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Engraftment of human hepatocytes in the
livers of rats bearing bone marrow
reconstructed with immunodeficient mouse

bone marrow cells

Igarashi Y, Tateno C, Tanaka Y, Tachibana A, Utoh R, Kataoka M,
Ohdan H, Asahara T, Yoshizato K. Engraftment of human hepatocytes
in the livers of rats bearing bone marrow reconstructed with
immunodeficient mouse bone marrow cells.

Xenotransplantation 2008; 15: 235-245. © 2008 Wiley Periodicals, Inc.

Abstract: Background: Previously, we created, a chimeric mouse
(humanized mouse), a severe combined immunodeficiency (SCID)
mouse whose liver was >90% repopulated with human (h)-hepatocytes,
which are useful for the testing of drug metabolism and toxicity, as well
as a hepatitis B virus and hepatitis C virus-susceptible animal model.
However, their small body size and small total blood volume limited the
utilization for analytical purposes, which led us to develop a method to
create a chimeric rat bearing h-hepatocyte-repopulated liver.

Methods: F344 nude rats devoid of T cells were irradiated with X-rays
and injected with bone marrow cells (BMCs) from SCID mice (mscip).
The rate of replacement with mscin-BMCs was evaluated by two-color
flow cytometry analysis of peripheral blood mononuclear cells
(PBMCs). After mscip-BMCs repopulated the host bone marrow (BM),
the rats were treated with retrorsine, partially hepatectomized (PHx),
and transplanted with 5 x 10° h-hepatocytes isolated from the chimeric
mice. h-Albumin (h-Alb) concentrations in the host blood and the
expression levels of protein and mRNA of hepatocyte differentiation
markers in the h-hepatocytes were evaluated by ELISA, immunostain-
ing, and reverse transcription-PCR, respectively.

Results: The mgcp-BMCs successfully repopulated the rats, the per-
centage of mouse cells reaching 94% among host (rpuderass) PBMCs at
4 weeks after m-BMC transplantation. A-Hepatocytes isolated from the
chimeric mice were transplanted to the liver of the mgcip-BMC-
repopulated rats. The engrafted h-hepatocytes expressed A-Alb and
h-cytochrome P450 (CYP) subtypes and survived showing normal
phenotypes until at least 3 weeks post-h-hepatocytes transplantation
(h-HPCT). However, the blood concentrations of A-Alb declined at

4 weceks post-HPCT, concomitant with the emergence of both ryygeraas-
and mgcp-macrophages, suggesting the rejection of h-hepatocytes due
to the activation of macrophages.

Conclusion: We developed a novel method to create a rat that bears the
liver engrafted with h-hepatocytes, utilizing a rat with the BM composed
of mgcip-BMCs as a host. This h-hepatocyte-bearing rat will be a
valuable model for studying the immunologic mechanisms involved in
xenogeneic transplantation and for generating rats with higher rates of
repopulation with A-hepatocytes.
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Introduction

Hepatocytes play prime roles in metabolizing
nutrients and detoxifying chemicals in the liver.
Rodents, mostly rats, are used for efficacy and
safety testing of new medicines. However, the
patierns of drug metabolism and detoxification of
rodent hepatocytes differ considerably from those
of human (k) hepatocytes |[1,2]. Therefore,
h-hepatocytes are important for these types of
studies, and as sources for hepatocyte-incorporated
artificial liver devices and transplantation therapy
for the treatment of patients with liver failure.
However, the sources and availability of A-hepato-
cytes are rather limited.

To overcome the problems associated with
h-hepatocytes, we created a mouse with a liver
that consists of h-hepatocytes, using a liver-injured
and immunodeficient animal as the host for
h-hepatocyte transplantation that had been ob-
tained by crossing an albumin (Alb) enhancer/
promoter-driven  urokinase-ltype plasminogen
activator (uPA)-transgenic mouse with a severe
combined immunodeficiency (SCID) mouse, the
offspring being called a uPA/SCID mouse [3].
When transplanted into uPA/SCID  mice,
h-hepatocytes are engrafted and progressively
repopulate the host liver, thereby generating mice
with livers that consist almost completely of
h-hepatocytes. These humanized mice mimic quite
well the functions of h-hepatocytes, so they are
useful for the testing of drug metabolism and
toxicity, as well as a hepatitis B virus (HBV)- and
hepatitis C virus (HCV)-susceptible animal model
[3-5]. However, the small body size of this mouse
limits its utilization in broader research areas, such
as biology, physiology, biochemistry, pharmacy,
and pharmacology. The major limitations are small
total blood volume and difficulties with surgical
manipulations, such as sampling of blood and bile.
In addition, abundant metabolic data have been
accumulated using rats in pharmacological studies.

The above-mentioned limitations led us to create
“humanized” rats for studying h-hepatocytes
in vivo. The advantages of humanized rats over
humanized mice are as follows: (1) surgical manip-
ulation is easier; (2) h-hepatocyte propagation is
expected to be more than 10-fold higher; and (3)
data obtained from chimeric rats can be compared
with previously accumulated rat metabolic data.

In the present study, we investigated a method to
generate “‘severe”’ immunodeficiency in nude rats
that lack T cells. SCID mouse (mscip)-bone
marrow cells (BMCs) were introduced into the
lethally irradiated nude rats. These rats (“*SCID-
rats”) were subjected to retrorsine treatment and

— 98

partial hepatectomy (PHx), followed by h-hepato-
cyte transplantation (A-HPCT). The yielded rats
were characterized with respect to the engraftment,
proliferation, and functions of the h-hepatocytes.
As a result, we were able to generate the
h-hepatocyte-bearing SCID rat whose bone
marrow (BM)-related cells had been mostly
(>94%) replaced with mscip-BM-derived cells,
although the h-hepatocytes did not show a
significant degree of replication.

Methods
Animals

Fischer 344 nude rats (F344/N Icl-rnufrnu) aged
4 weeks and SCID mice (Fox Chase SCID C.B-17/
ler-scid/scid)cl) aged 6 weeks were purchased from
CLEA Japan (Osaka, Japan). All animals were
maintained under pathogen-free conditions and in
compliance with the guidelines of Hiroshima
University and the Hiroshima Prefectural Institute
of Industrial Science and Technology.

Conditioning of F344 nude rats

Host BMCs were abrogated by whole-body X-ray
irradiation of F344 nude rats [6]. The animals were
exposed twice to X-rays. The first irradiation dose
was fixed at 10 Gy [6]. Three days later, the rats
received the second irradiation at different doses
(4, 6, 8, and 10 Gy) for dosage optimization. These
irradiation regimens are indicated in a simple way
herein. For example, the regimen in which the
second irradiation was 4 Gy is indicated as
€10+ 4.

Transplantation of msep-BMCs into conditioned rats

The mscin-BMCs were flushed out from the femurs
and tibias of SCID male mice with Medium 199
(Sigma-Aldrich, Tokyo, Japan) containing 4 pg/ml
gentamycin (Sigma-Aldrich) and 0.01 M Hepes
buffer (Gibco, Invitrogen, Tokyo, Japan) using a
26G needle (TERUMO, Tokyo, Japan). The mscin-
BMCs were mechanically resuspended in the med-
ium by gentle aspiration through a 5-ml pipette,
passed through a 40-um-mesh nylon filter (BD
Falcon, Tokyo, Japan), pelleted at 600 g for 5 min,
and resuspended. Viable cells were counted under a
microscope using the trypan blue exclusion test. The
irradiated rats were transplanted with 10® mscp-
BMCs in 500 pl of Medium 199 via the tail vein
1 day after the second irradiation. In the present
study, the rats with mgcp-BMCs were designated
as SCID rats, since the replacement rate of the



peripheral blood mononuclear cells (PBMCs) with
mscin-PBMCs was quite high (94%).

