Susceptibility of Chimeric Mice with Livers
Repopulated by Serially Subcultured Human
Hepatocytes to Hepatitis B Virus
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We previously identified a small population of replicative hepatocytes in long-term cultures
of human adult parenchymal hepatocytes (PHs) at a frequency of 0.01%-0.09%. These
hepatocytes were able to grow continuously through serial subcultures as colony-forming
parenchymal hepatocytes (CFPHs). In the present study, we generated gene expression
profiles for cultured CFPHs and found that they expressed cytokeratin 19, CD90 (Thy-1),
and CD44, but not mature hepatocyte markers such as tryptophan-2,3-dioxygenase (TO)
and glucose-6-phosphatase (G6P), confirming that these cells are hepatic progenitor-like
cells. The cultured CFPHs were resistant to infection with human hepatitis B virus (HBV).
To examine the growth and differentiation capacity of the cells /n vivo, serially subcultured
CFPHs were transplanted into the progeny of a cross between albumin promoter/enhancer-
driven urokinase plasminogen activator-transgenic mice and severe combined immunode-
ficient (SCID) mice. The cells were engrafted into the liver and were able to grow for at least
10 weeks, ultimately reaching a maximum occupancy rate of 27%. The CFPHs in the host
liver expressed differentiation markers such as TO, G6P, and cytochrome P450 subtypes and
could be infected with HBV. CFPH-chimeric mice with a relatively high replacement rate
exhibited viremia and had high serum levels of hepatitis B surface antigen. Conclusion:
Serially subcultured human hepatic progenitor-like cells from postnatal livers successfully
repopulated injured livers and exhibited several phenotypes of mature hepatocytes, includ-
ing susceptibility to HBV. In vitro—expanded CFPHs can be used to characterize the differ-
entiation state of human hepatic progenitor-like cells. (HeraTOLOGY 2008;47:000-000.)

Abbreviations: 9MM, 9-month-old Caucasian male; 10YF, 10-year-old Caucasian female; 12YM, 12-year-old Asian male; 16YF, 16-year-old Asian female; AAT,
ol-antitrypsin; AFP, a-fetoprotein; ALB, albumin; BGP, biliary glycoprotein; BrdU., S-bromo-2'-deoxyuridine; CFPH, colony-forming parenchymal hepatocyte; CK,
cytokeratin: GOP, glucose-G-phosphatase; h, human; HBsAg, hepatitis B surface antigen; HBV, hepatitis B virus; CYP, cytochrome P450; m, mouse: MDR, multidrug
resistance protein; MRP, mn/[idmg resistance-associated protein; PH, pun'm‘/[ym:l/ /,uyh'um:yn'; RI n;u/m‘:'merlt index; RT-PCR, reverse-transcription /)0/)’"11.')‘:1}'[’ chain
reaction; SH, small hepatocyte; TO, tryptophan-2,3-dioxygenase; ul’A, urokinase plasminogen activator.
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shown that parenchymal hepatocytes (PHs) have

great growth potential. When mouse () hepato-
cytes were transplanted into the livers of albumin promot-
er/enhancer-driven urokinase plasminogen activator
(uPA)-transgenic mice,! they engrafted and repopulated
the host liver. Serial transplantation experiments using
m-hepatocytes in mice with tyrosinemia showed their

f ;tudies using rodents with damaged livers have

enormous growth capacity.” The replicative potential of
rat hepatocytes has also been demonstrated by transplant-
ing them into the partially hepatectomized liver of a ret-
rorsine-treated rat,> and uPA-transgenic mice crossed
with severely immunodeficient mice, such as severe com-
bined immunodeficient (SCID)/beige mice,® SCID
mice,>¢ or recombination activation gene 2 knockout
mice” have been used to show the growth potential of
human (/)-hepatocytes. When transplanted into uPA/
SCID mice, PHs from a human juvenile male grew in the
host liver to a level at which the proportion (replacement
index) of the area of repopulated A-hepatocytes to the
total number (host and donor) of hepatocytes reached
96% at 64 days posttransplantation.® Such A-hepatocyte—
chimeric mice have been used to study the pharmacolog-
ical responses of A-hepatocytes® and to investigate
h-hepatitis viral infections.*¢8

In contrast, normal hepatocytes have limited replica-
tive capacity in vitro and acquire an abnormal phenotype
if they are cultured for extended periods.”'® Studies on
hepatocytes cultured in a newly devised medium (hepa-
tocyte clonal growth medium'"1?) revealed a subpopula-
tion of highly replicative PHs, known as small
hepatocytes (SHs), in both rats'> and humans.'® Their
occupancy rate in A-liver ranged from 0.01% to 0.09%
and was dependent on donor age.'® The A-SHs formed
colonies and grew continuously through several subcul-
tures, which led us to name them colony-forming PHs
(CFPHs).'? Replication of the CFPHs was donor age—
dependent up to passage 7 (p = 7),'* and the cells did not
exhibit a normal hepatocytic phenotype. Instead, they
exhibited the traits of hepatocytes or biliary cells depend-
ing on the culture conditions. In addition, the CFPHs
were not susceptible to infection with hepatitis B virus
(HBV) (unpublished data).

In this study, we generated gene expression profiles of
CFPHs and transplanted serially subcultured CFPHs into
homozygous uPA/SCID mice to examine their growth
and differentiation capacity. Our results indicate that the
cells were engrafted onto the liver parenchyma and repop-
ulated the tissue, ultimately differentiating into mature
hepatocytes. Importandy, the in  wvitro-propagated
CFPHs became susceptible to infection with HBV. This
study supports our previous suggestion that CFPHs from
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h-postnatal liver are hepatic progenitor-like cells with the
potential to assume a normal hepatocytic phenotype.'?

Materials and Methods

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

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

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

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

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

Time of Sacrifice

No. of Mice with

(Weeks After No. of Transplanted Engraftment*
Group Donor Cells Transplantation) Mice [RE (%)] RIt [Mean = SD (n)]
A 12YM CFPHs (p = 4) 3 9 3(33) 0.06-0.19% [0.14 + 0.07% (n = 3)]
B 9MM CFPHs (p = 4) 3 6 4 (67) 0.03-0.05% [0.04 = 0.01% (n = 4)]
C 9MM PHs 3 J 3(100) 5.1-19.4% [6.4 = 2.9% (n = 3)]
D 12YM CFPHs (p = 4) 9-10 27 14 (52) 0.2-27.0% [6.6 = 8.3% (n = 14)]
E 9MM PHs 10-11 23t 23 (100)f 32.6-82.2% [57.4% (n = 2)]
F 12YM PHs 10 6 4 (67) 31.0-77.0% [62.3 *+ 23.8% (n = 4)]
G§ 12YM CFPHs (p = 4) 17-20 4 ND ND

Abbreviation: ND, not detenmined.

