-]) and
donor (r- and h-) hepatocytes. Transforming growth
factor-B (TGF-8) type I receptor, TGF-f type H recep-
tor, and activin A type IIA receptor mRNAs in prolif-
erating r-hepatocytes of r-hep-mice were lower than
in resting r-hepatocytes (normal levels) and increased
to normal fevels during the termination phase. Con-
comitantly, m-hepatic stellate cells began to express
TGF- proteins. In stark contrast, TGF-§ type II recep-
tor and activin A type IIA receptor mRNAs in h-hepa-
tocytes remained low throughout and m-hepatic stel-

late cells did not express TGF-8 in h-hep-mice. As
expected, Smad2 and 3 translocated into nuclei in
r-hep-mice but not in h-hep-mice. Histological analy-
sis showed a paucity of m-stellate cells in h-hepato-
cyte colonies of h-hep-mouse liver, We conclude that
m-stellate cells are able to normally interact with
concordant r-hepatocytes but not with discordant
h-hepatocytes, which seems to be at least partly
responsible for the failure of the liver size optimiza-
tion in h-hep-mice. (4mJ Pathol 2010, 177:000—000; DOI:
10.2353/ajpath.2010.090430)

Experiments using animal models with damaged livers
have demonstrated the high replicative potential of hepa-
tocytes. A transgenic (TQ) mouse carrying an albumin
(Alb) enhancer/promoter-driven murine urokinase-type
plasminogen activator (UPA) gene was created’; the liver
of this mouse degenerates and increases hepatocyte
growth factor production and induces the proliferation of
normal hepatocytes. When transplanted into the uPA-Tg
mice, mouse (m) hepatocytes engrafted into the host liver
and proliferated, eventually replacing the host hepato-
cytes with a replacement index (RI) of 80%,% where RI
represents the ratio of the regions occupied by trans-
planted hepatocytes in the host liver). The oftspring gen-
erated by crossing uPA-Tg mice with immunodeficient
mice were used as hosts for the xenotransplantation of rat
(r),* woodchuck,® and human (h} hepatocytes.®-®

We showed that the repopulation kinetics of r-hepato-
cytes in uPA/severe combined immunodeficiency (SCID)
mice were different from those of h-hepatocytes.® Rat
hepatocytes rapidly proliferated and completely repopu-
lated the mouse liver, whereas h-hepatocytes proliferated
stowly over a longer period, with Rl = ~90%. However,
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the livers of mice bearing h-hepatocytes (h-hep-mice)
became much larger than the normal mass of the host
motse liver as the Rl increased, whereas their counter-
parts with r-hepatocytes (r-hep-mice} did not (unpub-
lished data). The above result with h-hep-mice does not
meet the empirical rule (liver size optimization rule) that
liver size is determined by the size of an animal's body.'©
This rule says that livers from smaller animals trans-
planted to larger animals must increase in size, which has
been demonstrated in dogs,'® humans,'' and rats.'?

Transforming growth factor (TGF)-g'3'* and activin'®
are potent inhibitors of hepatocyte proliferation. The initi-
ation of TGF-8 signaling reguires binding to the TGF-3
type Il receptor (TGFBR2), a constitutively active serine-
threonine kinase, which subsequently trans-phosphory-
lates TGF-8 type | receptor (TGFBR1). Activated TGFBR1
phosphorylates the Smad family proteins, Smad2 and 3
(Smad?2/3), which then complex with Smad4 and translo-
cate into the nucleus.'® Smad2/3 are also activated by
activin and nodal receptors, members of the TGF-g su-
perfamily. "7 After partial hepatectomy, TGF-B mRNA ex-
pression increased in nonparenchymal cells, and TGF-3
seemed to function as an inhibitory paracrine factor to
prevent uncontrolled hepatocyte growth,'®

When hepatocyte-targeted TGFBR2-knockout (KQ)
mice were subjected to 70% partial hepatectomy, hepa-
tocytes grew beyond the limit of the known liver/body
weight ratio (Rg)."® supporting the antiprofiferative role
of TGF-B signaling. However, a similar study with hepa-
tocyte-targeted TGFBR2-KO mice showed no significant
differences in R ;5 between control and KO mice be-
cause of an alternative increase in signaling via activin
AJactivin A type llIA receptor (ACVR2A) and persistent
Smad pathway activity.?® Thus, the roles of TGF-g, ac-
tivin, and their receptors in the regulation of liver mass
remain to be further studied.

In the present study, we compared the repopulation
processes of concordant (rat) and discordant (human)
xenogeneic hepatocytes in the uPA/SCID mouse liver.
Our results showed that r-hep-mice had normal mouse
regulation of R, whereas h-hep-mice underwent liver
hyperplasia, resulting in the increase in R ,5. The present
study strongly suggests that discordant h-hepatocytes
fail in exchanging molecular signals including TGF-8/
activin with m-hepatic stellate cell (HSCs) and proliferate
over the liver size optimization rule for mouse.

Materials and Methods

Preparation of Liver Tissues and Hepatocytes

The Hiroshima Prefecturat Institute of Industrial Science and
Technology Fthics Board approved this study. Liver tissues
were cbtained from seven donors in hospitals, with in-
formed consent before the operations in accordance with
the 1975 Declaration of Helsinki: four males. a 12-year-old
male (12YM), a 28-year-old male (28YM), a 49-year-old
male (49YM), and a 50-year-oid male (50YM}, and three
females, a 25-year-old female (25YF), a 61-year-old female
{(61YF), and a 65-year-old female (B5YF). The livers from the

25YF, 28YM, and 61YF were used for real-time RT-PCR to
determine the expression levels of cell cycle-related genes
and TGFBR/ACVR genes, and those from the 43YM, 50YM,
and 65YF were used for immunostaining of proteins. Liver
lissues were resected from 13-week-old male Fischer 344
rats (Charies River, Yokohama, Japan) and were used for
realtime RT-PCR to determine the expression levels and
immunohistochemistry.

h-Hepatocytes were isolated from the 12YM as re-
ported previously.”?' Cryopreserved h-hepatocytes from
two males, a 9-month-old male {(9MM) and a 13-year-old
male (13YM), were obtained from In Vitro Technologies
(Baltimore, MD); h-hepatocytes from a 10-year-old fe-
male (10YF) were purchased from BD Biosciences {San
Jose, CA). The hepatocytes from these four donors were
used for transplantation experiments into uPA/SCID mice.
r-Hepatocytes were isolated from the livers of Fischer 344
rats by collagenase perfusion,®? centrifuged through
45% Percoll at 50 X g for 24 minutes and used for
transplantation experiments. These hepatocyte prepara-
tions all showed >80% of viability, which was determined
by the dye extrusion test, and >99% of purity, which was
determined by microscopic observation.

Transplantation of Hepatocytes

h- and r-Hepatocytes, 7.5 X 10% and 5 x 10° cells, respec-
tively, were transplanted into the liver of homozygous UPA/
SCID mice, which had been generated by crossing uPA-Tg
mice with SCID mice.” Donor h-hepatocytes showed repro-
ducibly high engraftment efticiency similar to fresh r-hepa-
tocytes and Rl >80% under the optimized conditions. The
labeling index (L) of 5-bromo-2’-deoxyuridine (BrdU) of the
transplanted hepatocytes was determined as a measure of
DNA synthesis by exposing the host animals to BrdU for 1
hour before sacrifice.

Histochemistry

Paraffin and frozen sections of 5-um thickness were pre-
pared from liver tissues as detailed previously.”?* The
sections were stained with H&E or subjected o immuno-
histochemical analysis using the primary antibodies
listed in Table 1 together with necessary information. For
bright-field immunohistochemistry, the antibodies were
visualized with the VECTASTAIN ABC kit (Vector Labora-
tories, Burlingame, CA) using 3,3'-diaminobenzidine as
the substrate. The sections were counterstained with
Mayer's hematoxylin. Fluorescent immunchistochemistry
was performed using Alexa 488- or 594-conjugated donkey
anti-mouse IgG or donkey anti-rabbit 1gG (Invitrogen) as
secondary antibodies and then with Hoechst 33258 for
nuclear staining. Human cytokeratin 8/18 (hCK8/18} anti-
bodies reacted with h-hepatocytes but not with m-hepato-
cytes. Rat major histocompatability complex class | RT1A
(rRT1A} antibodies reacted with r-hepatocytes but not with
m-hepatocytes. The Rls of h- and r-hepatocytes (Rl e,
and R, ;... respectively) were calculated as the ratios of the
area occupied by hCK8/18" h-hepatocytes and the area
occupied by rRT1A"Y r-hepatocytes 1o the entire area ex-
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Table 1. Antibodies tor Immunohistochemical Analysis
Clone
Antibodies (clone name) Host Dilution Fixation Sections Supplier
Human CK8/18~ Monaoclonal Mouse 50 Aceton Frozen MP Biomedicals (Aurora, OH)
{NCL. 5D3)
Hurman albumin® Palyclonal Goat 200 Formatin Paraftin Bethyl Laboratories
(cross-adsorbed) {Montgomery, TX)
BrdU Manocional Mouse 50 Formalin Paraffin DAKO (Glostrup, Denmark}
{Bu20a)
Rat RT1At Monaclonal Mouse 100 Aceton Frozen Chemicon International
{OX-18) {Temecula, CA)
Mouse type IV callagen Polyclonal Rabbit 500 Aceton Frozen LSL {Tokyo, Japan}
Human MRP2* Polyclonal Rabbit 200 Aceton Frozen Sigma (St. Louis, MQO)
Human TGFBR2% Polyclonal Rabbit 500 Aceton Frozen Upstate (Billerica, MA}
TGF-g1% Polyclonal Rablbit 10 Formalin Frozen BioVision {Mountain View, CA)
Human desmin® Monoclonal Mouse 50 Formalin Frozen DAKO
Human Smad2*® Polyclonal Rabbit 50 Non-fixed Frozen Zymed Laboratories {South San
Francisco, CA)
Human Smad3*® Polyclonal Rabbit 200 Formalin Paraffin Zymed Laboratories
Human E-cadherin® Polyclonal Rabbit 200 Formalin Frozen Abcam (Cambridge, MA)

“Human-specific antibody.