FACS analysis of hematopoietic chimerism

Blood samples (300 pl per rat) were collected using a
heparinized syringe once per week after m-bone
marrow cells transplantation (BMCT). The
blood cells were lysed with ammonium chloride-
potassium carbonate lysis buffer consisting of
0.15M NH:Cl, 10 mM KHCO; and 0.1 mm
EDTA-Na; in 500 ml of MilliQ water, washed
twice, and the final pellets containing PBMCs were
suspended in FACS buffer, phosphate-buffered
saline containing 1.0 mg/ml bovine serum Alb
fraction V (Roche Diagnostics K.K., Tokyo, Japan)
and 1.0 mg/ml sodium azide (Nacalai Tesque K.K.,
Kyoto, Japan). The PBMCs were resuspended in
FACS buffer and divided equally into test tubes. The
PBMCs were stained for 30 min at 4 °C with the
following immunofluorescently labeled monoclonal
antibodies (mAbs; all from BD Pharmingen, Tokyo,
Japan) with specificity for the rat (r) or mouse (m):
FITC-labeled m-anti-r RT1A and r-anti-m-biotiny-
lated H-2D? for class I MHC antigens; FITC-
labeled m-anti-r-CD11b/c and phycoerythrin
(PE)-labeled r-anti-m-CD11b for macrophages;
FITC-labeled m-anti-r-CD4 and PE-labeled r-anti-
m-CD4 for CD4-T cells; PE-labeled m-anti-r-CD3
and FITC-labeled r-anti-m-CD8 for CDS8-T cells;
FITC-labeled m-anti-r-B220 and PE-labeled r-anti-
m-CD19 for B cells; and biotinylated m-anti-
r-CD161a and FITC-labeled r-anti-m-CD49/Pan
for NK cells. The biotinylated mAbs were visualized
with PE-labeled streptavidin for 15 min at 4 °C in
the dark. Stained cells were analyzed using FAC-
Scalibur (Becton Dickinson, Tokyo, Japan). Dead
cells were excluded from the analysis by forward-
scatter and propidium iodide (PI) staining. The
FACS data were analyzed using the Win MDI
software.

Isolation of h-hepatocytes from humanized mice

Humanized mice were generaled as described
previously [3]. Briefly, 7.5-10.0 x 10° cryopre-
served h-hepatocytes from a 4-year-old boy (BD
Gentest) were transplanted into uPA/SCID mice.
Liver cells were isolated from the chimeric mice
with =10 mg/ml A-Alb in their blood using the
two-step collagenase perfusion method [7] and
centrifuged three times at 50 g for 2 min. The pellet
was suspended in Dulbecco modified Eagle's
medium (Gibco, Invitrogen) that contained 10%
fetal bovine serum, and the living cells were
counted using the trypan blue exclusion test. The
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purity of the h-hepatocytes in the preparation
was >90%, as determined by FACS analysis with
h-hepatocyte-specific antibody (K8216) that had
been prepared as described below. We confirmed
that when transplanted into a new uPA/SCID
mouse, these h-hepatocytes engrafted the liver,
proliferated therein, and formed colonies (data not
shown).

Preparation of K8216

A BALB/c mouse was immunized with 107 sub-
cultured h-hepatocytes [8] three times weekly for
3 weeks with a booster injection of 2.5 x 107
subcultured h-hepatocytes after the last immuniza-
tion. Frozen sections of human and murine livers
were incubated with hybridoma supernatants
obtained by conventional methods at the Institute
of Immunology (Tokyo, Japan) and with the
secondary antibodies of Alexa 488-labeled anti-
mlgG goat sera (Molecular Probes, Invitrogen).
The hybridoma for which the supernatant reacted
with the plasma membranes of /i-hepatocytes, but
not with those of m-hepatocytes, was selected. The
supernatant was analyzed by FACS for reactivity
with the surfaces of hepatocytes. Thus, the m- and
h-hepatocytes were incubated with the hybridoma
supernatant and the secondary antibodies, and
analyzed in the FACS Vantage (Becton Dickinson)
using a 100-pm nozzle. Fluorescence was measured
after excitation at 488 nm through a 530-nm filter
(FL1) with a 4-decade logarithmic amplification.
This analysis showed that the antibodies reacted
with the cell surfaces of h-hepatocytes, but not with
those of m-hepatocytes. The hybridoma was
injected intraperitoneally (i.p.) into nude mice,
and the antibodies in the ascites (designated as
K8216) were purified by ammonium sulfate sedi-
mentation.

Transplantation of h-hepatocytes inta SCID rats

Retrorsine is used as a strong anti-mitogenic agent
for rat hepatocytes [9]. h-Hepatocytes isolated
from the chimeric mice as described above were
transplanted in retrorsine- and PHx-treated rats as
reported previously [9] with modifications. The
mscip-BMC-bearing rats were given two iLp.
injections of retrorsine (30 mg/kg body weight
Sigma-Aldrich) 2 weeks apart, to inhibit hepato-
cyte proliferation in the host rat liver. Histologic
sections of the livers were obtained from the SCID
rats 3 weeks after the second injection of retror-
sine and stained with hematoxylin and eosin.
These sections showed that most of the host
hepatocytes had become megakaryocytes (data
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not shown), reflecting the inhibition of hepatocyte
cell division.

Three weeks after the second injection, the
animals were anesthetized by ether inhalation and
subjected to 40% PHx. The lateral right lobe was
exposed by a midline incision near the xiphisternum
and resected, and the incision was closed with a
suture. The ileocecum was exposed by a midline
incision at the hypogastric region. The h-hepato-
cytes obtained from the chimeric mice were sus-
pended at 2.5 x 10° and 5.0 x 10° cells in 0.5-ml
aliquots and transplanted into the SCID rats via the
portal vein using a syringe. Murine plasma thrombin
(Sigma-Aldrich) was used for hemostasis. Serum
samples (50 pl) were collected from the tail vein
periodically after --HPCT and used for measuring A-
Alb concentrations by ELISA (Human Albumin
Sensitive ELISA Kit; Cygnus Technologies, Inc.,
Southport, NC, USA). In preliminary studies, to
optimize the number of A-hepatocytes for trans-
plantation, we obtained data showing higher rates of
the engraftment and the survival of the transplanted
cells in the host liver when 5.0 x 10° cells were
transplanted compared with the case of transplanta-
tion of 2.5 x 10° cells. Therefore, we present herein
the results of transplantation experiments with
5.0 x 10° h-hepatocytes.