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

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

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

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

RT-PCR. An RNeasy Tissue Kit (Qiagen, Valencia,
CA) was used to solate total RNA from freeze-thawed
9MM and 10YF PHs, cells of the A-hepatoma cell line
HepG2, and 12YM and 16YF CFPHs (p = 4). RNA was
also isolated with Isogen (Nippon Gene, Tokyo, Japan)
from the livers of homozygous uPA/SCID mice and mice
chimeric for 12YM PHs or 12YM CFPHs. Each RNA
sample was treated with deoxyribonuclease (Takara Bio,
Kyorto, Japan) and used as the template for RT-PCR. The
RNA (1 pg) was reverse-transcribed with random hexam-
ers using PowerScript Reverse Transcriptase (Clontech,
Kyoto, Japan). All reactions were performed with Ex Taq
(Takara Bio). Semiquantitative PCR was performed to
allow linear amplification of the targets. The following
h-specific or m and / cross-reactive genes were subjected
to RT-PCR under the conditions shown in Supplemen-
tary Table 1: ALB, al-antitrypsin (AAT), tryptophan-
2,3-dioxygenase (TO), glucose-6-phosphatase (GG6P),

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

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

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

Chemicals, Tokyo, Japan). Rls were determined using
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HALB-immunostained sections of chimeric m-livers as re-
ported previously.®

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

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

Results

Phenotypes of CFPHs In Vitro. We seceded 9MM
and 12YM PHs on culture dishes and confirmed that the
CFPHs from the 2 donors were similar in morphology
and replicative capacity. A small number of the CFPHs
(0.01%-0.09% of the seceded PHs) began to replicate after
5 days, and the number of replicating cells gradually in-
creased until colonies appeared at 17 days (Fig. 1A); after
21 days, the cells covered the surface of the dish (Fig. 1B).
Most of the seeded PHs were not replicative, and they
gradually flattened, acquiring a senescent morphology
within 20 days of seeding (Fig. 1A). The CFPHs showed
an epithelial cell-like morphology with scant cytoplasm
(Fig. 1B), and they retained this appearance during sub-
culture (Fig. 1C). The population doubling time (PDT)
of the CFPHs gradually increased as the passage number
increased. Up to p = 4, the CFPHs from the young
donors replicated with a population doubling time of
170-220 hours; subsequently, the population doubling
time increased until the cells finally became senescent.'?

The expression of several marker genes was compared
among PHs, HepG2 cells, and CFPHs (Fig. 1D). In our
experience, no significant differences exist in the marker
gene expression profiles of PHs among different donors,
and the same trend applies to subcultured CFPHs. '3 At
p = 4, the CFPHs expressed less ALB and AAT messenger
RNA compared with the PHs. The PHs expressed TO
and GG6P, both of which are markers of mature hepato-
cytes, whereas the CFPHs did not. CK19, a hepatic pro-
genitor/biliary cell marker, was expressed in both the
CFPHs and HepG2 cells, but not in the PHs. BGP, a

cell-cell adhesion molecule in epithelium, endothelium,

HEPATOLOGY, Month 2008

and myeloid cells,'® was expressed in the PHs and HepG2
cells, but only faintly in the CFPHs. The CFPHs, but not
the PHs or HepG2 cells, expressed Thy-1, a hematopoi-
etic/hepatic progenitor cell marker. AFP, a hepatic pro-
genitor/carcinoma cell marker, was only detectable in
HepG2 cells. CD44, an SH'7 or oval cell marker,'® was
strongly expressed in CFPHs, but only faintly in PHs and
HepG2 cells. PHs and CFPHs faintly expressed MDR1.
PHs expressed MRP2, but not MRPI. In contrast,
CFPHs expressed MRP1, but not MRP2. A change from
MRP2 to MRP1 expression during culture has been re-
ported in rat hepatocytes.!?

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

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

Livers of mice engrafted with the CFPHs were sub-
jected to immunohistochemical staining for AALB (Fig.
3A-D,H) and 77 situ hybridization using A-genomic DNA
probes (Fig. 31). AALB-positive cells were visible within 3
weeks posttransplantation as single cells or small clusters
consisting of up to 25 cells (Fig. 3A-B). Larger clusters
containing 20-450 AALB-positive cells appeared atter 9 to
10 weeks (Fig. 3C for animal 2 and Fig. 3D for animals 17
and 27). To detect replicating CFPHs, the mice were
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Fig. 1. CFPH growth and gene ex-
pression. (A-C) CFPH colony forma-
tion. We seeded 9MM PHs at 8 X
103 cells/cm? and cocultured with
mitomycin C-treated Swiss 373 cells
in h-hepatocyte clonal growth me-
dium. A few CFPHs proliferated and
formed colonies. CFPHs were cul-
tured for (A) 17 and (B) 21 days.
PHs were nonreplicative and were
gradually expelled by replicative
CFPHs. Arrowheads indicate the re-
maining flattened PHs, whose size
increased. (C) Cryopreserved 12YM
CFPHs (p = 3) were thawed and
cultured in h-hepatocyte clonal
growth medium with Swiss 313 cells
for 14 days. (D) CFPH messenger
RNA expression profiles. RNA was
extracted from 9MM and 10YF PHs,
HepG2 cells, and 12YM and 16YF
CFPHs (p = 4). Semiquantitative
RT-PCR was performed for ALB, AAT,
TO, G6P, BGP, AFP, CK19, Thy-1,
CD44, and the ABC transporters
MDR1, MRP1, and MRP2. Glyceral-
dehyde-3-phosphate dehydroge-
nase (GAPDH) was used as an
internal control. (E,F) Immunohisto-
chemistry of Thy-1 and CD44. 12YM
CFPHs (p = 4) were cultured for 14
days and stained for (E) Thy-1 and
(F) CD44. The nuclei were stainea
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given BrdU after 9 weeks. BrdU-positive CFPHs were
observed at the edges of the colonies (Fig. 3E-G). Serial
liver sections were prepared from CFPH-chimeric mice 9
to 10 weeks after trzinsplantation for AALB immuohisto-
chemistry (Fig. 3H) and for 7n situ hybridization with an
h-DNA probe (Fig. 31). The regions identified as contain-
ing A-hepatocytes by the 2 methods were identical.
Comparison of Repopulation by CFPHs and PHs.
PHs and CFPHs (p = 4) were prepared from the livers of
9MM and 12YM donors and transplanted into uPA/

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

The CFPHs were smaller in size compared with the
PHs after 3 wecks (Fig. 4A-B). The cytoplasm of the
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3 15 4 level and RI. Fourteen CFPH-chi-
g. meric mice (animals 2, 11, 12, 15,
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ez 10 and 27) were selected from the
mice shown in panel A for Rl deter-
8~ o mination. Their liver sections were
immunostained for hALB. Rls were
determined for each animal and
0 T T T T T I T plotted against the hALB concentra-
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former was less abundant and more strongly stained for
HALB than that of the latter. We observed /CD44 in the
plasma membrane of the CFPH-derived cells (Fig. 4E),
but not in that of the PH-derived cells (data not shown).
At 10 weeks posteransplantation, the CFPHs had in-
creased in size to match those of the PHs, whose sizes were
unchanged (Fig. 4C-D), and #CD44 expression disap-
peared from the CFPH-derived cells (Fig. 4F). The diam-
eter of each CFPH and PH was quantified as follows:
18.3 = 5.1 um (mean = SD, n = 65) versus 25.8 * 6.4
pm (n = 124) at 3 weeks and 27.0 = 5.5 um (n = 185)
versus 25.8 = 4.8 um (n = 187) ar 10 weeks. We found

between the 2 parameters was
0.91.