TRat-specific antibody.

*Cross-reactive with rat antigen.
SCross-reactive with rat and mouse antigens.
9Cross-reactive with TGF-81-3.

amined on immunohistochemical sections from six
lobes, respectively, as described previously.” BrdU Lis
of h- and r-hepatocytes (L, and Ll ep. respec-
tively) were calculated as the ratios of BrdU* nuclei to
hAlb* h-hepatocytes and rRT1A* r-hepatocytes, re-
spectively, in 10 randomily selected fields from three
different lobes.

A transferase-mediated dUTP nick end-labeling (TUNEL)
assay was performed as follows. Paraffin-embedded liver
tissues were sectioned, deparaffinized, and subjected to
TUNEL analysis using an ApopTag Peroxidase In Situ Ap-
optosis Detection Kit {Chemicon International, Temecula,
CA) following the manufacturer's instructions.

Real-Time RT-PCR

Total RNA was isolated from normal and chimeric liver
tissues using Isogen (Nippon Gene, Tokyo, Japan) and
aliquots, 1 pg each, were reverse-transcribed with ran-
dom hexamers using PowerScript Reverse Transcriptase

(Clontech, Kyoto, Japan). The expressions of the follow-
ing genes were measured by real-time RT-PCR using an
SYBR Green PCR Master Mix (Applied Biosystems, Fos-
ter City, CA) in an ABI Prism 7700 sequence detector
(Applied Biosystems): h-forkhead box M1 (hFoxM1), h-
cyclin dependent kinases (hCdk) 1, hCyclin B1, hCyclin
D1, h-cell division cycle 25A (hCdc25A), hTGFBR1,
hTGFBR2, hACVR2A, h-glyceraldehyde 3-phosphate dehy-
drogenase (hGAPDH), rat TGFBR1 (tTGFBR1), rTGFBRZ,
rACVR2A, and rGAPDH. The gene-specific primers we
used are shown in Table 2. These primers correctly am-
plified the corresponding human/rat genes but not the
mouse genes. The relative mRNA expressions of trans-
planted h- and r-hepatocytes were quantified using the
comparative threshold cycle (AAC) method®* according
to the manual provided by Applied Biosystems, hGAPDH
and rGAPDH, respectively, were used as the internal
reference genes to normalize the expression of human/
rat target genes; h/r-specific- primers were used because
there is a difference in the amounts of h/r-cDNAs in the

Table 2. Primer Sets for Real-Time RT-PCR
Gene Forward primer Reverse primer

hFoxit? 5'-GCATCTACTGCCTCCCTGTG-3' 5'~GAGGAGTCTGCTGGGAACG-3'
hCdk1 5’ - AAACTACAGGTCAAGTGG-3’ 5' -GGGATAGAATCCAAGTATTTCTTCAG-3'
hCyclin B1 5'-CCTGATGGAACTARCTATGTTG-3' 5'~CATGTGCTTTGTAAGTCCTTGA-3'
hCyclin D1 5'-TGTGAAGTTCATTTCCAATCCG-3' 5'-CTGGAGAGGAAGCGTGTGAG-3'
hCdc25A 5'-CAAAGAGGAGGAAGAGCATGTC-3' 5'-CCAGGGATAAAGACTGATGAAGAG-3'
hTGFBR1 5/ ~GGAATTCATGAAGATTACCAAC-3’ 5'- AGAGTTCAGGCAAAGCTGTAGA-3’
hTGFBR2 5'-CATGTGTTCCTGTAGCTCTGAT -3’ 5'-TGCCGGTTTCCCAGGTTGA-3'
hACVR2A 5'-AAGAAGACCCTTTGTTGAARAATG-3' 5'-GCAAGGTTTCTCTTAGTCTCATGTC-3’
hSmad2 5’ - AAAGCTTCACCAATCAAGTCC-3' 5 - CTTCTCTTCCTCTTTAATGGG-3'
hSmad3 5'-TGGAACTCTACTCAACCCAT -3’ 5'-GGTAAATGTGTTTGCGCAGAC-3'
hGAPDH 5'~ACCAGGGCTGCTTTTAACTC-3' 5'~ATTGATGACAAGCTTCCCG-3'
rTGFBR1 5'~CACTTCTGATTCCCACTCTTG -3’ 5'-ATGAAGGACCAGGAGCTGTA-3'
rTGFBR2 S'~-CAAGTCGGTTAACAGCGAT-3' 5'-GGCTTCTCACAGATGGAGG-3'
rACVR2A 5'- AGCATGGATTGGGAGACTTC-3' 5'-GCCACATTCTTCGTCTAAGTT-3'
rGAPDH 5'-CCAGCGCTGCCTTCTCTTGTGA-3" 5'~GCCGTTGAACTTGCCGTGGGTA-3"

h. human-specilic, r, rat-specific.
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mixed baths from the h- or r-hep-mouse liver. Before per-
forming quantification with the AAC; method, we confirmed
that the amplification efficiencies of target and reference
primers were approximately equal. The expression levels of
the target genes show the relative differences from the
normal hfr-liver controls. For all data, the h/r target C; value
was normalized using the formula: AC; = C; hirtarget — Cy
h/frGAPDH. To determine the relative expression levels, the
formula, AAC; = AC; sample (chimeric livers) — ACy cali-
brator (hfr-livers), was used and 2~ 24" was plotted.

Statistics

Results are shown as the mean + SD. Significant differ-
ences between groups were detected with Dunnett's
multiple comparison test or Student's t-tests using Stat-
View software (SAS Institute Japan, Tokyo, Japan).

Results

Growth Kinetics for r- and h-Hepatocytes in
uPA/SCID Mice

Twelve mice were transplanted with r-hepatocytes and sac-
rificed at 1, 2, 3, and 4 weeks after transplantation. Liver
sections were subjected to double immunostaining for BrdU
and rRT1A to determine the LI .., and the Ri ., (Figure
1A), where Ll ., represents the ratio of the BrdU-positive
r-hepatocyte number to the total r-hepatocytes in the r-
hepatocyte-repopulated region in the r-hep-mouse liver,
and Rl e, represents the ratio of the repopulated r-hepa-
tocytes to the total r- and m-hepatocytes in the r-hep-mouse
liver. L), e, was approximately 16% at 1 week, when Rl .,
was approximately 7%. Rl, .., reached almost 100% at 3
weeks when LI .., had markedly decreased to 1%. Finally,
Ll.nep returned to the control level (0.4%) at 4 weeks, the
level of LI of SCID mouse liver. From these resuits, we
concluded that r-hepatocytes terminated proliferation at ap-
proximately 3 weeks.

Mice were transplanted with h-hepatocytes isolated from
the 9MM (h-hepgn) and were sacrificed at 1 to 11 weeks
after transplantation (Figure 1B). L., and Rl .. the
corresponding ratios for h-hep-mouse liver, were approxi-
mately 10% and <1% at 1 week, respectively. The Ll ., at
this time period was 64% of the LI .. The rise of Rly, g,
and the decrease of Ll ., thereafter were both greatly
slow compared with those of the r-hep-mice. Ll e, re-
turned to the control level at 11 weeks when Rl, 4., was
still as low as 58 * 46%. Thus, it was concluded that
h-hepatocytes repopulate the m-liver quite slowly. We be-
lieve that this difference in donor proliferative and repopu-
lating activities is due to species-related differences but not
experimental variables that might influence transplantation
outcomes, because, first, the engraftment efficiencies were
similar between the h- and the r-hepatocytes, second, the
viability (=>80%) and the purity (>99%) of the hepatocyte
preparations were comparable between the two types of
hepatocytes, and, third, the similar difference was observed
in the previous report in which h-hepatocytes were also
used as donor hepatocytes.®

Ral
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Figure 1. Repopulation of r- and h-hepatacytes in mice, uPASSCID mice
were tansplanted with r~-hepatocytes (A) and h-hepatocytes (BY and sacri-
ficed at the indicated times (weeks) after uuasplanation. A: r-hep-Mice.
Histological seetions were prepared from three different lobes and stained for
RTEA and BedUL rRTIA™ and BrdU™ double-positive hepatocytes and
FRTLA " hepatocytes were counted to determine Ly, (open dircle) and
R, ey (closed crcley, respectively. Bs h-Tiepgyy-Mice. L., {open circle)
and Ry, ., (closed circle) were similarly determined, except that h-hepato-
cytes were identified using hAlb antibodies. The LI of fivers tken from
contred animals (8- 1o 15-week-old SCID mice) was 04 = 0.2% (n = 3).
Significant dilferences compared with normal livess (7 < 0.03), The dotted
horizontal line indicates RE = 100%,

Information regarding proliferative activity of h-hepato-
cyles was obtained by determining the gene expression
levels of five cell cycle promotion genes (hCdk1, hCyclin
B, hFoxM1, hCdc25A, and hCyclin D) in the h-hep-mouse
livers during repopulation, together with those in normal
h-livers from three donors. The results are shown as the
relative mRNA expression levels against those in the normal
h-livers (Figure 2). h-hep-Mouse livers expressed hCdk1
and hCyclin B1 at much and moderately higher levels
at 3 io 9 weeks, respectively. The expressions of
hFoxM1 and hCdc25A were significantly higher in h-
hep-mouse livers up to 7 weeks. These genes all re-
duced the expression to levels comparative to normal
h-liver levels at 11 weeks. These results indicate that
h-hepatocytes in h-hep-mice terminated growth at 11
weeks after transplantation.