Immunohistochemistry

The rat livers were harvested at 3 and 4 weeks after
h-HPCT. The rats were all injected i.p. with
bromodeoxyuridine (BrdU, Wako Pure Chemical
Industries, Ltd., Osaka, Japan) at 10 pl/g body
weight 1 h before killing. Cryosections (5-pm
thickness) were fixed in cold acetone, blocked with
10% goat or donkey serum for 30 min at room
temperature. Sections were incubated with m-anti-
h-cytokeratin 8/18 (ACKS8/18) mAbs (Cappel
Laboratories Inc., West Chester, PA, USA), to
distinguish the h-hepatocytes. The primary Abs
were visualized with Alexa 488-labeled goat anti-m-
IgG (Molecular Probes). As a measure of the
functions of engrafted h-hepatocytes, cryosections
were incubated with the m-anti-A-CKE&/18 mAbs
and rabbit anti-h-cytochrome P450 (CYP) 2D6
(Daiichi Pure Chemicals) or 2E1 (Affiniti) mAb
(double staining). The primary Abs were visualized
with Alexa 488-labeled donkey anti-m-IgG (Molec-
ular Probes) or Alexa 594-labeled donkey anti
rabbit-IgG. Formalin-fixed paraffin sections (5-pm
thickness) were incubated with m-anti-h-cytokera-
tin 18 mAb (DakoCytomation) and goat anti-A-Alb
antibody (Bethyl Laboratories) for double staining,
or with goat anti-h-Alb antibody and m-anti-BrdU
mAb (DakoCytomation) for double staining. The

primary Abs were visualized with Alexa 488-labeled
donkey anti-m-1gG or anti goat-1gG or Alexa 594-
labeled donkey anti goat-IgG or anti-m-IgG
(Molecular Probes). The paraffin sections were
exposed to microwaves in Target Retrieval Solution
(DakoCytomation), to activate the antigens. The
r- and m-macrophages (Kupfier cells) were identi-
fied in the SCID rat liver as follows. Cryosections
were prepared from the livers of rats at 2 and
7 weeks after mscip-BMCT, and at 3 and 4 weeks
after -HPCT. The sections were incubated with
r-anti-m-macrophage mAb (BM8: BMA Biochemi-
cals, Augst, Switzerland) or m-anti-r-macrophage
mAb (ED2; BMA Biochemicals). The primary Abs
were visualized with Alexa 488-labeled goat anti-
m-lgGand Alexa594-labeled goatanti-r-1gG(Molec-
ular Probes). All sections were counterstained with
Hoechst (bisbenzimide; Sigma-Aldrich).

RNA extraction and reverse transcription-PCR

Total RNA samples were extracted with ISOGEN
(Nippon Gene, Tokyo, Japan) from the livers of
normal F344 nude rats and from rats and mice both
bearing h-hepatocyte. The RNA samples (1 pg
each) were reverse-transcribed at 42 °C for 90 min
in a 20-pl reaction mixture that contained random
hexamers (Invitrogen) using PowerScript Reverse
Transcriptase (Clontech). PCR was performed with
rTaq (Takara Bio, Shiga, Japan) under the follow-
ing conditions: 94 °C for 5 min, followed by 30-40
cycles of denaturing at 94 °C for 30 s, annealing at
54-60 °C for 30 s, and extension at 72 °C for 30 s.
The following genes were subjected to semi-
quantitative PCR under the conditions listed in
Table | using primer sets that amplify only human
gene (h) or mouse, rat, and human gene (mrh):
h-Alb, h-ul-antitrypsin (h-AAT), h-glucose-6-phos-
phatase (h-G6P), h-hepatocyte nuclear factor 4
(h-HNF-4), cytochrome P450 (h-CYP1A2, 3A4,
2El, 2D6) and rmh-glyceraldehyde-3-phosphate
dehydrogenase (mrh-GAPDH). The amplified
PCR products were analyzed by electrophoresis in
2% agarose gels (agarose 36GU; Funakoshi Co.,
Ltd., Tokyo, Japan) or 4% agarose gels (NuSieve
3:1 agarose; BioWhittaker Molecular Applications)
and visualized under UV illumination after ethidium
bromide staining.

Results
Generation of SCID rats

F344 nude rats were subjected to X-ray irradiation
under the regimen described above and were
transplanted 1 day later with 10° mscp-BMCs.
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Table 1. Primer sets for RT-PCR

Gene Products  Annealing

name Forward primers Reverse primers size (bp)  temp. (C°)  Cycles
Al \gecgasgigpaaastuatusy  peasgiticagagiageacy 179 60 40
hAAT BOCx gicaaggacaccy  coatipeigaag gtgaty 360 60 40
h-GEP Igggatceagicaacacattac caaaacceaccaglatggacge ] 58 40
HHNF-4 tcaccicoooogicics Toegatgetggeaatctt B1 60 L}
hCYPIAZ agactgectectegqg cagogtiaggeaggtageg 62 60 40
hCYPIA \gigaggaggiagatiiggelc tcaggaggagiiaatggtoctas 80 60 40
hLYP2EY cageacaaciclgagalatgae gogcatctetigectatoctt 132 60 40
hCYP206 giccaacaggagatcgacga gocatgigagectggtea 0 50 40
mrh -GAPDH  accacagiccatgecateac tecaccacosigtipetgta 451 54 30

h, human-specific, mh, mouse-, rat-, and human specific

Table 2. Survival rates of the hosts after different X-ray dosages in
the presence or absence of m-BMCT

Numbar of animals
Dead Alive
Sacond imadiation before 7 until 7 FACS
with X-rays (Gy) ~ mBMCT  Total  weeks  weeks  analysis
1] - 7 0 7 z
4 + 2 0 2 2
4 - ) 0 z 0
7 + 2 1] 2 2
6 - 2 0 2 1]
8 + 2 0 2 2
8 - 2 ] 2 0
10 + 48 0 48 n
10 - 9 9 1] 0
"Without m-BMCT

The survival rates of the hosts under these regimens
are summarized in Table 2. Irrespective of the
dosage of the irradiation and the m-BMCT, all
animals were alive beyond 7 weeks after the start of
experiment including the most severe regiment
except the animals that were irradiated with
“10 + 10,” but not received the m-BMCT. These
rats were in severe anemia and all dead before
7 weeks. They had low body weight at the time of
death, the cause of which was most likely BM failure.

We investigated the chimerism of the PBMCs in
the host blood by two-color flow cytometry once a
week after transplantation of the mgep-BMCs
(Fig. 1). The changes in the occupancy of MHC
class I cells, macrophages, and NK cells after m-
BMCT are shown in Fig. 1(A,B) for m- and r-cells,
respectively. The populations of m-MHC class 1"
cells and macrophages increased with time post-
transplantation as shown in Fig. 1(A a-1, a-2),
respectively. These rates of increase became more
pronounced as the second irradiation dosage was
increased. The regimen “l10 + 10" allowed the
mscip-BMCs to repopulate almost completely the
r-peripheral blood (94.5% m-MHC class 1" cells)
at 5 weeks post-m-BMCT (Fig. 1A a-1). Under
“10 + 10, the percentages of m-macrophages at

1 week post-BMCT were 61.3% and increased to
93.1% at 5 weeks (Fig. 1A a-2). Originally, m-NK
cells occupied 20-30% of the mscip-PBMC frac-
tion. But their occupancy in the hosts was < 3%
under all the tested regimens (Fig. 1A a-3), indi-
cating that the m-NK cells did not proliferate
therein after transplantation. As expected, the
populations of -MHC class I cells, macrophages,
and NK cells decreased with time under all the
tested irradiation regimens (Fig. 1B). These rates
of decrease became more pronounced as the second
irradiation dosage was increased.