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

Liver sections from the chimeric mice were stained
with hematoxylin-eosin to compare the morphological
features of PHs and CFPHs at 10 weeks. The repopulated
CFPHs (Fig. 4G) showed no significant difference in
morphology compared with the repopulated PHs (Fig.
4H). As reported previously,¢ the PHs in the chimeric
livers were enlarged and had less eosinophilic cytoplasm
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Fig. 3. Engraftment and repopu-

lation of CFPHs in chimeric mouse

liver. The chimeric mice in this ex- W
periment are included in groups A
and D in Table 1. We performed
hALB immunchistochemistry using
liver sections from CFPH-chimeric
mice (AB) 3, (C) 9, and (D) 10
weeks after transplantation. (A,B)
Small clusters composed of 1-25
cells were scattered throughout the
liver at 3 weeks in 3 of 9 mice. (C,D)
The clusters became larger at 9 to
10 weeks. The liver sections in panel
C were prepared from animal 2 in
Fig. 2A (Rl = 1.1%). The liver sec-
tions in panel D were prepared from
animals 17 (Rl = 20.0%; upper
section) and 27 (RI = 27.0%; lower
section). Three mice were randomly
selected for the BrdU incorporation

ZALLB/3 weeks
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experiments (animals 2, 19, and 20 sg:‘ s JALB/10 ke
in Fig. 24). They were given BrdU 1 o 'ALB/10 weeks CA
ot es T /ALB/O weeks Cat  —-

hour before death at 9 weeks post-
transplantation. Serial liver sections
were subjected to (E) hALB- and (F)
BrdU immunohistochemical stain-
ing. The image in panel G is panel E
and panel F merged. Similar results
were obtained from these experi-
ments, and the result from animal
19 (Rl = 0.6%) is shown in panels
E-G. Serial liver sections were pre-
pared from CFPH-chimeric mice (an-
imals 2, 15, and 17 in Fig. 2A) 9 to
10 weeks after transplantation for
hALB immunohistochemistry (H) and
for in situ hybridization with an h-
genomic probe (I). Similar results
were obtained from the 3 mice. The
results shown in panels H and | were
obtained from animal 2 (positive
cells are indicated by arrowheads).
Scale bars in panels A-C, G, and I
100 pm. Scale bar in panel D: 1
cm.

P

]

R
AALB/O weeks

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

Gene and Protein Expression Profiles of CFPHs in
Chimeric Mice Compared with Those of PHs. Three
12YM CFPH-chimeric mice (11, 15, and 17) were ran-
domly selected from the mice in Fig. 2A and killed 10
weeks after transplantation. RNA was extracted from each

liver to generate gene expression profiles via RT-PCR.

HADNA/9 weeks

RT-PCR was also performed on 2 12YM PH-chimeric
mice that were included in a previous study.> The CFPH
livers expressed AJALB, hAAAT, #TO, hG6P, and AMRP2,
but not ACK19, AThy-1, or AMRP1, just as in the PH-
livers (Fig. 5). Previously, we showed that the PHs in
chimeric mice expressed various A-cytochrome P450
(HCYP) subtypes in a manner similar to the donor liver.>
In this study, we found that the expression of ACYPs 1A2,
2C8, 2C9, 2D6, and 2E1, but not 3A4, in the CFPH-
chimeric mice was similar to that in the PH-chimeric
mice (data not shown). Expression of 5CYP3A4 was very
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Fig. 4. Immunohistochemical staining for CFPHs and PHs in chimeric
mice. Immunohistological analysis with antibodies against (A-D) hALB
and (E-F) hCD44. We produced 3 12YM CFPH-chimetic mice and 4 9MM
CFPH-chimeric mice [(A) and (E), included in groups A and B in Table 1]
and 3 9MM PH-chimeric mice [(B), group C|, which were killed at 3
weeks posttransplantation. At 10 weeks posttransplantation, 3 12YM
CFPH-chimeric mice that were randomly selected from the mice shown in
Fig. 2A (15, 16, and 17) were killed [(C) and (F), group D), as were IMM
and 12YM PH-chimeric mice, 2 mice each [(D), groups E and F]. (A-D)
Representative images of liver sections prepared from the animals and
stained with anti-hALB antibodies. The diameters of the hALB-positive
cells were measured in 10-15 randomly selected fields. (E,F) Double-
fluorescence immunostaining. Green and red stains depict hALB and
hCD44, respectively. (G,H) Hematoxylin-eosin staining. (G) Eight CFPH
mice were randomly selected from the mice shown in Fig. 2A and killed
at 10 weeks posttransplantation. Their liver tissues were then subjected
to hematoxylin-eosin staining. (H) Three 12YM PH-chimeric mice were
killed at 10 weeks posttransplantation for hematoxylin-eosin staining as
above. Similar results were obtained for the 8 CFPH-chimeric mice and
3 PH-chimeric mice. (E-F) Sections from (E) a CFPH-chimeric mouse
(Rl = 20.0%) and (F) a PH-chimeric mouse (Rl = 57%). h, h-hepatocyte
region; m, m-hepatocyte region. Dashed lines show the boundary be-
tween the 2 regions. Scale bars: 50 pm.
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low (less than one-fifth) in CFPHs compared with that in
PHs.

Protein expression was investigated immunohisto-
chemically for the CFPH-chimeric livers at 3, 9, and 10
weeks posttransplantation. All of the examined CFPHs
were Thy-1-negative, CK7-negative, CK19-negative,
and AFP-negative (data not shown). The AJALB-positive
cells were coincident with the ACK18-positive cells at
both 3 (data not shown) and 9 weeks posttransplantation
(Fig. 6A-C). MRP2-positive signals were present on the
bile canalicular membranes of the transplanted CFPHs at
10 weeks (Fig. 6D-F). CYP3A4-expressing CFPHs were
localized in the pericentral zone (Fig. 6G-I) as reported
previously,?! but their distributions were unique. Al-
though some of the CFPHs were positive for CYP3A4,
approximately 70% of them were negative. In contrast, all
of the CFPHs in the pericentral zone strongly expressed
CYP1A2 (Fig. 6]-L), which is known to be expressed in
postnatal liver.2? The CFPHs in the chimeric mice were
strongly PAS-positive (Fig. 6N), whereas the in vitro
CFPHs were faintly PAS-positive (data not shown). From