Correlation of R, ;5 with Rl in h-Chimeric Mice

In the experiments shown in Figure 1, we noticed that the
h-hep-mouse liver enlarged beyond the normal volume of
the host liver as Rl increased. We assessed a cor-

h-hep
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Figure 2. Expressions of cell cycle-related genes during h-hepatocyte re-
population in h-hep-mice. h-hep-Mouse livers were removed at 3 to 11
weeks after transplantation from h-hep-mice shown in Figure 1B and sub-
jected to real-time RT-PCR for hCdk1 (closed circle), hCyclin B (open circle),
hFoxM1 (closed triangle), hCdc25A (open square). and hCyclin DI (X).
Gene expressions were also determined for normal human livers from the
25YF, 28YM, and 6G1YF donors. Gene expressions were all normilized to
hGAPDH expression. The ratio of mRNA expression for cach gene in h-hep-
mouse livers was caleulated by dividing the normalized value of cach gene
of h-hep-mouse livers by the nomalized value of corresponding gene of the
normal helivers. The atios are ploted against weeks after transplantation. The
variation of each gene of the normal livers was 1.0 = 0.3, 1.0 = 0.0, 1.0 = 0.4,
1.0 = 0.5, and 1.0 £ 0.3 for hFoxM1, hCdk1. hCyclin B1, hCydlin D1, and hCdc25A.,
respectively. Significant differences against nonmal hlivers (°F < 0.05).

relation between Rl ., and liver mass during h-hepato-
cyte repopulation. A total of 38 h-hep-mice were gener-
ated using h-hepatocytes from three donors (9MM,
12YM, and 13YM) and were sacrificed at 11 to 14 weeks
after transplantation. No significant increase in blood
hAIb levels was observed at 9 to 10 weeks, indicating that
the livers then had entered the termination phase of
growth, which is consistent with the results shown in
Figure 2. Host liver and body weights were measured at
sacrifice to calculate R . Liver sections were prepared
from each mouse and stained for hCK8/18 to determine
Rl. R g was then plotted against Rl (Figure 3A). R g
increased as Rl increased, with a correlation coefficient
(r?) of 0.59. The gross appearances of the selected h-
hep-mouse livers are shown in Figure 3, B-D. Livers of an
h-hep-mouse with Rl = 0% showed R, 5 = 6.9 = 1.0%
(Figure 3, A and B). Twenty of the 38 h-hep-mice showed
Rl >50%. Five h-hep-mice showed Rls >80%, one of
which had R, g = 11.8% and is shown in Figure 3C. The
highest Rl was 92.1%, which was obtained in a chimeric
h-hepgyn mouse with Ry 5 = 19.3% (Figure 3D). The R g
for the five mice with Rls >80% was 13.2 = 3.5%, which
was >2-fold of the value at the time of transplantation
(6.0 £ 1.1%, n = 4) or that (5.4 = 0.5%, n = 3) observed
in SCID mice (Figure 3A). Importantly, the R, 5 of r-hep-
mice did not change during repopulation (Figure 3E, 5
weeks) and was similar to that of SCID mice (5.4 + 0.5%,
n=3:Rp=65+11,63=*0264*02and58
0.2% (each n = 3), at 2, 3, 4, and 5 weeks after trans-
plantation, when Rls were 57.1 = 24.7,97.1 = 3.0,98.6
2.4, and 100 * 0.0%, respectively. This fact suggests
that the increase in r-hepatocyte number and the death of
injured m-hepatocytes are normally balanced in the r-
hep-mouse liver. However, R, z of h-hep-mice increased
as the Rl increased as above, suggesting a possible
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Ii-hep-Mouse A
AINMM 012YM O13YM
O r-hep-Mouse
154 ® SCID mouse

Human

Human

A

Figure 3. Correlation of R, with RI in h-hep-mice. A: Twenty-one, 0, and
11 h-hep-mice were produced by transplanting hepatocytes from the 9MM,
12YM, and 13YM donors, respectively, and then sacrificed at 11 to 14 weeks
after transplantation. Ry 4, and Rl were determined at sacrifice and plotted
together. Closed triangle, 9MM hepatocytes; open diamond, 12YM hepatocytes;
open circle, 13YM hepatocytes, Four r-hep-mice were produced and sacrificed
at five weeks after transplantation when the repopulation had completed, and
R, and RI were determined (open square). R, ;, was also determined for three
& to 15-week-old SCID mice (closed circle). B-D: Gross appedrances of h-hep-
mouse livers at 11 weeks. The four long arrows in the figure starting from each
of mouse symbols in A point to the photos of the cormresponding mouse livers
shown in B, C, D, and E, respectively. B: The liver of an h-hepy,, mouse with
Rl = %6 and Ry = 0.7%. Arrows indicate reddish colonies of m-hepatocytes
that deleted the transgene. Whitish regions are occupied by Tg host hepatocytes.
The dark red-colored organ placed above the liver is spleen removed from the
same recipient. Ce The liver of an h-hepgypg mouse with RI = 82% and R, ;5 =
11.8%. D: The liver of an h-hepgy,y mouse with RI = 92% and R, = 19.3%. E:
The liver of an r-hep-mouse with Rl = 100% and Ry_ = 6.5%. Scale bar = 1cm.

imbalance between h-hepatocyte proliferation and m-
hepatocyte death. :

To test this possibility we performed the TUNEL anal-
ysis and determined the ratios (%) of the TUNEL ™ (dead)
m-hepatocytes during the repopulation of h-hepatocytes
as follows: 0.5 = 0.1, 0.6 = 0.2, 1.2 = 0.1, 0.6 = 0.3,
02+01,39+47 and85 =68at1,2,3,5 7,9, and
11 weeks (each n = 3), respectively. The ratios were quite
low until 7 weeks after transplantation and were much lower
than those of the BrdU™ h-hepatocytes shown in Figure 1B
(~10% at 1 week and ~2% at 7 weeks). Similar TUNEL
analysis showed a TUNEL " ratio of 18.8 = 6.1% (n = 3) for
r-hep-mice at 3 weeks after transplantation, which is con-
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siderably higher than that of h-hep-mice at 3 weeks (1.2 =
0.1%). Based on these analyses, we concluded that the
proliferation rate of h-hepatocytes is higher than the death
rate of m-hepatocytes, which resulted in the enlargement of
liver in h-hep-mice.

Histological Architecture of Sinusoids and Bile
Canaliculi in Chimeric Mouse

Liver sinusoids were histologically examined, because
their structures reflect the proliferation status of hepato-
cytes: their structures are compressed®® and become
vague®® during vigorous hepatocyte proliferation. r-hep-
and h-hepg, Mice were generated and sacrificed in the
proliferation (at 2 and 5 weeks after transplantation for
r-hep- and h-hepgyw Mice, respectively) and proliferation
termination phases (at 5 and 14 weeks for r-hep- and
h-hepgmn Mice, respectively) for histological analysis
(Figure 4). Normal livers from Fischer 344 rats and the
B65YF donor were used as normal r- and h-liver controls,
respectively. H&E sections clearly showed the single-cell
structures of hepatic plates in normal r-livers (Figure 4A)

IV collagen

r-hep-Mouse

r._
Swks

B, 4

+

Normal human

fi-hep-Mouse
14 wks

Figure 4. Histological characteristics of r-hep- and h-hep-mouse livers.
Normal r- and h-livers were obtained from 13-week-old male Fischer 344 rats
(A-C) and from a 65YF donor (J=L), respectively. r-hep-Mice and h-hep-mice
were produced as shown in Figure 1. The former were sacrificed at two
(proliferation phase, D=F) and five weeks (wks) after transplantation (termi-
nation phase, G-I and the latter at 14 weeks (termination phase, M—0). Liver
scctions were stained with H&RE (A, D, G, J. and M) and for type 1V collagen
(red, B, E, H, K, and N) and MRP2 (red. C. F, I, L, and O). The sections from
rats and r-hep-mice were additionally stained for fRT1A (green. B. C.E. F. H
and D and those from the human and h-hep-mice for hCK8/18 (green, K. L,
N, and O) to identify transplanted r- and h-hepatocytes, respectively. The
dashed line in D shows the boundary between r-hepatocyte (1) and m-
hepatocyte regions (m). Scale bar = 100 pm

and h-livers (Figure 4J). Sections were stained for type IV
collagen, an indicator of the subsinusoidal space,®® and
multidrug resistance-associated protein 2 (MRP2), a maker
of the canalicular organic anion transporters.?” These pro-
teins were localized as expected in normal r-livers (Figure 4,
B and C) and h-livers (Figure 4, K and L).