Similarly, we determined the changes in the
occupancy of m- and r-CD8" T cells, CD4" T
cells, and B cells. However, the occupancy of the
m-cells was all quite low (<0.1%) to extract any
significant conclusion. The occupancy of the r-cells
was 2-15% and showed a tendency to decrease
with the increase in the dosage of second irradia-
tion (data not shown). From these results, we
concluded that 10 + 10" is optimal for myeloab-
lation. The level of reconstitution with mgcp-
BMCs reached as high as 94% under this regimen.

h-Hepatocyte-transplantation into retrorsine- and PHx-treated
SCID-rats

h-Hepatocytes were isolated from chimeric mice
with replacement index (RI) > 85% and, 5.0 x 10°
cells each, were injected into 12 retrorsine-treated
and 40% PHx SCID rats (#1-12). Rats that did not
receive mscip-BMCs were similarly transplanted
with h-hepatocytes as control animals. Eight (#1-8)
were alive at least until 3 weeks (survival rate,
approximately 67%). The average blood A-Alb
levels of these rats | week post-h-HPCT were
21.8 + 10.9 ng/ml (n = 8), which slowly increased
to 29.6 = 10.9 ng/ml (n = 8) three weeks later.
Blood h-Alb concentrations were individually
monitored for these eight animals during the
experimental period as a measure of growth of
h-hepatocyte colonies (Fig. 2). One rat (#7) died
3 weeks post-transplantation, and the remaining
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Fig. 1. Replacement of r-PBMCs with
m-PBMCs by transplanting mgcip-BMCs
into SCID rats. F344 nude rats were sub-
jected to four different X-ray irradiation
(Gy) regimens (“10 + 4," “10 + 6,

“10 + 8,” “10 + 10") and transplanted
with 10" mscip-BMCs 1 day after the sec-
ond round of irradiation. The lines
attached with Arabic numerals, 1, 2, 3, and
4 in the graphs represent individual rats
irradiated according to 10 + 4, “10 +
6, *10 + 8." and “10 + 10" regimens,
respectively. PBMCs were isolated at 1, 3.
and 3 weeks post-m-BMCT from the rats
and analyzed by two-color flow cytometry.
Three types of cells were analyzed as
PBMCs: MHC class 17 cells (a-] and b-1
for m- and r-cells, respectively), macro-
phages (a-2 and b-2 for m- and r-cells), and
NK cells (a-3 and b-3 for m- and r-cells).
m- and -MHC class | * cells were detected
as H-2D- and RTIA-positive (H-2D - and

seven rats were kept for an additional 1 week,
at which time the blood h-Alb levels were deter-
mined and the animals were killed. The blood 4-Alb
levels were detectable in all the tested rats at 1 week
post-h-HPCT, thereafter these levels increased
slightly but continuously to 3 weeks in four rats
(#1, 2, 3, and 5). However, the levels decreased
at 4 weeks post-h-HPCT. Animals #4 and #6
showed continuous decreases in /A-Alb levels
through 4 weeks (#4) and 3 weeks (#6) post-h-
HPCT. Rat #1 showed an exceptionally high A-Alb
level (95 ng/ml) at 3 weeks post-+-HPCT. In
contrast, the blood A-Alb levels were undetect-
able during the experimental period in the
unconditioned control rats that had received

h-hepatocytes.
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RTI1A "-) cells, respectively. m- and
r-Macrophages were detected as CDI1b" -
and CD11b/c” -cells, respectively. m- and
r-NK cells were detected as CD49/Pan ™ -
and r-CD161a " —cells, respectively. The
occupancy (%) of each type of cells was
determined and is plotted against weeks
post-m-BMCT. (A) Changes in the
percentages of m-PBMCs. a-1. MHC
class 17 -cells. (a-2) Macrophages. (a-3)
NK cells. (B). Changes in the percentages
of r-PBMCs. (b-1) MHC class 1" -cells.

(b-2) Macrophages. (b-3) NK cells.

Expression of hepatocyte-specific genes and proteins by
h-hepatocytes in SCID mice

RNAs were extracted for RT-PCR from the frozen
liver tissues of SCID rats that had been trans-
planted with 5.0 x 10° h-hepatocytes shown in
Fig. 2. Similarly, RNAs were extracted from nor-
mal nude rat livers (negative control) and from
the livers of the chimeric mice transplanted with the
same donor h-hepatocytes (positive control). All the
livers of the tested SCID rats contained /-hepato-
cyles that expressed /i-Alb, i-AAT, h-G6P, h-HNF-
4, h-CYP1A2, 3A4, 2E1, and 2D6 mRNAs (Fig. 3).
Liver sections prepared from the SCID rats used
for RT-PCR were subjected to immunostaining
for h-CK8/18, h-Alb, CYP2D6, 2El, and BrdU



Blood h-Alb concentrations (ng/ml)

Week post AHPCT

Fig. 2. Blood kAlb concentrations in SCID rats post-h-
HPCT. h-Hepatocytes (5.0 x 10° cells) were transplanted into
the livers of retrorsine- and PHx-treated SCID rats. The A-Alb
levels were determined in the eight rats (#1 through #8) at 1, 2,
and 3 weeks. Animal #7 died 3 weeks post-h-HPCT. The h-Alb
levels in the remaining seven rats were determined at 4 weeks
post-h-HPCT.

(Fig. 4). The h-CKI18" cells expressed A-Alb
(Fig. 4a—). The h-CK8/18" colonies expressed
CYP2D6 (Fig. 4d-f) and 2E1 (Fig. 4g-i). BrdU"’
cells were observed in A-Alb " cells (Fig. 4j-1). These
results suggest that some of the engrafted
h-hepatocytes are in the S-phase of the cell cycle,
and that the engrafted /i-hepatocytes are able to
maintain normal functions in the rat liver tissues.
The engrafted h-hepatocyte were able to frequently
form colonies containing greater than five
hepatocytes in all the tested seven animals at
4 weeks post-h-HPCT. There were some colonies
that contained more than 10 cells in five animals.

Macrophage activation in frhepatocyte-transplanted SCID
rat livers

Recently, liver reticuloendothelial macrophages
(Kupffer cell) were reported to reject xenogeneic
cells through the interspecies incompatible CD47
signaling [10,11]. At 5 weeks post-m-BMCT most
(~94%) of the macrophages in the PBMCs were
derived from the SCID mice (Fig.1). X-ray
irradiated nude rats were transplanted with
mscip-BMCs and liver tissues were removed at
early (2 weeks) and late (7 weeks) time-points posi-
m-BMCT. Double-immunostaining was performed
to detect and localize m- and r-macrophages in the
liver sections, using the BM8 and ED2 antibodies,
respectively (Fig. 5a,b). Both ED27 -r-green and
BMS8 ' -m-red macrophages (Kupflfer cells)
were scattered throughout the liver at 2 weeks
post-m-BMCT (Fig. 5a). The ED2" cells were
considered to be dying r-macrophages likely due to
the X-ray-induced damages because they showed
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Fig. 3. Expression profiles of h-hepatocyte-specific genes in
SCID rat livers. Total RNAs were extracted from the livers of
normal nude rats and A-hepatocyte-chimeric SCID rats,
and also from A-hepatocyte-chimeric mice from which the
h-hepatocytes for transplantation into the SCID rats had been
isolated. The RNA samples were subjected to PCR to measure
the expression levels of the i-Alb, A-ATT, #-G6P, A-HNF-4,
h-CYPIA2, 3A4, 2E1, and 2D6 genes. GAPDH mRNAs were
measured as the reference, 1o ensure equivalent amounts of the
tested RNA were used with primers common to the rat,
human, and mouse species. Animals #2, 3, 5, and 8 indicated
below the “Chimeric rats” tag correspond to the animals £2, 3,
3, and 8 shown in Fig. 2. The blood A-Alb concentrations of
the tested animals are shown at the tops of the panels

abnormal morphology and weak fluorescence.
Although both r- and m-macrophages were simi-
larly observed throughout the liver at 7 weeks
post-m-BMCT, ED2 " -cells appeared that were
morphologically normal and had brighter fluores-
cence than those at 2 weeks (Fig. 5b). These cells
were considered to be r-macrophages that escaped
X-ray-induced damage and had repopulated the
host liver or some X-ray-resistant host progenitor
cells had differentiated into macrophages.