B ssc=-s

o & . |
IMRP]
iMRP2 e

/G APDH [ e

Fig. 5. Gene expression profiles of CFPHs in chimeric mice. Two
uPA/SCID mice were transplanted with 12YM PHs ([1] and [2]); 3
uPA/SCID mice were transplanted with 12YM CFPHs ([1], [2], and [3]).
The chimeric mice in this experiment are included in groups D and F in
Table 1. After 10 weeks, the livers were removed for RT-PCR analysis. At
the time of death, the PH-[1]-, PH-[2]-, CFPH-[1]-, CFPH-[2]-, and
CFPH-[3]-chimeric mice had Rls of 41.0%, 57.0%, 2.1%, 7.9%, and
20.0%, respectively. The analysis was repeated using liver tissues from
donor and uPA/SCID mice without transplantation (W/T). Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) amplification was used as
an internal control.
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Fig. 6. Protein expression profiles
of the CFPHs in chimeric livers. Mice
were transplanted with 12YM CFPHs,
and their livers were removed 9 to
10 weeks after transplantation for
immunohistochemical analysis of
(A,D,HK) hALB, (B) hCK18, (E)
MRP2, (1) CYP3A4, and (L) CYP1A2.
The chimeric mice in this experiment
are included in group D in Table 1.
Representative images are shown.
(A-F) Double-fluorescence immuno-
staining. (A,D) hALB is stained
green. (B) hCK18 and (E) hMRP2
are stained red. Panels A and B
were merged to create panel C; pan-
els D and E were merged to create
panel F. The arrowheads in panels
A-C show macrophages engulfing
such wastes as lipids. Serial sec-
tions of liver tissues subjected to 2
series of immunohistochemical ex-
aminations, one for (G-I) hCYP3A4
and the other for (J-L) hCYP1A2. The
sections were stained with (G)J)
Hoechst 33258, and for (H,K) hALB,
(I) hCYP3A4, and (L) hCYP1A2. Se-
rial sections of liver tissues at S
weeks posttransplantation were sub-
jected to hALB-immunostaining (M)
and PAS staining (N). The positive
cells appear brown in (M) and red in
(N). h, h-hepatocyte region; m, m-
hepatocyte region; pc, pericentral
zone. Dashed lines show the bound-
ary between the h-hepatocyte and
m-hepatocyte regions. Scale bars:
100 pem.

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

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

and serum AALB levels (Fig. 7A). The amount of HBV

UTOH ET AL. 9

MRP2

DNA in the animals increased between 2 and 8 weeks
after inoculation, and all 4 mice developed measurable
viremia within 8 weeks. However, a correlation was ob-
served between the HBV DNA and/or HBsAg level and
the AALB level: the former appeared to be high when the
latter was high (Fig. 7A). HBsAg was detectable in the
serum of the chimeric mice when they showed elevated
virus citers: the HBsAg levels of chimeric mice with HBY
DNA levels of 2 X 103, 5.2 X 10%,5.9 X 107, and 7.7 X
10® copies/mL 8 weeks after inoculation were <0.05,
<0.05, 3.2, and 124.0 IU/mL, respectively. HBV was
infectious to CFPH-chimeric mice with very low levels of
AALB (<10% ng/mL), and all mice showed quantitatively
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Fig. 7. Susceptibility of chimeric mice to infection with HBV. The
chimeric mice in this experiment are included in group G in Table 1.
uPA/SCID mice were transplanted with 12YM CFPH (p = 4). (A) The
serum hALB concentration of each mouse was determined 9-12 weeks
posttransplantation just before the mouse was intravenously injected
with 100 pL of HBV-positive h-serum (0.2 pg/mL at 12 weeks, 1.6
ng/mL at 10 weeks, 7.3 pg/mL at 11 weeks, and 222.0 pg/mlL at 9
weeks). The animals were examined every 2 weeks for HBV viremia and
serum hALB level. The upper and lower graphs show the HBV DNA levels
(copies/mL) and serum hALB concentrations (ng/mL), respectively. The
amount of HBV DNA (<103 copies/mL) was semiquantitatively mea-
sured via nested PCR. The values in the upper graph represent the HBsAg
levels at 8 weeks. (B-E) Immunohistochemical analysis of chimeric livers
infected with HBV. Serial sections of liver tissues at 8 weeks after
inoculation were stained for (B) hALB, (C,D) hepatitis B core antigen, and
(E) HBsAg. The region enclosed by a square in panel C is magnified in
panel D. Scale bars: 100 pm.

measurable viremia (> 107 copies/mL) up to 8 weeks after
inoculation. In contrast, most PH-chimeric mice with
<10" ng/mL AALB did not show quantitatively measur-
able levels of viremia up to 12 weeks after inoculation
(data not shown) as reported previously.® In this study, we
confirmed that CFPHs were not susceptible to infection

HEPATOLOGY, Month 2008

with HBV prior to transplantation. The presence of hep-
atitis B core antigen and HBsAg in the CFPHs from
HBV-infected chimeric livers was examined immunohis-
tochemically (Fig. 7C,E). CFPHs were positive for both
antigens that were sporadically distributed in the same
regions among the CFPH colonies. Hepatitis B core an-
tigen—positive cells accounted for 18.7 * 8.3% of the
total number of CFPHs (n = 3; votal cell count = 1,215)
(Fig. 7C), and both the nucleus and cytoplasm of the cells
showed signals (Fig. 7D).

Discussion

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

The existence of stem/progenitor cells in the adult liver
is controversial.23-25 [n the present study, we showed that
the CFPHs expressed CK19, Thy-1, and CD44, but not
AFP, in serial culture. Thy-1 antigens are expressed in
h-hepatic progenitor cells in fetal liver?® and in rat oval
cells,?” but not in normal adult hepatocytes. We showed
that Thy-1-expressing cells were present among the
CFPHs at an occupancy of 1%-3%. SHs show greater
growth potential than PHs in rats.'” Other studies have
reported that CD44 is a specific marker for rat SHs in
vitro and in vive, and that its expression level decreases
with SH maturation i vitro.'” Moreover, a recent study
demonstrated that CD44 was strongly expressed by oval
cells in a 2-acetylaminofluorene/partial hepatectomy, a
D-galactosamine, and a retrorsine/partial hepatectomy rat
model, but not by small hepatocyte-like progenitor cells
(SHPCs)'8 that appeared in a retrorsine/partial hepatec-
tomy model.2® We detected CD44 expression in CFPHs
at the plasma membrane. These results suggest that Thy-1
and CD44 may be common markers for both rat and
A-hepatic progenitor cells.

Mouse embryonic liver stem cell lines differentiate into
both hepatocytes and bile ducts in uPA/SCID mice.?
Like PHs, our CFPHs differentiated into mature hepato-
cytes, but not into biliary epithelial cells, in uPA/SCID
mice. CFPHs are considered to be hepatic progenitor-like
cells, like rac SHs!230-33 and SHPCs.2834 SHPCs are
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closely related to SHSs; they are small and similar in
size,3 and both express CYP3Al and 2EI at a ow
level.2832 At 3 weeks posttransplantation, the CFPHs
were small in size, had a large nucleus-to-cytoplasm ratio,
and expressed #CD44, but not ACK19. At 10 weeks, the
cells became bigger, assumed a morphology similar to that
of PH-derived cells, and lost their expression of ACD44.
The expression of #ACYP3A4 was quite fow (0.15-fold)
among CFPHs compared with that of PHs (data not
shown). In addition, the distribution of ACYP3A4-ex-
pressing CFPHs in the pericentral zone was unique: more
than two-thirds of CFPHs did not express CYP3A4. In
the case of the A-PH-chimeric mice, all PHs in the peri-
central zone expressed CYP3A4 (data not shown).

Presently, we lack experimental data to explain the ex-
pression of ACYP3A4 in CFPH-chimeric liver, but
CFPHs may require some specific environmental fac-
tor(s) for differentiation, which might be absent from
mouse liver. Alternatively, some factors that specifically
inhibit the differentiation of CFPHs might be present
there. CK7-positive h-hepatic progenitor cells are present
in the livers of uPA/SCID mice transplanted with A-post-
natal liver-derived PHs,¢ and these small cells are strongly
immunoreactive to pan-cytokeratin with scant cyto-
plasm. The CFPHs were morphologically similar to these
cells at 3 weeks posteransplantation, although we were
unable to detect CK7-positive cells in either the PH- or
CFPH-transplanted chimeric livers. However, CFPHs
were HCK7-, ACK19-, and HCD44-positive, at least until
1 day posttransplantation (data not shown).