H&E-stained sections from r-hep- and h-hep-mouse
livers at 5 and 14 weeks, respectively, showed complete
repopulation (Figure 4, G and M, respectively), but their
histological features were quite different. h-Hepatocytes
were less eosinophilic than r-hepatocytes, as reported
previously,” and swollen and contained less cytoplasm,
with wisps of accumulated glycogen, as described pre-
viously.® Single-cell plates were rarely observable in the
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Figure 5. Gene expressions of TGFBR1, TGFBR2, and ACVR2A in r-hep-
and h-hep-mouse livers. Real-time RT-PCR was performed by using total
mRNA isolated from the livers of r-hep- and h-hep,y g, mice shown in Figure
I as templates, and each result was normalized to that of rGAPDIT and
hGAPDIH. Likewise real-time RT-PCR was performed for liver tissues from
13-week-old male ras and those from the 25YF, 28YM, and 61YT human
donors as the nonmal rat and human controls, respectively. mRNA abundance
in r- and h-chimeric mice was divided by that of the normal r- and h-livers,
respectively, and is shown as relative mRNA abundance (ordinary axis) in A
for r-hep-mice and in B for h-hep-mice. Normul livers in A were obtained from
three 13-week-old male mats and those in B from three donors, 25YF, 28YM, and
O1YF. The dowed horizontal lines show the average expression level in normal
livers (1.0). The variations of the normualized FIGFBRI, (TGFBR2, rACVR2,
hTGFBR1, hTGFBR2, and hACVR2 were 1.0 + 0.2, 1.0 = 0.2, 1.0 * 0.2, 1.0 £
0.2, 1.0 = 0.4, and 1.0 % 0.2, respectively. Values represent the mean = SD(n =
3). Significant differences compared with normal livers (< 0.03). “Ri%" shows
the average Rl calculated from three mice, Closed dinmond, TGFBRI; closed
circle, TGFBR2; and open triangle. ACYR2A
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h-hepatocyte-regions in h-hep-mice at 14 weeks (Figure
4M), and sinusoids were obscure. Type IV collagen im-
munostains demonstrated multicell-layer-thick hepatic
plates (Figure 4N). The MRP2 protein was randomly dis-
tributed in the intercellular space (Figure 40). Similar
histological structures were observed in the h-hepatocyte
regions at 5 weeks (data not shown). Likewise sinusoidal
structures were not distributed in an orderly fashion in the
r-hepatocyte regions of r-hep-mice at 2 weeks when r-
hepatocytes were in the proliferation phase (Figure 4,
D-F), losing vessel continuity along the portal-central
axis. However, r-hep-mice at 5 weeks after transplanta-
tion regained the normal arrangement of hepatic plates
and sinusoids (Figure 4G), which was consistent with the
distributions of type IV collagen and MRP2 (Figure 4, H
and ). These proteins were located as in normal r-liver,
indicating the reconstruction of the resting liver structure
with single hepatic plates along the portal-central axis.
These results demonstrate that the h-hepatocytes were
incapable of reconstructing the resting liver structure
even at 14 weeks after transplantation.

The length of the long axis of hepatocytes was deter-
mined on H&E-stained sections from r- and h-hep-mice
shown in Figure 4 as a measure of size, which showed no
significant differences among m (host)-, r-, and h-hepa-

Rat
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tocytes in chimeric livers: uPA-expressing m-hepatocytes
in h-hepg Mice at 11 weeks after transplantation, 19.5 +
4.5 um (n = 3); uPA-expressing m-hepatocytes in r-hep-
mice at 2 weeks, 19.7 = 4.3 um (n = 3); r-hepatocytes in
r-mice at 5 weeks, 22.7 = 2.9 um (n = 3); and h-hepato-
cytes in h-hep-mice at 11 to 14 weeks, 22.5 = 1.8 um (n =
6). This result clearly indicated that the observed enlarge-
ment of the h-hep-mouse liver was caused by hyperplasia
but not hypertrophy of h-hepatocytes.

TGF-B Signaling in r-hep- and h-hep-Mouse
Livers

TGF-B and activin play active roles in the termination of
liver regeneration. '*15:18-20.28 The mRNA expressions of
TGFBR1, TGFBR2, and ACVR2A were determined in r-
hep-mouse livers at 2, 3, and 4 weeks after transplanta-
tion and in h-hepgun Mouse livers at 3, 5, 7, 9, and 11
weeks and compared with those of normal r- and h-liver
controls, respectively. In r-hep-mice at 2 weeks (prolifer-
ation phase, Rl ., = 57%), (TGFBR1, rTGFBR2, and
rACVR2A expressions were suppressed to half those of
normal r-livers and gradually returned to normal levels at
3 and 4 weeks (termination phase, Rl ., = 97 and 99%,

rRTIA

TGFBR2

Normal rat

r-hep-Mouse
3 wks

Figure 6. Identification and distribution of
TGFBR2 in normal and chimeric livers. uPA/
SCID mice were transplanted with r- and
h-hepatocytesgyy, and sacrificed at 3 and 11 weeks
after transplantation, respectively, when the trans-
planted hepatocytes had terminated proliferation
Two series of double immunohistochemical ex-
aminations were performed on liver tissues, one
[or rat series (Rat) shown in A=F that contained
normal r-liver (Normal rat) shown in A=C and
r-hep-mouse liver (D=F) and the other for the
human series (Human) shown in G-L that con-
tained OMM donor liver as control normal h-liver
(Normal human, G-I) and h-hep-mouse liver

I Human
hCKS8/18 TGFBR2
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1 (J-L). Liver sections of rat series were double-
stained for rRTIA for identifying r-hepatocytes
(green; A and D) and TGFBR2 (red; B and E)
and those of human series for hCK8/18 for
identifying h-hepatocytes (green; G and J) and
TGFBR2 (red: H and K). Iimages A and B, D
and E, G and H, and J and K were merged and
are shown in C, F, I, and L, respectively. Sim-
ilar staining results were obtained from three
different mice of each series. The dashed lines
in J-L indicate the boundary between h-hepato-
cyte (1) and m-hepatocyte regions (). Scale
bar = 100 pm.
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respectively) (Figure 5A) as reported in the regeneration
of partial hepatectomized r-liver.? In contrast, their ex-
pression profiles in h-hep-mouse livers were quite differ-
ent (Figure 5B). At 3 weeks (proliferation phase, Rl pop =
12%), hTGFBR2 and hACVR2A were expressed at levels
less than one-third of normal levels; expression remained
low throughout the 11-week-long observation period. The
suppression of the expression of these genes was repro-
ducible, because similar results were obtained from h-
hep-mice generated with another donor (10YF): the ratios
of expression levels of hTGFBR2 and hACVR2A in the
h-hep-mice at 9 to 11 weeks after transplantation to those
in the normal human livers were 0.19 + 0.05 (n = 3) and
0.19 = 0.02 (n = 3), respectively. The expression of
hTGFBR1 mRNA was high compared with that of these
two mRNAs at 3 weeks and gradually increased until
reaching the normal levels at 11 weeks.

The expression of TGF-g receptor, TGFBR2, was im-
munohistochemically examined in r- and h-hepgyum
mouse livers at 3 and 11 weeks when the mice showed
Rl =97 = 3% (n = 3)and 58 * 46% (n = 3), respectively,
together with staining for rRT1A and hCK8/18 to identify r-
and h-hepatocytes, respectively (Figure 6). As with nor-
mal r-hepatocytes (Figure 6, A-C), the rRT1A™ r-hepato-
cytes in r-hep-mice were stained heavily for TGFBR2
(Figure 6, D-F). Likewise normal h-hepatocytes abun-
dantly expressed TGFBR2 (Figure 6, G-I). In contrast,
TGFBR2 was hardly detectable in hCK8/18 ™ h-hepato-
cytes in h-hep-mice (Figure 6, J-L). The anti-TGFBR2
antibody used was cross-reactive with r- and m-TGFBR2.
The TGFBR2* cells in the m-hepatocyte region seen in
Figure 6K were largely m-hepatocytes according to their
morphology. Moderately TGFBR2" cells in the h-hepato-
cyte region shown in Figure 6K were mostly m-nonparen-
chymal cells and few h-hepatocytes (Figure 6, K and L).
These results indicated that h-hepatocytes in h-hep-mice
maintain low sensitivity to TGF-, although the expression
of TGFBR1 was up-regulated at 11 weeks after transplan-
tation. It is known that TGF-g initially binds to TGFBR2,
and TGF-B signals are transferred through the het-
erodimers of TGFBR1 and TGFBR2.'® TGF-B-expressing
cells were identified in liver sections from r- and h-hep-
mice during the proliferation and termination phases by
double-immunostaining. for desmin and TGF-g (Figure 7).
Compared with the control (Figure 7, A-C; normal liver
from wild-type SCID mice), tissues collected from the
injured livers of uPA/SCID mice contained abundant
desmin® HSCs that were all heavily expressing TGF-B
(Figure 7, D-F) as reported previously.? Very few
desmin™ cells were observed in r-hep-mice at 2 weeks
(Figure 7, G-l) or in h-hep-mice at 5 weeks (Figure 7,
M-Q), suggesting that very few m-HSCs invaded the
xenogeneic hepatocyte colonies during the prolifera-
tion phase. These cells were all TGF-B~. m-HSCs in-
creased in number in xenogeneic hepatocyte colonies
from both r- and h-hep-mice, particularly in the former, at
3 and 11 weeks (termination phase), respectively (Figure
7, J and P). During the termination phase, m-HSCs in
r-hepatocyte colonies from r-hep-mice were TGF-B* (Fig-
ure 7, J-L). However, importantly, m-HSCs in h-hepato-
cyte colonies of h-hep-mice were TGF-g~ (Figure 7