Similar double-immunostaining was carried out
for the seven h-hepatocyte-bearing rats #1-8 as
shown in Fig. 2 that had been transplanted with
h-hepatocyte at 11 weeks post-m-BMCT. The liver
tissues from these animals at 4 weeks post-hi-HPCT
were used for immunostaining. These seven rats
were classified into two groups according to the
blood level of hAlb. One was the group of three
rats (#2, 3, 5) that showed hAlb > 15 ng/ml at
4 weeks post-HPCT and the other was that of four
rats (#1, 4, 6, 8) with hAlb < 10 ng/ml. We

2
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s BCYPZDb

b B-CYP2EN

consistently observed that immunosections of the
group with AAlb > 15 ng/ml showed the distribu-
tions and the size of the r- and m-macrophages
similar to those depicted in Fig. 5b as shown in
Fig. Sc in which the liver of rat #5 is presented as a
representative example. In contrast, BMS8"-
m-macrophages became larger in size in the liver
of the group with AAlb > 15 ng/ml as shown in
Fig. 5d in which an immunosection from rat #6 is
presented. We quantified the red colored areas
(m-macrophage areas) in the photos shown in
Fig. 5c.d as a measure of cell size using an image
analyzer. The average red area per unit measured
area of the rat with with AAlb > 15 ng/ml was
~3-fold larger than that with #Alb < 10 ng/ml. It
is generally accepted that macrophages become
enlarged when activated. Therefore, assuming that
a hAlb concentration < 10 ng/ml predicts that the
h-hepatocytes will not survive due to rejection by
the host, we propose thai macrophage activation
limits the proliferation and survival of /-hepato-
cytes in SCID rats. The blood A-Alb concentration
of rat #1 was relatively high (~95 ng/ml) at
3 weeks post-h-HPCT, but dropped to < 10 ng/ml
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Fig. 4. Characterization of A-hepatocytes
in the host liver. The rat hver was
harvested at 4 weeks post-A-HPCT. Some
animals were given BrdU | h belore
harvesting. These livers were processed (o
histological examinations. Four sections
(sections 1-1V) are presented here. The
sections | and IV were formalin-fixed
paraffin-processed for #-CK18, A-Alb, and
BrdU staining. The sections 11 and I11 were
cryo-processed for h-CK8/18, h-CYP 2D6,
and h-CYP2EI. The section | was sub-
jected to double immunostaining for
h-CK 18 (a) and h-Alb (b). Section I1:
double immunostaining for A-CK8/18 (d)
and A-CYP 2Dé6 (e). Section 11I: double
immunostaining for #-CK8/18 (g) and
h-CYP2ZEI (h). Section IV: double
immunostaining for A-Alb (j) and BrdU
(k). Images c, [, i, and | are merged pho-
tographsof aand b,dand e, gand h, and j
and k, respectively. Scale bar = 20 pm

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

Discussion

We are able to generate reproducibly, and in a
stable form, SCID mice with livers that comprise
mainly h-hepatocytes [3]. Several such immunode-
ficient and liver-injured mice have been used as
hosts for the repopulation of h-hepatocytes, includ-
ing uPA/SCID/beige mice [12], uPA/SCID mice
[3,13], recombination activation gene 2 (Rag-2)
knockout (KO) mice [14], and Fah KO/Rag2KO
IL2RycKO mice [15].

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

continuously decreased until 3 weeks and was <
central vein regions, respectively. Scale bar = 100 pym

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

The suppression or deletion of the immunologic
reactions of rats for xenotransplantation experi-
ments has been achieved using a number
different methods, including lethal irradiation
[6.16,17), an immunosuppressive agent [16], vari-
ous antibodies [17], and splenectomization [16].
These immunosuppressed rats were utilized in
studies of the transplantation of xenogeneic BMCs.
Thus, the present study is the first to utilize

immunosuppressed rats for the transplantation of

xenogeneic tissue parenchymal cells, i.e., i-hepato-
cytes. The replacement rates achieved for xenoge-
neic BMCs in the previous studies were
approximately 40% [17], 60% [6], and 85% [16]
Our conditioning regimen gives a replacement rate
as high as 94%, although the number of trans-
planted m-BMCs in the present study is similar to
those obtained in the previous studies. Presently,
we cannot explain the higher replacement rate, as
ata on the survival of host BMCs and PBMCs are
not available from the previous reports. However,
in the present study, the irradiation regimen was
more severe and the animals were much younger

of
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10 ng/ml at 4 weeks. The “P” and “C” labels in c and d indicate the portal and

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

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

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

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

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

In the present study, we demonstrate for the first
time that A-hepatocytes are capable of engrafting
the rat liver and proliferating therein to form
colonies. However, the A-hepatocytes did not show
appreciable replication, as observed for liver-

injured SCID mice. Further analyses of the
h-hepatocyte-bearing SCID rats are necessary to
reveal the immunologic mechanisms involved in
xenogeneic transplantation, and to generate
SCID rats with higher rates of h-hepatocyte
repopulation.
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Induction of Indoleamine 2,3-Dioxygenase in Livers Following
Hepatectomy Prolongs Survival of Allogeneic Hepatocytes
After Transplantation

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

RTHOTOPIC LIVER TRANSPLANTATION is

ABSTRACT

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

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

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

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

livers available for transplantation is a small fraction of

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

those needed. Transplantation of hepatocytes is a minimally
invasive procedure that provides immediate metabolic sup-
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INDOLEAMINE 2,3-DIOXYGENASE INDUCTION

port until a donor liver becomes available for transplanta-
tion. In contrast to syngeneic hepatocytes, which can survive
for long periods and even proliferate in recipients, alloge-
neic hepatocytes show massive apoptotic cell death due to
acute rejection within 1 weck after transplantation if not
treated with immunosuppression.'

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

MATERIALS AND METHODS

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

RESULTS

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

hepatocytes.

DISCUSSION

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

-

IDO

Fig 1. Gene expression of both IDO and IFN-y are significantly upregulated in the partially hepatectomized (PHx) group compared
with those in nonhepatectomized (Non-PHx) group. Rat liver tissues were collected from PHx and non-PHx groups 5 days after
allogeneic (DA to Fisher 344) hepatocytes transplantation, followed by RNA extraction and RT-PCR analysis. (A) Electrophoresis of
both IDO and IFN-y. (B) Densitometric analysis indicates that gene expression of both IDO and IFN-y in the PHx groups are
significantly higher than those in the Non-PHx groups. The statistical analysis is performed using Student's t-test; P < .05 is

considered significant.
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immunosuppressive molecule to protect grafts from im-
mune attack.
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Pleiotrophin Inhibits Transforming
Growth Factor B1-Induced Apoptosis
in Hepatoma Cell Lines
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Pleiotrophin (PTN) is a hepatocyte growth factor and considered to play roles in liver fibrogenesis and
hepatocarcinogenesis. In this study we examined the mechanism of the action of PTN in these pathological
processes. First, we confirmed that hepatic stellate cells (HSCs) and Kupffer cells, and also later hepatocytes in
hyperplastic nodules increased PTN mRNA expressions during carbon tetrachloride-induced liver fibrosis. Then, the
relationship between PTN and transforming growth factor B1 (TGFB1), a known potent pro-fibrogenetic cytokine, in
carcinogenesis was investigated using hepatoma cell lines. Huh-7 human hepatoma cells weakly expressed PTN, but
HepG2 human hepatoma cells and Fa0 rat hepatoma cells did not. Recombinant (r) TGFB1 induced the cultured Huh-7
cells to undergo apoptosis, which was inhibited by rPTN. Huh-7 cells became resistant to TGFj1-, but not mitomycin
C-induced apoptosis when transfected with PTN gene, indicating the specificity of the PTN anti-apoptotic activity. Poly
ADP ribose polymerase, procaspase-8 and procaspase-3 were not cleaved in the TGFB1-reluctant cells. The TGFB1-
induced caspase-3 activation was also suppressed in Huh-7 and FaO cells both transduced with PTN gene-bearing
adenoviruses. In summary, PTN was expressed in HSCs, Kupffer cells, and hepatocytes in fibrotic liver. We propose that