We reported previously that uPA/SCID livers were
nearly completely replaced with young donor PHs at 10
weeks posttransplantation.® In contrast, the Rls of our
CFPH-chimeric mice were <30% at 9 to 10 weeks.
CFPHs were rare in the host liver at 3 weeks posttrans-
plantation, whereas several PHs were observed. The lower
RIs of the CFPHs might be attributable to their lower
engraftment efficiency.

In conclusion, A-hepatocytes in immunodeficient,
and liver-injured mice ate useful for the study of viral
hepatitis. Repopulated /-hepatocytes are susceptible to
infection with HBV¢* and HCV .46 Additionally, A-
hepatocyte—chimeric mice are usually produced by
transplanting fresh®” or cryopreserved hepatocytes,*
but sources of A-hepatocytes are limited. Several stud-
ies have reported on liver repopulation by in witro—
propagated cells from adult and fetal livers, such as
immortalized mouse hepatic stem cells,2? rat SHPCs,*
immortalized /A-hepatocytes transfected with full-
length HBV,?* and fetal A-epithelial/hepatic progeni-
tor cells.36-%7 However, the Rls in these studies were
extremely low (less than a few percent). In the present
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study, we were able to produce CFPH-chimeric mice
with Rls as high as 27%. Thus, CFPHs could be an
alternative to A-hepatocytes as a source of hepatocytes
for transplantation. Moreover, the CFPH-chimeric
mice were susceptible to infection with HBV, even
though their serum AALB levels were extremely low
(102-10* ng/mL). CFPH-chimeric mice will be useful
for studying /-HBV and for characterizing A-hepatic
progenitor cells.

Acknowledgment:  We thank H. Kohno, Y. Matsu-
moto, S. Nagai, A. Tachibana, Y. Yoshizane, and Y. Seo
for providing technical assistance. We also thank Dr. K.
Ohashi (Tokyo Women’s Medical University) for helpful
discussion and comments during the preparation of this
manuscript.

References

I. Rhim JA, Sandgren EP, Degen JL, Palmiter RD, Brinster RL. Replace-
ment of discased mouse liver by hepatic cell transplantation. Science 1994;
2063:1149-1152.

2. Overturf K. Al-Dhalimy M, Ou CN, Finegold M, Grompe M. Serial
transplantation ceveals the stem-cell-like regenerative potential of adult
mouse hepatocytes. Am J Pathol 1997:151:1273-1280.

3. Laconi E, Oren R, Mukhopadhyay DK, Hurston E, Laconi §, Pani P, eval.
Long-term, near-toea liver replacement by transplantation of isolated
hepatocytes in rats treated with retrorsine, Am | Pachol 1998;153:319-
329.

4. Mercer DF, Schiller DE, Elliotc JF, Douglas DN, Hao C, Rinfrer A, etal.
Hepatitis C virus replication ia mice with chimeric human livers. Nat Med
2001:7:927-933. :

5. Tateno C, Yoshizane Y. Sairo N, Kataoka M, Utwoh R, Yamasaki C, et al.
Near completely humanized liver in mice shows human-type merabolic
responses to drugs. Am J Pathol 2004;165:901-912.

6. Mculeman P, Libbrecht L, De Vos R, de Hemptinne B, Gevaert K,
Vandekerckhove |, eral. Morphological and bivchemical characrerization
of a human liver in a uPA-SCID mouse chimera, HEPATOLOGY 2005:41:
847-856.

7. Dandri M, Burda MR, Térik E. Pollok JM, Iwanska A, Sommer G, etal.
Repopulation of mouse liver with human hepatocytes and in vive infection
with hepatitis B virus, HEpATOLOGY 2001;33:981-988.

8. Tsuge M, Hiraga N, Takaishi H, Noguchi C. Oga H, Imamura M, et al.
Intection of human hepatocyte chimeric mouse with genctically engi-
neered heparitis B virus, HEPATOLOGY 2005;42:1046-1054.

9. Kocarek TA, Schuerz EG, Guzelian PS. Biphasic regulation of cytochrome
P450 2B1/2 mRNA expression by dexamethasone in primary cultures of
adult rat hepatocytes maintained on marrigel. Biochem Pharmacol 1994;
48:1815-1822,

1. Asterburn LM, Zurlo ], Yager JD. Overton RM, Heiterz AH, A morpho-
logical study of differentiated hepatocytes in vitro. HEPATOLOGY 1995:22:
175-187.

11. Taweno C, Yoshizato K. Growth and difterentation in culeure of clono-
genic hepatocytes that express both phenotypes of hepatocyres and biliury
epithelial cells, Am ] Pachol 1996;149:1593-1605.

12, Tateno €, Takai-Kajihara K, Yamasaki C, Sato H, Yoshizate K. Hetero-
geneity of growth potential of adulr tat hepatocytes i vitro. HEPATOLOGY
2000;31:65-74.

13. Yamasaki C. Tateno C, Aratani A, Obnishi C, Kacayama S, Kohashi T, et
al. Growth and ditterentiation of colony-forming human hepatocytes i
sitre. | Hepatol 2000,44:749-757

t4. Hino H, Tateno €, Sato H, Yamasaki C. Katayama S, Kohashi T, etal. A
long-term culture of human hepatocytes which show a high growth potea-

- 492 -



S

16.

19.

20.

=

27.

UTOH ET AL.

tial and express their differendated phenotypes. Biochem Biophys Res
Commun 1999;256:184-191.

. Kocken, JM, de Heer E, Borel Rinkes IH, Sinaasappel M, Terpsira OT,

Bruijn JA. Blocking of al B1 integrin strongly improves survival of hepa-
tocytes in allogeneic transplantation. Lab Invest 1997;77:19-28.

Prall F, Nollau P, Neumaier M, Haubeck HD, Drzenick Z, Helmchen U, et
al. CDGGa (BGP), an adhesion molecule of the carcinoembryonic antigen
family, is expressed in epithelium, endothelium, and myeloid cells in a wide
range of normal human tissues. ] Histochem Cytochem 1996;44:35-41.

. Kon J, Ooe H, Oshima H, Kikkawa Y, Mitaka T. Expression of CD44 in

rat hepatic progenitor cells. J Heparol 2006:45:90-98.

. Yovchev MI, Grozdanov PN, Joseph B, Gupta S, Dabeva MD. Novel

hepatic progenitor cell sucface markers in the adule rat liver. HepATOLOGY
2007;45:139-149.

Rippin SJ, Hagenbuch B, Meier PJ, Stieger B. Cholestatic expression pat-
tern of sinusoidal and canalicular organic anion transport systems in pri-
mary cultured rat hepatocytes. HEPATOLOGY 2001;33:776-782.

. Sandgren EP, Palmiter RD, Heckel JL, Daugherty CC, Brinster RL, De-

gen JL. Complete heparic regencration after somaric deletion of an albu-
min-plasminogen activator transgene. Cell 1991;66:245-256.