Desmin TGF-p Merge

A

SCID
mouse

uPA/SCID
mouse

— r-hep-Mouse

3 wks

Sw

— Ji-hep-Mouse ——

11 wks

Figure 7. Expression and distribution of TGF-B in normal and chimeric
mouse livers, Livers were removed, respectively, from 3-month-old wild-type
SCID mice (A-C), I-month-old uPA/SCID mice (D-F, injured region), r-hep-
mice at 2 (G-I and three (J-L) weeks after transplantation, and h-hep-mice
at 5 (M=0) and 11 weeks (P-R). These livers were cryosectioned and
double-immunostained for desmin (A, D, G, J. M, and P, red) and TGF-8 (B,
E. H, K, N, and Q, green). The two sets of photographs are merged and
shown in the corresponding panels (C, F, I, L, O, and R) in the right
column. Serial sections from r- and h-hep-mouse livers were immunostained
for rRT1A and hCK8/18 to identify r- and h-hepatocytes, respectively (data
not shown). Similar results were obtained from three different mice. Scale
bar = 100 pm.

P-R). HSCs that express TGF-g should be all m-HSCs in
the chimeric mice, because the purity of the transplanted
r- or h-hepatocytes was >99%. In r- and h-normal livers,
TGF-B*-HSCs were rarely observed (data not shown).
Smad proteins are major intracellular effectors in both
TGFBR and ACVR signaling. The distributions of Smad2/3
were examined on liver sections prepared from r- and h-
hep-mice at 3 and at 11 weeks (termination phase of r- and
h-hep-mice, respectively), respectively, together with
liver tissues from Fischer 344 rats and the 49YM donor as
normal controls (Figure 8). The nuclei of normal r-livers
(Figure 8, A and B) and h-livers (Figure 8, G and H) were
both Smad27/3~. In contrast, the nuclei of r-hepatocytes
in r-hep-mouse were strongly Smad2*/3" (Figure 8, D
and E), supporting the evidence that r-hepatocytes are
activated by TGF-g from m-HSCs. However, as ex-
pected, h-hepatocytes showed little or no Smad2/3
immunoreactivity (Figure 8, J and K), suggesting that
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TGF-B and activin signaling was lacking in h-hep-mice.
In h-hep mice from another donor (10YF, 9 to 11 weeks
after transplantation), the immunohistological results for
TGF-B, Smad2, and Smad3 showed the same tendencies
as the results shown in Figures 7 and 8 (data not shown),
suggesting that the deficiency of TGF-8 signaling is not
attributed to the possible immaturity because of the
young age (9MM) of the donor.

- To obtain an additional evidence for the TGF-g signal-
ing deficiency in h-hep-mice, we examined the expres-
sion of E-cadherin in the chimeric mouse, which is one of
the TGF-p target genes.®® Normal r-livers expressed the
E-cadherin protein in the periportal zone restrictedly (Figure
8C), and a similar distribution pattern was observed in the
r-hep-mouse livers (Figure 8F). In contrast to normal r-livers,
normal h-livers uniformly and evenly expressed E-cadherin
(Figure 8l). Its expression was significantly low in the h-
hepatocyte region of the h-hep-mouse liver (Figure 81) com-
pared with that in the normal h-livers.

Participation of m-HSCs in the Donor
Hepatocyte Colonies

As shown in Figure 7, the xenogeneic hepatocyte regions
contained fewer m-HSCs than the injured host regions,
especially in the proliferation phase. We further investi-
gated this phenomenon using desmin as a HSC marker.

Xenogeneic Liver Cell Interactions 9
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Figure 8. Localization of Smad2/3 and E-cad-
herin in chimeric mouse liver. Livers were ob-
tained from 13-week-old male Fischer 344 rats
(A-C, Normal rav), normal donors (49YM, 50YM,
and 65YF) (G-I, Normal human), r-hep-mice at
three weeks (D and E) and five weeks (B), and
9MM-h-hep-mice at 11 weeks (J and K) and 14
weeks (L) after transplantation, They were im-
munostained for Smad2 (A, D, G, and J), Smad3
(B, E, H, and K), and E-cadherin (C, F, L, and L),
Positive signals are brown. Histological examina-
tions were individually performed for these livers
in each category, and we obtained similar results.
Representative photos are shown here, The photos
of Normal human were from 49YM liver. In CF, I,
and L, Pand ¢ indicate portal and central veins,
respectively. Scale bar = 100 pm,

The desmin* cells were scarce in both r- and h-hepato-
cyte colonies in r-hep-mice at 2 weeks (Figure 9A) and in
h-hep-mice at 5 weeks after transplantation (Figure 9B),
respectively, compared with the degenerating m-hepato-
cyte regions that surrounded the corresponding donor
cell regions. These xenogeneic hepatocytes were both in
the proliferation phase (Figure 1). This paucity of HSCs
seemed to be related to the fact that the sinusoids were
still under reconstruction (Figure 4E) in r-hep-mouse liver
at 2 weeks and in h-hep-mause liver at 5 weeks (data not
shown). HSCs were abundant in r-hepatocyte colonies in
r-hep-mice at 3 weeks (termination phase) (Figure 9C),
supporting the result of Figure 7J. The HSCs also in-
creased in density in h-hepatocyte colonies of h-hep-
mice at 11 weeks (Figure 9D), also supporting the result
of Figure 7P. However, the density was apparently lower
than that in r-hepatocyte colonies, most probably reflecting
the fact that the sinusoids were less developed than in
r-hepatocyte colonies in the termination phase (Figure 4N
versus Figure 4H, respectively). These desmin™ HSCs were
not derived from h-HSCs, because, first the purity of the
transplanted h-hepatocytes was >99% and second
h-HSCs do not express desmin.®' The m-HSC-occupied
areas (red-colored areas) were measured in the entire nor-
mal mouse (wild-type SCID mouse) liver (control) and in the
xenogeneic hepatocyte regions of chimeric livers on immu-
nostained sections. The ratios (Rygc) of red-colored areas
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Figure 9. Distribution of m-HSCs in r- and h-hep-mice. Liver sections from
r-hep-mice at two (proliferation phase, A) and three (rermination phase, C)
weeks and from OMM h-hep-mice at five (proliferation phase, B) and 11
(termination phase, D) weeks after trnsplantation were immunostained for
desmin (red). The nuclei were stained with Hoechst 33258 (blue). Serial
sections from the r-hep- and h-hep-mouse livers were immunostained for
rRT1IA and hCK8/18 1o identify r-and h-hepatocytes, respectively (data not
shown), from which the boundary between the host (m) and transplanted
(ror b hepatocyte regions was detenmined, as indicated by the dashed
lines in A and B. Similar results were obtained from three different mice. Scale
bar = 100 pm. E: Changes in the rtio of desmin™ cells in senogeneic hepato-
cyte regions during liver repopulation. Liver sections from 3-month-old wild-
type SCID mice (control), r-, and h-hep-ice at the indicated weeks after
transplantation were immunostained for desmin. Serial sections were stained
with anti-rRT1IA and -hCK8/18 antibodies to identify - and h-hepatocytes,
respectively. The ratio (Ryee) of desmin™ areas over the measured areas was
caleulated in the xenogeneic hepatocyte region using NIH imaging software and
is expressed as a percentage. Data represent the mean =+ SD of desmin® area per
section in a total of 15 randomly selected fields (n = 3). Asterisks at three and
four weeks in the panel for r-hep-mice indicate significant dilferences versus the
value at two weeks, The asterisk at 11 weceks in the panel of h-hep-mice
indicates a significant difference versus the value at five weeks.

to either the entire liver of SCID mouse or to the xenogeneic
region of chimeric liver were calculated and are shown in
Figure S9E. The R, gc in normal mice was 7.3 = 0.8%. In
r-hep-mice, the Ryge was 2.3 = 1.1% at 2 weeks and
increased to 10.3 * 2.3% at 4 weeks. In h-hep-mice, the
Risc Was approximately 5% for up to 7 weeks and signifi-
cantly increased to 7.8 + 2.4% (P < 0.01) at 11 weeks. The
R.sc of r-hep-mice at 4 weeks was significantly higher than
that of h-hep-mice at 11 weeks (P < 0.01).