PTN specifically antagonizes the TGFB1 activity during liver fibrosis. © 2008 wiley-Lis, inc
Key words: pleiotrophin; TGFp1; liver fibrosis; hepatocarcinogenesis; caspase-3; hepatic stellate cells

INTRODUCTION

Pleiotrophin (PTN) is a multifunctional cytokine
involved in growth, transformation, carcinogenesis,
and metastasis [1]. PTN is an 18 kDa heparin binding
protein and shows 50% identity to midkine (MK) [2-
4]. It promotes the growth of fibroblasts, endothelial
cells, and hepatocytes [4-6]. Its gene is grouped as a
potent proto-oncogene [7-8]. TN transforms NIH
373 cells in a soft agar plate, and forms highly
vascularized tumors [1]. Up-regulation of PTN gene
promotes tumor angiogenesis |7]. Furthermore, PTN
acts as an angiogenic factor in a paracrine mode for
human breast cancer, choriocarcinoma, and mela-
noma, and seems to be essential for the development
of metastasis in melanoma (8].

Previously we identified PTN as a mitogen for rat
hepatocytes [9] among proteins secreted by Swiss
3T3 fibroblasts, indicating that PTN plays a role as a
hepatocyte growth factor. When co-cultured, rat
hepatic stellate cells (HSCs) enhanced the growth of
rat hepatocytes by secreting PTN [6]. Furthermore,
PTN expression was increased in carbon tetrachlor-
ide (CCl,)-induced fibrotic liver [10]. However, the
biological mechanism of PTN in hepatocarcino-
genesis has not been clarified yet.

© 2008 WILEY-LISS, INC

Liver cirrhosis and hepatocellular carcinoma are
among the most common liver diseases, and several
mechanisms involved in carcinogenesis have been
proposed [11-13]. Transforming growth factor p1
(TGFp1) has been known as a potent fibrogenesis
factor [14]. TGFP1 shows multiple biological proper-
ties, including the inhibition of proliferation, the
induction of apoptosis, the activation of HSCs, and
the promotion of extracellular matrix formation.
TGEFp1 expression is low in normal liver, elevated in
livers of patients with acute hepatitis, fulminant

Abbreviations: PTN, pleiatraphin; HSC, hepatic stellate cell, CCly,
carbon tetrachlonde; TGFP1, ransfarming growth factor 1, PARP,
ADP ribose polymerase, FTN-Ad, pleatrophin adenovirus, LacZ-Ad,
LacZ adenovirus
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hepatic failure, and liver cirrhosis [15]. TGFp1 is a
potent inhibitor of DNA synthesis of cultured
hepatocytes and inhibits hepatocyte proliferation
after partial hepatectomy [16-18]. The inhibition of
TGFp1 signal effectively prevents fibrosis and pre-
serves the liver function in a fibrotic animal model
[19]. These studies all support that TGFp1 plays
pivotal roles in liver fibrogenesis and carcinogenesis.

Apoptosis is essential for normal development
and tissue homeostasis. The deregulation of apop-
tosis and the accelerated proliferate activity of
hepatocytes have been reported as significant steps
for hepatocarcinogenesis [20,21]. During hepato-
carcinogenesis, some of the genetically altered
hepatocytes progress to apoptosis and some escape
from the apoptosis and undergo carcinogenesis
[21]. TGFB1 is the most effective apoptotic cytokine
during hepatocarcinogenesis [22]. TGFp1 gener-
ated the reactive oxygen species and induced
apoptosis of Huh-7 cells and activates first cas-
pase-8, -9, and finally -3 [23,24]. Furthermore, a
study on ““the loss of TGFf receptor” showed that
the hepatocytes in diethylnitrosamine and nod-
ularin-induced-hyperplastic liver nodules escaped
from the TGFp1-induced apoptosis and continued
to proliferate [21).

In the present study, we investigated the role of
PTN in TGFp1-induced liver ibrogenesis and carci-
nogenesis, placing an emphasis TGFpl-induced
apoptosis of hepatocytes. We first demonstrated that
HSCs expressed PTN at higher levels. The hepato-
cytes in hyperplastic nodules formed in a late phase
of fibrogenesis started its expression. Then, we
focused on the relationship of PTN and TGFB1 in
carcinogenesis using hepatoma cell lines as exper-
imental models. Recombinant (r) PTN suppressed
the rTGFp1-induced apoptosis of cultured hepatoma
cells. The mechanism of the anti-apoptotic activity
of PTN was studied utilizing hepatoma cells that had
been enforced to express PTN gene. The obtained
results enabled us to propose that PTN suppresses the
apoptosis induced by TGFf1, but not by mitomycin
C, through inhibiting the activation of procaspase-8
and procaspase-3.

MATERIALS AND METHODS

Animal

Nine weeks old Fischer 344 (F344) male rats,
weighing 170-180 g, were purchased from Labora-
tory Animal Center (Shizuoka, Japan), and main-
tained with standard chow diet and water, ad
libitum, under the Institution’s guidelines. To
induce liver fibrosis, rats were injected subcutane-
ously with CCl, (Wako Pure Chemicals, Osaka,
Japan) twice a week for 10 wk at a dose of 2.0 ml/kg
body weight. Control rats were injected mineral oil
subcutaneously. Five animals were killed at 5, 8, and
10 wk after the CCly-administration. .

Molecular Carcinogenesis

Isolation of Hepatocytes and HSCs

Primary rat hepatocytes were isolated from livers
of normal F344 male rats as described previously [25].
Briefly, livers were perfused with collagenase and
hepatocytes were harvested by centrifugation at 50g
for 5 min, and further density gradient centrifuga-
tion with 50% Percoll (Amersham, Uppsala, Sweden)
at 50g for 24 min. The pellet was washed three times
with Dulbecco’s modified Eagle's medium (DMEM,
Gibco BRL, Bethesda, MD), and the cell viability was
measured by trypan blue dye exclusion. An HSC-
enriched fraction was prepared as reported previ-
ously [26]. Briefly, rat livers were digested in situ by
perfusion first with 0.07% pronase E (Merck, Darm-
stadt, Germany) and then with 0.03% collagenase
(Wako). They were then excised, broken into small
pieces, and digested with 0.08% pronase E, 0.08%
collagenase, and 20 pg/ml DNase | (Roche, Man-
nheim, Germany). The liver cells obtained were
suspended in 8.2% Nycodenz (Nycomed, Oslo, Nor-
way) solution and centrifuged with 2,000z at 4°C for
20 min. The cells in the upper layer were collected as
the HSC-enriched fraction, washed, and suspended
in DMEM containing 10% fetal bovine serum (FBS).
The mRNA expression level of a-smooth muscle
actin (2-SMA) was determined by RT-PCR and used as
a measure of the activation of HSCs.