. Oinonen T, Lindros KO. Hormonal regulation of the zonated expression

of cytochrome P-450 3A in rat liver. Biochem | 1995;309:55-61.

. Sonnier M, Cresteil T. Delayed ontogenesis of CYPIA2 in the human

liver. Eur ] Biochem 1998;251:893-898.

. Sell S. Is there a liver stem cell? Cancer Res 1990:50:3811-3815.
24. Thorgeirsson SS. Hepatic stem cells. Am | Pachol 1993;142:1331-1333.
. Shafritz DA, Oertel M, Menthena A, Niechoff D, Dabeva MD. Liver stem

cells and prospects for liver reconstitution by transplanted cells. Hepator-
OGY 200634 3(Suppl):895-98S.

Masson NM, Curric IS, Terrace JD, Garden QJ, Parks RW, Ross JA.
Hepatic progenitor cells in human fetal liver express the oval cell marker
Thy-1. Am J Physiol Gastrointest Liver Physiol 2006;291:G45-G54.
Petersen BE, Goff JP, Greenberger JS, Michalopoulos GK. Hepatic oval
cells express the hematopoietic stem cell marker Thy-1 in the rat. Heea-
TOLOGY 1998;27:433-445.

- 493 -

29,

30.

31

33.

34.

35.

36.

37.

HEPATOLOGY, Month 2008

. Gordon GJ. Coleman WB, Grisham JW. Temporal analysis of hepatocyte

difterendation by small hepatocyte-like progenitor cells during liver regen-
eration in retrorsine-exposed rats. Am J Pathol 2000;157:771-786.
Strick-Marchand H, Morosan S, Charncau P, Kremsdorf D, Weiss MC.
Biporential mouse embryonic liver stem cell lines contribute to liver regen-
eration and differentiate as bile ducts and hepatocytes. Proc Nad Acad Sci
U S A 2004;101:8360-83065.

Katayama S, Tateno C, Asahara T, Yoshizato K Size-dependent i vivo
growth potential of adult rat hepatocytes. Am J Pathol 2001;158:97-105.
Miraka T, Mikami M, Sartler GL, Pitot HC, Mochizuki Y. Small cell
colonies appear in the primary culture of adult rat hepatocyies in the
presence of nicotinamide and epidermal growth factor. HeraToroGy
1992:16:440-447.

. Asahina K, Shiokawa M, Ueki T, Yamasaki C, Aratani A, Tateno C, et al.

Multiplicative mononuclear small hepatocytes in adulr rat liver: their iso-
lation as a homogencous population and localization to periportal zone.
Biochem Biophys Res Commun 2006;342:1160-1167.

Yoshizato K. Growth potential of adult hepatocytes in mammals: highly
replicative small hepatocytes with liver progenitor-like traits. Dev Growth
Differ 2007:49:171-184.

Gordon GJ, Burz GM, Grisham JW, Coleman WB. Isolation, short-term
culture, and transplantation of small hepatocyte-like progenitor cells from
retrorsine-exposed rats. Transplantation 2002;73:1236-1243.

Brown J], Parashar B, Moshage H, Tanaka KE, Engelhardt D, Rabbani E.
et al. A long-term hepatitis B viremia model generated by transplanting
nontumorigenic immortalized human hepatocytes in Rag-2-deficient
mice. HEPATOLOGY 2000:31:173-181.

Malhi H, Irani AN, Gagandecp S, Gupra S. Isolation of human progenitor
liver epithelial cells with extensive replication capacity and differendiation
into mature hepatocytes. | Cell Sci 2002;115:2679-2688.

Nowak G, Ericzon BG, Nava S, Jaksch M. Westgren M, Sumitran-
Holgersson S. Identification of expandable human hepatic progenitors
which differentiate into mature hepatic cells 7z vive. Gut 2005;54:972-
979.



HEPATOLOGY

d0i:10.1111/].1440-1746.2007.05036.x

immunological role of indoleamine 2,3-dioxygenase in rat

liver allograft rejection and tolerance

Yu-Chun Lin,*' Chao-Long Chen," Toshiaki Nakano,' Shigeru Goto,'* Ying-Hsien Kao,' Li-Wen Hsu,'
Chia-Yun Lai," Bruno Jawan,® Yu-Fan Cheng,’ Chise Tateno** and Katsutoshi Yoshizato*

*Department of Biological Science, Developmental Biology Laboratory, Graduate School of Science, Hiroshima Universily, **Japan Science and
Technology Corporation, Hiroshima Prefectural Institute of, industrial Science and Technology, Hiroshima, ‘lwao Hospital, Oita, Japan; Liver
Transplantation Program and Departments of 'Surgery, *Anesthesiology. and *Diagnostic Radiology. Kaohsiung Chang Gung Memorial Hospital,

Kaohsiung, Taiwan

Key words

indoleamine 2, 3-dioxygenase, liver
transplantation, parenchymal celfl, rejection,
tolerance.

Accepted for publication 1 February 2007,

Correspondence

Dr Yu-Chun Lin, Liver Transplantation
Prograr, Kachsiung Chang Gung Memorial
Hospital, 123 Ta-Pei Rd, Niao-5ung Hsiang,
Kachsiung 83305, Taiwan. Email

kcgmh liverix@msa.hinet.net

Introduction

Abstract

Background and Aim: Indoleamine 2,3-dioxygenase (IDQ) is expressed in the placenta
and plays an essential role in maternal tolerance. Recent data showed that giving IDO
inhibitor blocked liver allograft tolerance. However, the immunological role of IDO in rat
liver allograft models has not been characterized. In the present study, the time-course of
IDO expression and the localization of IDO were analyzed to address the role of IDO in the
induction of tolerance.

Methods: Ral orthotopic liver transplantations (OLT) were performed and /DO genc
expression of OLT livers was analyzed. Immunohistochemistry was used to evaluate the
localization of IDO-expressed ceils in the liver.

Results: The IDO gene was detected in the allogeneic liver graft at the acute phase but the
signal could not be detected when these OLT rats were treated with cyclosporince A. The
time-course of /DO gene expression in liver grafts of the spontaneous tolerant OLT model
revealed that the IDO mRNA was cxpressed in both the rejection phase and the induction
phase of tolerance, but the signal was gradually lowered during the maintenance phase of
tolecance. Immunohistochemistry confirmed that the IDO protein was detected in antigen-
presemting cells but not in hepatocytes.

Conclusion: Our results demonstrated that IDO is induced in antigen-presenting cells of rat
liver allografts under drug-free status, suggesting that indirect or direct recognition of donor
antigen and further T-cell activation may be inhibited. IDO may act as a local immunosup-
pressive molecule to protect transplanted cells, tissues and organs from imimune attack.

immunosuppressive treatment, whereas other organ allografts in
this combination are promptly rejected. Furthermore, PVG recipi-

The immunobiology of liver transplantation has been the subject
of much scrutiny since il was recognized that a liver allograft
between unrelated individuals can be accepted without immuno-
suppressive treatment in experimental orthotopic liver transplan-
tation (OLT) models."? Elucidation of the immune mechanism
underlying the acceplance of liver allografts in animal models
could lead to the establishment of novel means to promote the
acceptance of transplant organs. A munber of possible mechanisms
and factors have been suggested to contribute o this unique behav-
tor of liver allografts, including the action of soluble class [
antigens,* clonal deletion and anergy.® However, the mecha-
nisms and the cellular factors involved in this natural liver-related
tolerance phenomenon have not been fully translated {rom animat
models to clinical settings.