Discussion

In this study, we compared the repopulation processes
between r- and h-hepatocytes in the livers of uPA/SCID

mice and showed several physiologically significant differ-
ences. The r-hepatocytes rapidly replaced m-hepatocytes to
keep a normal R, 4, suggesting a repopulation in a strictly
regulated manner. The r-hepatocytes expressed TGFBR1/2
mRNAs at lower levels in the proliferation phase and then
gradually increased expressions in the termination phase
when m-HSCs actively expressed TGF-B. Moreover,
Smad2/3 were translocated in r-hepatocyte nuclei, suggest-
ing that TGF-B/TGFBR/Smad signaling normally works as in
the terminal phase of mouse liver regeneration.

In the chimeric animal h-hepatocytes were quite different
from r-hepatocytes. They proliferated much slowly, requir-
ing approximately four times longer to complete prolifera-
tion than r-hepatocytes. The resulting liver showed marked
overgrowth compared with a normal m-liver. TGFBR2 and
ACVR2A, and TGF-B were not up-regulated in h-hepato-
cytes and m-HSCs of h-hep-mice, respectively, in the
termination phase, indicating the absence of physiologi-
cally meaningful signaling between h-hepatocytes and
m-HSCs. The density of m-HSCs in h-hepatocyte colo-
nies was lower than that in r-hepatocyte colonies even in
the termination phase, which probably reflects the poor
development of sinusoids in h-hep-mice, because the
multiple hepatic plates would result in the lower volume of
the space of Disse than in the liver with single hepatic
plates. It has been reported that intimate signaling be-
tween hepatocytes and nonparenchymal cells plays an
important role in the termination of liver regeneration.®?
Thus, the failure of m-HSCs to express TGF-B could be a
cause of liver hyperplasia of h-hep-mice. However, it is
appropriate to note here that other factors such as hepa-
tocyte growth factor®® and bile acids® might be involved
in the observed hyperplasia.

In TGFBR2 knockout mice, partial hepatectomy resulted
in a 1.2-fold increase beyond the normal liver weight be-
cause of a compensatory increase in activin AJACVR2A
signaling and persistent activity in the Smad pathway.*?
Unlike in the study cited, the levels of ACVR2A mRNA and
Smad proteins remained low through the experimental pe-
riod in the present study with h-hep-mice. Thus, the lack of
both TGF-g and activin signaling may have been partly
responsible for the observed overgrowth of hepatocytes.
We did not observe any symptoms of carcinogenic trans-
formation in h-hepatocytes (data not shown), although
TGFBR23° and ACVR23® are putative tumor suppressors,
suggesting a requirement for additional factor(s) for
hepatocarcinogenesis.

Even in the absence of TGF-B/TGFBR signaling, the
transplanted h-hepatocytes eventually terminated prolif-
eration. The histological features of sinusoids and canal-
iculi in mouse liver repopulated by xenogeneic hepato-
cytes demonstrated that h-hepatocytes did not restore
the normal arrangement of single hepatic plates in the
resting phase of the liver, but they formed multiple he-
patic plates seen in the regenerating liver.?>° Thus, it is
most likely that h-hepatocytes eventually terminated the
proliferation because of contact inhibition within the mul-
tiple hepatocyte layers. r-Hepatocytes also formed mul-
tiple hepatic plates in the proliferation phase but restored
the normal structures of single cell plates along the por-
tal-central axis in the termination phase. It seems that
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TGF-B/TGFBR signaling is required for both the formation
of single hepatic plates and the normal termination of liver
growth. These apparently distinct events (liver growth
termination and hepatic plate structuring) should be
closely related at the molecular levels, because adhesion
molecules such as E-cadherin and Bl-integrin are re-
ported as the Smad2/3-mediated TGF-B target genes in
liver development.®® Our resulis demonstrated that E-
cadherin uniformly exists on the hepatocyte surfaces in
the normal h-liver, but its expression was quite low in
substantial portions of the h-hepatocyte region in the
h-hep-mouse liver. It is likely that this expression defect in
the cell adhesion malecule results in abnormal hepato-
cyte plate arrangements. Loss of TGF-g signaling in h-
hep-mice might be responsible for the maintenance of
multiceli-thick hepatic plates after the termination of liver
repopulation in the h-hep-mouss livers.

There is the possibility that the observed hyperpiasia of
h-hepatocytes is the resuit of a signaling failure between
m-cytokine ligands and the corresponding h-receptors.
Recently, we showed that h-hepatocytes in h-hep-mice
are growih hormone-deficient, because mouse growth
hormone does not recognize the human growth hormeone
receptor of h-hepatocytes.®” However, we consider that
h-hepatocytes would be able to respond to TGF-g if the host
m-HSCs secreted it, because there has been no report of
species specificity between h- and m-TGF-B. In the present
study we clearly demonstrated the coincidence of lack of
TGF-B/TGFBR signaling with the hyperplasia of h-hep-
mouse liver. However, the direct causality between such
signaling and the liver hyperplasia remains to be examined.
It is well known that hepatocytes and stellate cells
interact with each other through varieties of signaling
molecules and together contribute to physiclagical and
pathological changes of liver. Therefore, we conclude
that the lack of or weak interaction between h-hepatocytes
and m-HSCs, which we have revealed at the histological
and genefprotein expression levels, is responsible for the
presently observed hyperplasia of h-hep-mouse liver.

Xenotransplantation, such as from pigs to humans, could
potentially compensate for the fack of human organ and
tissue donors. Our results indicate that, in addition to po-
tential immunoclogical rejection, the transplanted cells or
tissues may fail to interact appropriately with the host envi-
ronment. We propose that the h-chimeric mouse is a useful
model for not only examining the mechanism of liver regen-
eration but also studying risks of xenotransplantation.

Acknowledgments

We thank Yasumi Yoshizane, Hiromi Kohno, Yoko Matsu-
moto, and Sanae Nagai for technical assistance and Dr.
Masumi Yamada for helpful discussion and comments.

References

1. Heckel JL, Sandgren EP, Degen JI. Paimiter BD, Brinster RL: Neo-
natal bleeding in transgenic mice expressing urokinase-type plasmin-
ogen acivalor. Celi 1990, 62:447 456

2. Locapulc S, Carrick TL. Bezerra JA: Zona! regulation of gene expres-

12.

13.

14.

20.

21

Xenogeneic Liver Cell Interactions 11
AP August 2010, Vol 177, No. 2

sion during liver regeneration of urokinase transgenic mice. Hepatol-
ogy 1999, 29:1106-1113

. Rhim JA, Sandgren EP, Degen JL. Palmiter RD, Brinster RL: Replace-

ment of diseased mouse liver by hepatic cell transplaniation. Science
1994, 263:1149-1152

. Rhim JA, Sandgren EP, Palmiter RD, Brinster RL: Complete reconsti-

tution of mouse liver with xenogeneic hepatocytes. Proc Natl Acad Sci
USA 1995, 82:4942-4946

. Dandri M, Burda MR, Gocht A, T6rok E, Pollok JM, Rogler CE, Will H,

Petersen J: Woodchuck hepatocytes remain permissive for hepadna-
virus infection and mouse liver repopulation after cryopreservation,
Hepatology 2001, 34:824-833

. Dandri M, Burda MR, Térék E, Pollok JM, Iwanska A, Sommer G,

Rogiers X, Rogler CE, Gupta S, Will H, Greten H, Petersen J}: Repopu-
lation of mause iiver with human hepatocyies and in vivo infection with
hepatitis B virus. Hepatology 2001, 33:981-988

. Taleno C, Yoshizane Y, Saito N, Kataoka M, Utoh R, Yamasaki C.

Tachibana A, Soceno Y, Asahina K, Hino H, Asahara T, Yokoi T,
Furukawa T, Yoshizato K: Near completely humanized liver in mice
shows human-type metabolic responses to drugs. Am J Pathol 2004,
165:901-912

. Meuleman P, Libbrecht L, De Vos R, de Hemptinne B, Gevaert K,

Vandekerckhove J, Boskams 7, Leroux-Roels G: Morphological and
biochemicat characterization of @ human liver in an uPA-SCID mouse
chimera. Hepalology 2005, 41:847-856

. Emoto K, Tatenc C, Hino H, Amano H, Imaoka Y, Asahina K, Asahara

T. Yoshizato K: Efficient in vivo xenogeneic retroviral vector-mediated
gene transduction into human hepatocytes. Hum Gene Ther 2005,
16:1168-1674

. Kam |, Lynch S, Svanas G, Tado S, Polimeno L, Francavilla A, Penkrol

RJ, Takaya S, Ericzon BG, Starzl TE, Van Thief DH: Evidence that host
size determines liver size: studies in dogs receiving ortholopic liver
transplants. Hepatology 1987, 7:362-366

. Van Thiel DH, Gavaler JS, Kam I. Francavilla A, Polimeno L, Schade

RR, Smith J, Diven W, Penkrot RJ, Starz] TE: Rapid growth of an intact
human liver transplanted into a recipient larger than the donor. Gas-
{roenterology 1987, 93:1414-1419

Francavitla A, Zeng Q, Palimeno L, Garr Bl, Sun D, Parter KA, Van
Thiel DH, Starzl TE: Small-for-size liver transplantation into large
recipient: a mode! of hepatic regeneration. Hepatology 1894,
19:210-216