RT-PCR

Total cellular RNAs were isolated from cells of
human hepatoma lines (HepG2 and Huh-7), and
cells of rat hepatoma cell line (FaO), rat hepatocytes,
HSCs, and CCly-treated rats liver. First strand cDNA
was synthesized using oligo-dT primers from 1 pg of
total cellular RNA by reverse transcription reaction in
10 ul reaction volume, The used primers were as
follows: human PTN, sense 5'-aaaatgcaggctcaacag-
taccagcag-3' and antisense S5'-cttttaatccagcatcttct-
cetgttt-3; rat PTN, sense 5-aaaatgtcgtcccageaatac-
cagcag-3' and antisense 5'-cttttaatccagcatcttctoctg-
ttt-3'; human glyceraldehyde-3-phosphate dehydro-
genase (GAPDH): sense 5'-ggtgctgagtatgtcgtgga-3' and
antisense 5'-gccatgecagtgagcetteee-3'; rat GAPDH, sense
§'-ccatggagaaggetggge-3' and antisense 5'-caaagttgt-
catggatggatgacc-3'; rat o-SMA: sense 5'-tgtgctggactc-
tggagatc-3' and antisense S'-gatcacctgcccatcagg-3'.
Amplification were carried out as follows: denaturation
at 94°C for 30 s, annealing for 50 s, and extension at
72°Cfor 50s. Annealing temperatures were 58°C except
56°C for human PTN. PCR products were separated on
1.5% agarose gels.

Immunochistochemistry

Seven-um-thick sections were prepared from liver
tissues using a cryostat, Leica CM 1900 (Leica
Instruments GmbH, Nussloch, Germany), and used
for immunohistochemistry with polyclonal anti-
bodies against TN (N15, Santa Cruz Biotechnology,
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Inc., Santa Cruz, CA), a-SMA (Sigma-Aldrich, St.
Louis, MO), and ED2, a rat macrophage antigen
(Sigma-Aldrich). The sections were treated with 2%
normal serum for 20 min, and then incubated
overnight with the above antibodies followed by
incubation with antibodies with Texas-red and FITC
(Zymed, San Francisco, CA) for 60 min. Slides were
washed and stained for nucleus with DAPL The cells
were viewed under a fluorescence microscope (Zeiss,
Axio Imager M1, Germany).

Induction of Apoptosis by TGF1

Cells of human hepatoma cell line, Huh-7, are
highly sensitive to TGFB1 regarding the apoptotic
induction [24]. Huh-7 cells were maintained in
DMEM containing 10% FBS, and were treated with
1-10 ng/ml of rTGFf1 (Peprotech EC LTD, London,
England) alone or co-treated with 100 ng/ml of rfPFTN
(R&D system, Minneapolis, MN), After 1-3 d of
treatment, the cell viability was measured by a MTT
assay kit (Promega, Madison, WI): The cells were
plated in 96-well microtiter plates at a density of
5 x 10° cells per well and each plate was incubated for
24 h at 37°C in a CO2 (5%) incubator. Each well was
washed with phosphate buffered saline (PBS) and
incubated with rTGFp1 in serum-free media for 1-3
d. The cells were counted with the kit according to
the instructions provided by the manufacturer, and
the absorbance of each well was measured at 450 nm
with a microtiter plate reader. Apoptotic changes of
nuclear chromatins were observed by staining cells
with Hoechst 33342 (Wako): The cells were fixed
with paraformaldehyde for 20 min and stained with
Hoechst 33342 for 30 min, and 500 cells were
counted in randomly chosen areas. The cells with
condensed or fragmented nuclei were considered to
be apoptotic and their occupancy was expressed as
the percentage of apoptosis. TUNEL assay was also
employed to confirm the cell death using an
Apoptosis Detection Kit (Wako). Apoptosis was
induced for normal rat hepatocytes as follows. The
cells were maintained in DMEM containing 10% FBS
for 1 d and were treated with 2 ng/ml of rTGFp1 for
2 d. Hoechst staining was performed to detect the
apoptosis as above.

Preparation of Hepatoma Cells
That Constitutively Express PTN

Huh-7 cells were transfected with pcDNA3 vectors
(Invitrogen, San Diego, CA) bearing PTN cDNA with
Lipopectamine (Invitrogen), treated with Geneticin
(Gibco) for 3 wk at 975 pg/ml concentration for
selection. The selected single clones were plated in
24-well culture dishes, treated with trypsin, and
collected. As a result, total 4 clones were selected,
Huh-7-C2, -C4, -C5, and -C6, and used for further
experiments. The expression of PTN in the clones
was confirmed by RT-PCR and Western blotting
analysis. Similarly, the Huh-7 cells were transfected
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with pcDNA3 vectors that did not bear the transgene
and the obtained cells (Huh-7-V cells) were used as
control cells.

Western Blotting for PTN, Poly ADP Ribose
Polymerase, Caspase-8, and Caspase-3

PTN was isolated as below from the media in
which Huh-7-C4 and -C5 cells had been cultured for
3 d in the absence of TGFB1. The collected media
were passed through a heparin sepharose column
(Biorad, Melville, NY). The absorbed proteins were
dissolved in 2 x-diluted sodium dodecyl sulfate (SDS)
sample buffer consisting of 62.5 mM Tris-HCI
(pH 6.8), 2% SDS, with or without 5% B-mercaptoe-
thanol, 10% glycerol, and 0.002% bromophenol
blue, and boiled for 5 min. The proteins were
separated by 5-15% SDS-polyacrylamide gradient
gel electrophoresis, transferred to nitrocellulose
membranes (Schleicher & Schuell, Dassel, Ger-
many), and were treated with anti-PTN antibodies
(Santa Cruz). Enhanced chemiluminescence (Amer-
sham) reagent was applied to visualize the protein
bands. Standard rPTN was purchased from R&D

system.

Huh-7-V, -C4, and -C5 cells were cultured for 3d in
the absence and the presence of 5 and 10 ng/ml
TGFp1 and were subjected to Western blotting for
poly ADP ribose polymerase (PARP, a substrate of
caspase-3 [27]), procaspase-8 and procaspase-3 as
follows. Each of the above cells was dissolved in
radioimmunoprecipitation (RIPA) buffer consisting
of 50 mM Tris, pH 8.0, 150 mM NaCl, 0.1% SDS, 1%
NP40, 1 mM phenylmethylsulfonyl fluoride (PMSF),
and 1 ug/mi aprotinin. Soluble proteins were loaded
on the polyacrylamide gels, and the blots were
treated with antibodies against PARP (Zymed),
caspase-8 (Santa Cruz), caspase-3 (Cell Signaling
Technology, Beverly, MA), and actin (Santa Cruz).
Fifty uM of Z-VAD-FMK (Promega) was treated to the
Huh-7 cell before 1h of TGFp1 treatment to inacti-
vate the caspases. The intensity of the actin bands
was utilized as a measure for equal loading.

Preparation of Hepatoma Cells Infected
With Replication-Defective Recombinant
Adenoviruses That Contain PTN Gene

Human PTN cDNA was inserted into replication-
defective E1- and E3-adenoviral vectors containing
the cytomegalovirus enhancer and the chicken f-
actin promoter as a promoter. PTN-expressing
adenovirus (PTN-Ad) was amplified in 293 kidney
epithelial cells. The cells were disrupted by one cycle
of freezing and thawing and centrifuged. PTN-Ad
was obtained in the supernatant. Similarly, a vector
of bacterial f-galactosidase (LacZ-Ad) was prepared as
acontrol. Huh-7 and FaO cells were plated in 100 mm
dishes and infected with 100 m.o.i. of PTN-Ad or
LacZ-Ad for 4 h. The cells were trypsinized and plated
ata density of 5 x 10° cells per well in 96-well plates,
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Two days later, the cells were incubated in the
absence or presence of TGFp1 at 5 ng/ml for up to 2
or 3 d. The expression of PTN and p-galactosidase in
the adenovirus-infected cells was confirmed by
Western blotting with anti-PTN antibodies on the
culture media and galactosidase staining on the
infected cells, respectively.