In a rat OLT modet, PVG (MHC haplotype: RTI*) recipients
spontaneously accept tivers of DA (RT1) in the absence of extra

Journal of Gastrcenterology and Hepatoloyy 23 (2008} e243-e250 ® 2007 The Authors

ents that have already accepted DA livers accept other organs from
the DA strain but not from a third party strain.**® Although this
liver-incluced donor-specific tolerance has not been confirmed in
clinical liver transplantation, we have recently been able to obtain
patients who would accept liver allografts after the cessation of
immunosuppressive drugs as one of the therapies for post-
transplant lymphoproliferative disease (PTLD). In a tolerance rat
OLT model or in drug-free OLT palients, we and others have also
demonstrated the suppression of graft-versus-host reaction (GVH)
by OLT," a normal response of mixed lymphocyte reaction (MLR)
against donor antigen." the generation of regulatory cells,'* ! the
existence of the recipient’s donor-reactive CD4 T cells,” micro-
chimerism established by functional donor-derived cells,' " the
presence of liver suppressive factors™ and the presence of
cytokines. ™ Thesc findings lead us to support the hypothesis that
tolerance or acceptance of a liver allograft depends on the delicate
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balance of the immune reaction between host and graft where
certain OLT-specific mediators may regulate the immunological
reaction from host to graft and also from graft to host.

The absence of a harmtul maternal immune response against the
fetal allograft during pregnancy is another intriguing model of
immune tolerance** and may provide many hints about the mecha-
nisms of liver allograft tolerance. Munn et al. first suggested that
expression of indoleamine 2,3-dioxygenase (IDO), a tryptophan-
catalyzing enzyme present in the placenta during pregnancy, is
required to prevent rejection of the allogeneic fetus from maternal
T cells by generating a tryptophan-deficient environment in the
placenta.”® Indeed, this hypothesis has been supported by other
in vitro studies that showed that IDO expression by macrophages™
and dendritic cells (DC)* inhibits bystander lymphocyte prolifera-
tion. We have also reported that IDO is necessary for natural killer
(NK) cells to combat tumor cells.”** In the field of transplantation
biology research, the overexpression of TDO in an organ or tissue
by the gene delivery protocol prolonged the survival of pancreatic
islet cells,” skin substitutes, lung* and cornea* However, the
administration of an TDO inhibitor blocked the tolerance in a
mouse OLT model.*¥ Thus, IDO appears to be produced to main-
tain the homeostasis in immunology related to pregnancy, cancer
and transplantation, as inhibition of IDO led to abortion of the
fetus, proliferation of tumor or rejection of liver allografts,
respectively.

In our previous study,™ we found that gene expression of IDO
can be detected in livers after allogeneic liver transplantation but
not in the livers of naive rats. However, the immunological role of
the IDO gene in rat liver allograft models has not been character-
ized. In the present study, we examined the time-course of IDO
expression together with the discrete localization of IDO synthesis
to fully address the immunological role of IDO in rejection and in
the induction of tolerance.

Methods

Animals

This project was conducted according to the Guide for the Care
and Use of Laboratory Animals (Chinese-Taipei Society of Labo-
ratory Animal Sciences) and was approved by our institutional
Animal Welfare Committee. Rats were housed under 12:12-h
light/dark cycles in specific-pathogen-free animal facilities. The
water and commercial rat food were provided ad libitum.

Male DA (RT1%) and PVG (RT1°) rats weighing 200-250 g were
obtained from Japan SLC (Hamamatsu, Japan) and the Institute of
Laboratory Animals, Graduate School of Medicine, Kyoto Univer-
sity (Kyoto, Japan), respectively. Male LEW (RT1") rats weighing
200-250 ¢ were obtained from Taiwan National Laboratory
Animal Center (Taipei, Taiwan).

Effect of IDO and kynurenine on mixed
lymphocyte reaction

Mixed lymphocyle reaction assay was performed as described
previously.® Briefly, rat splenocytes were harvested and treated
with 150 mM NH.CI, |5 mM NaHCOs. and 0.1 mM ethylenedi-
aminetetraacetic acid (EDTA; pH 7.3) to lyze the red blood cells.
After being washed twice with phosphate-buffered saline (PBS),
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splenocytes were suspended in RPMI-1640 medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal calf serum
(Invitrogen), 100 U/mL penicillin and 100 pg/mL streptomycin
(Invitrogen). Stimulator cells (DA splenocytes; 107 cells/mL) were
treated with 25 pg/mL mitomycin C (Sigma-Aldrich, St Louis,
MO, USA) at 37°C for 30 min to block cell proliferation.
Responder PVG cells (5x 10" cells in 100 pL) were mixed with
stimulator cells (5 x 10° cells in 100 pL) in 96-well round-bottom
plates and incubated at 37°C for 72 h in a humidified atmosphere
of 5% carbon dioxide and 95% air. The MLR culture was then
supplemented with IDO (25 pg/mL:; ALEXIS Corp., Lausen,
Switzerland), IDO with tryptophan (300 uM), IDO with IDO
inhibitor (2 nM; I-methyl-pL-tryptophan, [-MT) and Kynurenine
(150 uM) (Sigma-Aldrich) to evaluate their immunological activ-
ity. Albumin (25 pg/mL) was used as a control. Allogeneic T-cell
response was determined by using the WST-1 kit (Roche Diagnos-
tics, Mannheim, Germany) with an MRX Microplate Reader
(Dynex Technologies, Chantilly. VA USA).

Rat OLT and liver samples collection

Orthotopic liver transplantation was performed by the method
described by Kamada and Calne.”” DA livers were orthotopically
transplanted into DA, PVG or LEW recipients. As reported
previously,” OLT (DA-PVG) rats naturally overcome rejection
without using any type of immunosuppressants (spontaneous tol-
erance model). In contrast, all OLT (DA-LEW) rats die from acute
rejection within 14 days (acute rejection model). Allograft survival
of OLT (DA-LEW) rats was prolonged when they were treated
with cyclosporinee A (CsA; 15 mg/kg per day) for 14 days alter
OLT surgery (drug-induced acceptance model). Syngeneic OLT
(DA-DA) rats were used as controls to rule out the surgically
inducible factors. The animals of each group were killed at various
days after OLT. The livers were cut into pieces and then snap
frozen in liquid nitrogen for further experiments. For RNA isola-
tion, the livers were ground into powder in the liquid nitrogen.