Nakamura T, Tomita Y, Hirai R, Yamaoka K, Kaji K, lchihara A
Inhibitory effect of transforming growth factor-g on DNA synthesis of
adult rat hepatocytes in primary culture, Biochem Biophys Res Com-
mun 1985, 133:1042-1050

Russelt WE, Coffey RJ Jr., Quellette AJ, Moses HL.: Type g transform-
ing growih factor reversibly inhibils the eatly proliferative response to
partial hepatectomy in the rat. Proc Natl Acad Sci USA 1988,
85:5126--5130

. Zhang YQ, Kanzaki M, Mashima H, Mine T, Kojima |: Norepinephnne

reverses the effects of aciivin A on DNA synthesis and apoptosis in
cultured rat hepatocytes, Hepatology 1996, 23:288-293

. Hu PP, Datto MB, Wang XF: Molecular mechanisms of transforming

growth tactor-f signaling. Endocr Rev 1998, 19:349-363

Kumar A, Novoselov V. Celeste AJ, Wolfman NM, ten Dijke P, Kuehn
MR: Nodal signaling uses activin and {ransforming growth factor-8
receptor-regulated Smads. J Biol Chem 2001, 276:656--661

. Braun L, Mead JE, Panzica M. Mikumo R, Beil Gl, Fausto N: Trans-

forming growth factor g mRNA increases during liver regeneralion: a
possible paracrine mechanistm of growth regulation. Proc Natl Acad
Sci USA 1988. 85:15639-1543

Romero-Galie J, Sozmen EG, Chytil A, Russell WE, Whitehead R,
Parks WT, Holdren MS, Her MF. Gautam S, Magnuson M, Moses HL,
Grady WM: Inactivation of TGF- signaling in hepatocytes results in
an increased proliferalive response after partial hepatectomy. Onco-
gene 2005, 24:3028-3041

Oe S, Lemmer ER, Conner EA, Faclor VM. Levéen P, Larsson J,
Karlsson 8. Thorgeirsson SS: intact signaling by transtorming growth
factor @3 is not required for termination of liver regeneration in mice.
Hepatology 2004. 40:1098-1105

Hino H, Tateno C, Salo H, Yamasaki C. Katayama S, Kohashi T.
Aratani A, Asahara T. Dohi K. Yoshizato K: A long-term cullure of
human hepatocytes which show a high growth potential and express

- 297 -



12

Utoh et al

AJP Angust 2010, Vol 177, No. 2

22.

23.

24.

25.

26.

27

28.

29.

their differentiated phenotypes. Biochem Biophys Res Commun
1999, 256:184-191

Seglen PO: Preparation of isolated rat liver cells. Methods Cell Biol
1976, 13:29-83

Utoh R, Tateno C. Yamasaki C, Hiraga N, Katacka M, Shimada T.
Chayama K, Yoshizato K: Susceptibility of chimeric mice with livers
repopulated by serially subcultured human hepatocyies to hepatitis 8
virus. Hepatology 2008, 47.435- 446

Livak KJ, Schmittgen TD: Analysis of relative gene expression data
using real-time guantitative PCR and the 27 *2C% method. Methods
2001, 25:402-408

Wack KE, Ross MA, Zegarra V, Sysko LR, Watkins SC, Stolz DB:
Sinusoidal ultrastructure evaluated during the revascularization of
regenerating rat liver. Hepalology 2001, 33:363-378
Martinez-Hernandez A, Delgado FM. Amenta PS: The extracellular
matrix in hepatic regeneration. Localization of collagen types i, Il IV,
taminin, and fibronectin. Lab Invest 1991, 64:157-166

Keppler D, Konig J: Hepatic canalicufar membrane 5: expression and
localization of the conjugate export pump encoded by the MRP2
{cMRP/cMOAT) gene in liver. FASEB J 1997, 11:509-516
Michalopoulos GK: Liver regeneration. J Cell Physiol 2007, 213:
286-300

Chari RS, Price DT, Sue SR, Meyers WC. Jirtle RL: Down-regulation of
transforming growth factor beta receptor type |, I}, and I during hver
regeneration. Am J Surg 1995, 169:126-132

- 298 -

30.

31.

32.

33.

34.

35.

37.

Weinslein M, Monga SP. Liu Y, Brodie SG, Tang Y, Li C, Mishra L,
Deng CX: Smad proteins and hepatocyte growth factor contral par-
allel regulatory pathways that converge on §l-integrin to promote
narmal liver development. Mol Cell Biol 2001, 21:5122-5131
Cassiman D, Libbrecht L, Desmet V, Denef C, Roskams T: Hepatic
stellate cell/myofibroblast subpopulations in fibrotic human and rat
tivers. J Hepato! 2002, 36:200-209

Koniaris LG, McKillop IH, Schwartz Si, Zimmers TA: Liver regenera-
tion. J Am Coll Surg 2003, 197:634-659

Patijn GA, Lieber A, Schowalter DB, Schwall R, Kay MA: Hepatocyte
growth factor induces hepatocyte proliferation in vive and allows for
efficient retroviral-mediated gene transfer in mice. Hepatology 1998,
28:707-716

Huang W, Ma K, Zhang J, Qatanani M, Cuvillier J, Liu J, Dong B,
Huang X, Moore DD: Nuclear receptor-dependent bile acid signaling
is required for normal liver regeneration. Science 2006, 312:233-236
Derynck R, Akhurst RJ. Balmain A: TGF-g signaling in tumor suppres-
sion and cancer progression. Nat Genet 2001, 29:117-129

. Jeruss JS. Sturgis CD. Rademaker AW, Woodruff TK. Down-regula-

tion of activin, activin receptors, and Smads in high-grade breas!
cancer. Cancer Res 2003, 63:3783-3780

Masumoto N, Tateno C, Tachibana A, Utoh R, Morikawa Y, Shimada
T, Momisake H, Itamoto T, Asahara T, Yoshizato K: GH enhances
profiferation of human hepatocytes grafted inte immunaodeficient mice
with damaged iiver. d Endocrinol 2007, 194:529-553



Journal of General Virology {2010), 91, 1668-1677

DOI 10.1099/vir0.019315-0

Correspondence
Kazuaki Chayama
chayama@hirashima-u.acjp

Received 17 December 2009
Accepted 17 February 2010

INTRODUCTION

Practical evaluation of a mouse with chimeric
human liver model for hepatitis C virus infection
using an NS3-4A protease inhibitor

Nachiro If(fslmiya,1 Eiji iwac:,1 Nobuhiko Hiraga.g'3 Masataka Tsuge,"”3
Michio Imamura,®® Shoichi Takahashi,>® Shinji Miyoshi,* Chise Tateno,>*
Katsutoshi Yoshizato®® and Kazuaki Chayama®®

'Pharmacolegy Department V, Mitsubishi Tanabe Pharma Corporation, Yokohama, Japan

“Department of Medicine and Molecular Science, Division of Frontier Medical Science,
Programs for Biomedical Research, Graduate School of Biomedical Sciences,
Hiroshima University, Hiroshima, Japan

3Liver Research Project Center, Hiroshima University, Hiroshima, Japan
“DMPK Department, Mitsubishi Tanabe Pharma Corporation, Kisarazu, Chiba, Japan

SPhoenixBio, Higashihiroshima, Japan

A small-animal modet for hepatitis C virus (HCV) infection was developed using severe combined
immunodeficiency (SCID) mice encoding homozygous urokinase-type plasminogen activator
(uPA) transplanted with human hepatocytes. Currently, limited information is available concerning
the HCV clearance rate in the SCID mouse model and the virion production rate in engrafted
hepatocytes. In this study, several cohorts of uPA*/*/SCID*'* mice with nearly half of their livers
repopulated by human hepatocytes were infected with HCV genotype 1b and used to evaluate
HCV dynamics by pharmacokinetic and pharmacodynamic analyses of a specific NS3-4A
protease inhibitor (telaprevir). A dose-dependent reduction in serum HCV RNA was observed. At
telaprevir exposure equivalent to that in clinical studies, rapid turnover of serum HCV was also
abserved in this mouse model and the estimated stopes of virus decline were 0.11-0.17 logiq
h™*. During the initial phase of treatment, the log, ¢ reduction level of HCV RNA was dependent on
the drug concentration, which was about fourfold higher in the liver than in plasma. HGV RNA
levels in the liver relative to human endogenous gene expression were correlated with serum HCV
RNA levels at the end of treatment for up to 10 days. A mathematical model analysis of viral
kinetics suggested that 1 g of the chimeric human liver could produce at least 10® virions per day,
and this may be comparable to HCV production in the human liver.