Measurement of Caspase-3 Activity

Huh-7-V cells, Huh-7-C4, and -C5 cells were
incubated in the absence or presence of TGFp1 at 5
ng/ml for up to 3 d. Cell lysates were used for the
measurement of the caspase-3 activity using a
Caspase-Glo™ Assay kit (Promega) with a lumin-
ometer. The net activity of intracellular caspase-3
was calculated by the difference between samples
incubated with or without TGFp1. Similarly, the
caspase-3 activity was determined for Huh-7 and FaO
cells that had been transfected with PTN-Ad or LacZ-
Ad.
Statistical Analysis

Numerical data are presented as the mean + the
standard deviation (SD) of independent determina-
tions. Statistical analysis of differences was per-
formed by Student’s r-test, with a P value <0.05
being considered significant.

RESULTS

PTN mRNA Expression in Fibrotic Liver,
Activated HSCs and Hepatoma Cells

Total RNAs were obtained from hepatoma HepGz2,
Huh-7, and FaO cells, hepatocytes and HSCs isolated
from normal livers, HSCs (activated HSCs) from rats
that had been treated with CCl, for 5 wk, and livers of
rats treated with CCl, for 5 wk for measuring PTN
mRNA expression levels by RT-PCR. PTN mRNA was
undetectable in HepG2 and FaO cells, and in the
normal hepatocytes (Figure 1A), but weakly detect-
able in Huh-7 cells, normal HSCs, and cirrhotic rat
liver, and strongly expressed in the activated HSCs.
These detected bands were not due to non-specific
DNA amplification, because, sequencing of the each
gave exactly the same sequence as the expected
sequence (data not shown). x-SMA mRNA expression
was markedly stimulated in HSCs from the CCl,-
treated rat liver compared to those from the control
liver (Figure 1A), which confirmed the activation of
HSCs by CCl,-treatment. From these results we
considered possible involvement of PTN in liver
fibrogenesis and carcinogenesis.

Distribution of PTN Protein in CCls-Induced Fibrotic Liver

Rats were treated with CCly for up to 10 wk and
their livers were subjected to immunohistochemical
examinations for PTN (Figure 1B). The CCl,-treat-
ment induced the formation of thick collagen fibers
that formed fibrotic septa and the formation of
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hepatic nodules at 8 wk and thereafter (Figure 1B,c-
f). PTN-positive (FTN") cells were detectable in
nonparenchymal cells of the liver 5 wk post-CCl,-
treatment (Figure 1B,b), but not in the normal
liver (Figure 1B,a). The positive cells increased the
number as the CCly-treatment was prolonged to 8 wk
(Figure 1B,¢) and 10 wk (Figure 1B,d). The PTN"-cells
were largely in nonparenchymal regions, but some
were in hepatic nodules that appeared B wk after the
treatment (Figure 1B,e). The nodules observed at
10 wk post-treatment also contained the positive
cells (Figure 1B,f), These results showed that non-
parenchymal cells and hepatocytes in the nodules
became PTN" during liver fibrosis.

Identification of FTN*-Cells as Activated
HSCs and Kupffer Cells

PTN*-cells were immunohistochemically charac-
terized. Rats were treated with CCly for 8 wk, and
their livers were subjected to double immunohisto-
chemistry for PTN, «-SMA, and PTN, ED2. As shown
in Figure 2A, the expression of a-SMA was signifi-
cantly overlapped with that of PTN, suggesting that
activated HSCs might be a major source of PTN-
expression in the nonparenchymal cells of liver
tissue. Double immunohistochemistry for PTN and
ED2 revealed that some of the Kupffer cells also
expressed PTN (Figure 2B), These results indicate that
both activated HSCs and Kupffer cells express PTN
during CCl, induced fibrogenesis,

PTN Inhibits TGFf1-induced
Apoptosis in Huh-7 Hepatoma Cells

The above results strongly suggested the involve-
ment of PTN in liver fibrogenesis. At first, we
examined whether PTN shows growth promoting
activity on hepatocytes. Huh-7 cells, HepG2 cells,
and normal rat hepatocytes were cultured for 1 wkin
the presence of rPTN (Figure 3A). PTN increased
proliferation of both HepG2 cells and normal rat
hepatocytes, but not that of Huh-7 cells. Huh-7 cells,
but not HepG2 and normal rat hepatocytes weakly
expressed PTN mRNA (Figure 1A), which led us to
consider that exogenous PTN was not effective
in the proliferation of Huh-7 cells. Next, we examine
the role of PTN in hepatic fibrogenesis in relation to
the role of TGFp1, because there have been abundant
studies that showed the involvement of TGFp1 in the
pathological process of liver fibrosis [28,29]. We
tested the role of PTN in TGFp1-induced apoptosis in
carcinogenesis using Huh-7 cells, because these cells
have been known to be sensitive to TGFB1 in which
TGFp1 induces the apoptosis through activating
caspases |24]. Huh-7 cells were co-treated with rPTN
(100 ng/ml) and rTGFp1 (1 and 2 ng/ml) forupto3d.
The cell number was determined during the culture
period (Figure 3B). iITGFp1 decreased the cell number
in a dose-dependent manner. The presence of tPTN
in the culture antagonized this action of rTGFp1. But
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CClt 8 weeks

-

CCHl 10 weeks
Figure 1. wdmmmmwmmw

when treated with more than 5 ng/ml of TGFp1, the
cells were unable to escape from the apoptosis even
in the presence of PTN (data not shown). The cells

(Figure 3C). TGFf1 evidently induced the apoptotic
changes of chromatin. The frequency of cells with
such changes was counted on the photographs
(Figure 3D). rTGFB1 at 2 ng/ml increased the
apoptosis rate >3-fold compared to that of the
control cells, The presence of rPTN at 100 ng/ml
significantly decreased the rTGFB1-stimulated level
to <50%. These results support the previous report
that TGFf1 enhances the apoptosis of Huh-7 cells
[24]. Identical experiments were undertaken using
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and 10 wk (d and f), and their fvers were

subjected to
PTN*-cells. (b} There few PTN"-cells in n(;}wmd;rr:
are a the
cells. (€} PTN™-cells are often distributed in the nonparenchymal celis.
(d) Distribution of PTN*-cells = similar as in C. (&) A nodule is positive
for PTN. () A nodule is positive for PTN. Armows in e indicate the
PTN*-iiver nodule, Bar represents 100 pm.

normal rat hepatocytes (Figure 3E and F). Although
the induction rate was less than in Huh-7 cells,
TGFp1 at 2 ng/ml also induced the apoptotic change
in chromatin, which was significantly inhibited by

Establishment of PTN Gene-Expressing Huh-7 Cells

To further investigate the antl-“TGFpl-induced
apoptotic function” of PTN, we established a PTN
gene-expressing Huh-7 cell line. RT-PCR showed that
Huh-7 cells themselves weakly expressed PTN
mRNA, but its proteins were undetectable by West-
ern blotting (Figure 4A). We transfected pcDNA3-
PTN to Huh-7 cells and selected out the single cell
colonies designated Huh.7-C2, -C4, -C5, and -C6 as
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