clinically evaluated (Manns et al., 2007; Pereira & Jacobson,

2009). Telaprevir is a novel peptidomimetic slow- and

Hepatitis C virus (HCV)} is a major cause for concern
worldwide. More than 3% of the world’s population is
chronically infected with HCV and 3-4 million people are
newly infected each year (Wasley & Alter, 2000). Chronic
HCV infection is relatively mild and progresses slowly;
however, about 20 % of chronic hepatitis C (CHC) carriers
progress to serious end-stage liver disease (Lauer & Walker,
2001; Liang et al., 2000; Poynard et al., 2003). The current
standard treatment for HCV infection is administration of
pegylated alpha interferon (PEG-IFN) in combination with
ribavirin (RBV) for 48 weeks. The overall cure rates with
this intervention are 40-50 % for patients with genotype 1
and more than 75% for patients with genotypes 2 and 3
(Fried et al., 2002; Manns et al., 2001). Several compounds
that inhibit specific stages of the virus life cycle have been

tight-binding inhibitor of HCV N$3-4A protease, which
was discovered using a structure-based drug design
approach (Perni et al, 2006). A rapid decline in viral
RNA was observed in CHC patients treated with telaprevir
(Reesink ef al., 2006) and an increased antiviral effect of a
combination of telaprevir and PEG-IFN has been reported
(Forestier et al., 2007). Recent clinical trials of telaprevir in
combination with PEG-IFN and RBV have indicated a
promising material advance in therapy for CHC patients
(Hézode er al, 2009; McHutchison er al, 2009). First-
generation HCV-specific agents have been developed
despite the lack of small-animal models for HCV infection.
However, early emergence of resistant variants against
novel antiviral agents is a concern. Thus, the use of two or
more investigation agents is strongly recommended for
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clinical studies in CHC patients (Sherman et al., 2007). To
ensure ethical and safe clinical trials, animal models
continue to be necessary for the mechanistic evaluation of
the ability of specific agents to inhibit the virus life cycle in
vivo and to develop better therapeutic strategies, including
combination regimens (Boonstra et al, 2009). Several
groups have developed a small-animal model for HCV
infection using homozygous urokinase-type plasminogen
activator (uPA)/severe combined immunodeficiency (SCID)
(uPA*'*/SCID*'*) mice transplanted with human hepa-
tocytes (Mercer et al., 2001). These mice are susceptible to
cell culture-grown HCV (HCVcc; Lindenbach et al., 2006)
and have been used to evaluate antiviral agents including
[FN-z, BILN 2061 (an NS3-4A protease inhibitor) and
HCV796 (an NS5B polymerase inhibitor) (Kneteman et al,
2006, 2009; Vanwolleghem et al,, 2007). However, the HCV
clearance rate in the SCID mouse model and the virion
production rate in hepatocytes engrafted in the mouse liver
are not fully understood. We also generated a mouse model
with an almost humanized liver (Tateno et al,, 2004). Using
this mouse model, we reported the infection of a genetically
engineered hepatitis B virus (Tsuge er al, 2005) and
developed a reverse genetics system for HCV genotypes la,
1b and 2a after intrahepatic injection of in vitro-transcribed
RNA as well as intravenous injection of HCVce (Hiraga
et al, 2007; Kimura et al, 2008). In this study, we
demonstrated the rapid turnover of serum HCV RNA and
the pharmacokinetics (PK) and pharmacodynamics (PD) of
telaprevir treatment. We concluded after quantitative
estimation and the use of a mathematical model that HCV
production equivalent to that in the human liver is possible
in engrafted hepatocytes in this mouse model.

RESULTS

Preliminary dose-finding study

At the beginning of this study, we attempted to determine
an effective dose regimen for telaprevir in this mouse model.
Nine mice were randomized and treated with telaprevir over
three time periods (Table 1). The lifetime kinetics of serum
HCV RNA and of human serum albumin (HSA) in blood

are represented in Fig. 1. One mouse (A07) exhibited a
rapid reduction in HSA in the blood, which indicated the
instability of human hepatocyte grafts. As a rapid reduction
in HSA levels was not observed in subsequent experiments,
this mouse was excluded from the mean analysis. After
7 days of twice daily (BID) dosing in period 1, the mean
log, changes in HCV RNA from baseline ( & sim) after the
100 and 10 mg telaprevir kg~' doses were —0.49 +0.094
and —0.5340.039, respectively, and no dose-dependent
reduction was observed. During period 2, the dose
frequency was changed from BID to three times daily
(TID), and the time of serum sampling was also changed
from 1 to 4 h after the last dose. After the 3-day treatment,
the mean log,, changes of HCV RNA in 100 and 10 mg
telaprevir kg~' TID groups were —1.00+0.166 and
—0.28 +0.056, respectively, and the difference between the
two groups was significant. To test the reproducibility of
results, mice were treated with 10 or 100 mg telaprevir kg™
TID for 10 days and then sacrificed 5 h after the
administration of the last dose. The mean log,, changes in
serum HCV RNA were —1.46 +0.265 and —0.27 +0.073 in
the 100 and 10 mg kg™’ TID groups, respectively, and the
difference between the means was significant.

Evaluation of HCV turnover in this mouse model

Because of the SCID nature of this mouse model, the virion
clearance mechanism was of interest. Six mice with steady-
state and high viral loads (9.7 x 10°~1.2 x 10® copies ml™")
were administered 200 mg telaprevir kg~' TID for 4 days,
with 5 h intervals between doses and a 14 h intermission
from drug treatment each day. Because the log,, reduction
in HCV RNA appeared to depend on the time of serum
collection during the day (Fig. 2a), the mean log,o changes
in HCV RNA were plotted against time and fitted to a
linear regression model (Fig. 2b). The estimated slopes (i.e.
log,, HCV reduction per hour) and 95% confidence
intervals (CI) on days 1, 2 and 3 were —0.165 (—0.268 to
0.0616), —0.115 (—0.131 to 0.0990) and —0.153, respect-
ively. These regression lines also suggested that extra-
polated HCV loads at the actual times of the daily first
doses were 00530, —0.220 and —0.0948 log,, copies ml™",
respectively. Therefore, it appeared that the viral load

Table 1. Telaprevir dose-finding experiment

Period Duration (days) Frequency of dose Dose (mg kg™') No. of mice Mean log,o P value (f test)
(per day) changes + SEM
i 7 2 160 4 —0.49 +0.094 0.7806
10 3 —0.531£0.039
4] 1 —0.47
2 3 3 100 4* —1.00+0.166 0.0064
10 4 —0.28+0.056
3 10 3 100 3 —~1.46 +0.265 0.0125
10 3 ~0.27+0.073

*One mouse was excluded because of instability of human hepatocyte grafts.
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Fig. 1. Lifelong changes in serum HCV RNA and HSA in the
blood of HCV-infected mice in the preliminary dose-finding
experiment. Nine HCV-infected mice (A01-AQ9) were treated
with telaprevir over three independent periods. The mice were
treated with 10 mg telaprevir kg™, 100 mg telaprevir kg™ or
vehicle BID for 7 days (period 1), TID for 3 days (period 2) and TID
for 10 days (periad 3). (a) Kinetics of serum HCV RNA. (b)
Kinetics of HSA level in blood. Because the HSA level indicated
the stability of engrafted human hepatocytes in the mice, mouse
AD7 was exciuded from the summary of the resuits in Table 1.

reverted back towards baseline levels during the 14 h
intermission from drug treatment.

PK analysis

To assess drug exposure after repeated dosing in this
mouse model, mice were administered 100 or 300 mg
telaprevir kg ™' BID for 4 days. The mice receiving 300 mg
kg™' BID for 4 days had a mean 2 log-fold HCV
reduction, whereas those receiving 100 mg kg ™' BID had
up to a 1.5 log,o-fold reduction by day 3 (Fig. 3a). Plasnia
telaprevir concentrations after administration of the final
dose are indicated in Fig. 3(b). The estimated half-life of
telaprevir in the 100 and 300 mg kg™’ groups was 2.4 and
3.8 h, respectively.

PK/PD analysis and the dose-dependent
reduction in HCV RNA

To evaluate the correlation between telaprevir concentra-
tion and HCV reductions in this mouse model, we used
another cohort of 12 HCV-infected mice with high viral
foads (1.6 x 10°-3.9 x 10" copies mi ™). In this crossover
study, mice were randomized into three groups (n=4
each), each of which underwent two periods of dosing for

logyg changes in HCV RNA

P =0.0205

(b) 5
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Fig. 2. Estimation of virus clearance rate. Six HCV-infected mice
were treated with 200 mg telaprevir kg~ TID for 4 days. Individual
kinetics of log o reductions in serum HCV RNA (a) and of mean
logso changes ( Sem) at each sampling time (b) are represented.
Arrows indicate the times of dosing. The slopes of mean logio
HCV RNA reduction were estimated by linear regression analysis.
P and R? values are indicated on the figure.

5 days separated by a 1-week washout period. Serum and
plasma samples were collected once daily 5 h after dosing.
The mean log,, changes in HCV RNA ( +seM) at different
dose levels were calculated from the combined results of
both periods (Fig. 4a). The mean log,, reductions from
baseline in the 100 and 300 mg kg~' groups were
approximately 1 log,o and 1.5-2 logo. respectively, and
the difference between the two groups was statistically
significant. The means calculated in each period separately
are also shown in Fig. 4(b). The plasma telaprevir
concentration was positively correlated with the logyg
HCV RNA reduction level in each period (Fig. 4c).

Drug concentrations and HCV levels in blood
correlate with those in the liver

The correlation between teluprevir concentrations in the
plasma and liver was analysed in a double logarithmic plot
5 {dose-finding cohort) or 8 h (PK and PK/PD cohorts)
after the last dose (Fig. 5). The linear regression lines
suggested that telaprevir concentrations in the liver were 5-
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