Isolation of hepatic constituent cells

Fractions of hepatic constituent cells, which include parenchymal
cells (PC) (hepatocytes) and non-parenchymal cells (NPC). were
prepared following the procedure described previously.* Disag-
gregated hepatic constituent cells were obtained from OLT rats by
the collagenase perfusion technique. In brief, livers were removed
after portal vein perfusion with Hanks’ balanced salt solution
(HBSS; Invitrogen) containing 0.02% ethylene glycol-bis(-
aminoethyl ether)-N.N.N'N'-tetraacetic  acid (EGTA; Sigma
Aldrich) and HBSS-containing 0.05% collagenase (Wako, Osaka,
Japan). Whole hepatic constituent cells were centrifuged (wice at
50 ¢ for 2 min. The pellet and supernatant were used for the
preparation of PC and NPC. respectively. The PC-fraction contain-
ing hepatocytes was purified again as a pellet obtained by centri-
fuging the cell suspension through 45% Percoll (GE Healthcare
Bio-Sciences, Piscataway, NJ, USA) at 50 g for 24 min. The NPC
fraction was centrifuged at 150 g twice for 5 min, and the pellet
was collected. This pellet was suspended in Dulbecco’s modified
Eagle’s medium (Invitrogen) and centrifuged at 50 g for 2 min to
eliminate contaminative hepatocyles. and a fraction of the NPC
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Table 1 Characteristics of primers and polymerase chain reaction condition

mRNA Sense primer Antisense primer Annealing Fragment
temperature size

DO 5-CCTGACTTATGAGAACATGGACGT-3" 5’ATACACCAGACCGTCTGATAGCTG-3’ 55°C 321 bp

IFN-y 5-CCCTCTCTGGCTGTTACTGC-3" 5-CTCCTTTTCCGCTTCCTTAG-3’ 60°C 419 bp

DO 5-GAGCAGGAGCAGACGCTATT-3’ 5-CACCTTGTACCTGTCGCTCA-3’ 655°C 498 bp

B-actin 5-CGACGAGGCCCAGAGCAAGAGA-3’ 5-CCAGGGCGACGTAGCACAGCTT-3’ 60°C 500 bp

IDO, indoleamine 2,3-dioxygenase; IFN, interferon; TDO, TDO, tryptophan 2,3-dioxygenase.

was obtained as a supernatant. These PC and NPC fractions were
used for RNA isolation and reverse transcription-polymerase
chain reaction (RT-PCR) assay.

RNA isolation and RT-PCR assay

Total RNA was isolated from liver grafts, hepatocytes or the NPC
fraction by using the Trizol reagent (Invitrogen), following the
manufacturer’s instructions. The cDNA was synthesized from total
RNA (2 pg) with oligo-dT primer and ImProm-II reverse tran-
scriptase (Promega Biosciences, Madison, WI, USA). The RT
reaction mixture was incubated at 42°C for 90 min, and the reac-
tion was terminated by heating at 90°C for 10 min, followed by
rapid chilling on ice for 5 min. PCR was carried out using IDO,
interferon (IFN)-y, tryptophan 2,3-dioxygenase (TDO) and f-actin
(Table ). The housekeeping P-actin mRNA was used as a loading
control. The PCR was conducted with 27 cycles for B-actin and
TDO, and 35 cycles for IDO and [FN-y. PCR products were
separated by electrophoresis in 2% agarose gels and stained with
ethidium bromide, and the bands were visualized under ultraviolet
light.

Immunostaining of the OLT-liver section

All tissues examined by immunostaining were embedded into the
Tissue-Tek® OCT compound (Sakura Finetek, Torrance, CA,
USA), frozen in liquid nitrogen and stored at —80°C until analysis.
Detection of IDO-expressed cells in liver sections was performed
using goat polyclonal antibodies directed against rat TDO (1-17;
Santa Cruz Biotechnology, Santa Cruz, CA, USA). Cryosections
(5 um thick) were fixed in ice-cold acetone at —20°C for 5 min.
After fixation and air drying, the specimens were washed two
times with PBS and were blocked by DAKO antibody diluent
(DAKO Cytomation, Glostrup, Denmark) for 10 min at room tem-
perature. After the blocking buffer was discarded, sections were
incubated at room temperature for 2 h with IDO Ab (1:200 dilu-
tion) in blocking buffer, rinsed with five changes of PBS for 5 min
and then incubated in Alexa fluorescein-isothiocyanate (FITC)-
conjugated donkey antigoat IgG (1:1000 dilution) (Molecular
Probe: Invitrogen) for 30 min. The sections were then subjected (o
a further three 5-min washes in PBS buffer and mounted in Gel/
Mount solution (Biomeda, Foster City, CA, USA). To verify which
cells would express IDO in the OLT-liver section, we performed
double immunostaining. The monoclonal anti-ED1 Ab that detects
liver antigen presenting cells (APC) (1:1000 dilution; BMA Bio-
medicals, Augst, Switzerland) was applied, respectively, and Alexa
rhodamine-conjugated donkey antimouse 1gG (1:1000 dilution;
Molecular Probe; Invitrogen) was used to show another fluores-
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cence signal. All sections were examined using an Olympus BX50
fluorescence microscope (Tokyo, Japan).

Preparation of liver extracts and western blot
analysis

To detect the protein level of IDO in liver graft after OLT, naive
DA liver and DA-PVG tolerogeneic OLT liver graft were manually
homogenized with T-PER® Tissue Protein Extraction Reagent
(PIERCE, Rockford, IL. USA) supplemented with protease
inhibitor complete (Roche Diagnostics). After centrifugation,
liver extracts were tun on a 10% sodium dodecylsulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) gel using a mini
gel apparatus (BIO-RAD, Burlington, MA, USA), and fraction-
ated proteins were electronically transferred onto a PVDF wransfer
membrane (GE Healthcare Bio-Sciences). The membrane was
blocked using 5% skim milk at room temperature for | h and
immunoprobed with goat polyclonal antibodies directed against
rat IDO (I-17) (1:5000 dilution: Santa Cruz Biotechnology) and
peroxidase-conjugated donkey antigoat 1gG (1:50 000 dilution;
Santa Cruz Biotechnology). Signals were visualized by an Immo-
bilon Western Chemiluminescent HRP substrate (Millipore,
Bedford, MA, USA). For internal control. rabbit antiactin (I-19)-R
(1:2000 dilution: Santa Cruz Biotechnology) and peroxidase-
conjugated goat antirabbit IgG (1:50 000 dilution; Jackson Immu-
noResearch Laboratories, West Grove, PA, USA) was used for
primary and secondary antibody, respectively.

Statistical analysis

Statistical analysis was performed using Student’s /-test. A confi-
dence level of P < (.05 was evaluated as significant. Each sample
was tested in triplicate, and data were indicated as the
mean * standard deviation (SD).

Results

Suppression of allogeneic mixed lymphocyte
reaction by IDO

We tested the immunosuppressive activity of IDO by MLR assay
and found that IDO significantly inhibited allogeneic lymphocyte
proliferation (Fig. 1). This MLR inhibitory activity of IDO could
be significantly abrogated by adding tryptophan (300 uM) or IDO
inhibitor (1-MT; 2 nM). These data demonstrate that depletion of
tryptophan in the culture medium by IDO may suppress MLR.
Kynurenine is the main product of tryptophan through IDO
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Figure 1 Inhibition of lymphocyte proliferation by indoleamine 2,3-
dioxygenase (IDO) in mixed lymphocyte reaction (MLR). IDO (25 pg/
mL), tryptophan (300 pM), IDO inhibitor (2 nM) and kynurenine (150 pM)
were supplemented into the MLR culture to evaluate their immunologi-
cal activity. Albumin (25 pg/mL) was used as a control. *Significantly
inhibited as compared with positive control (DA-PVG, none) (P < 0.05)
1-MT, 1-methyi-oi-tryptophan.

catabolism pathway. Recent work has provided definite evidence
for an important role of kynurenine metabolites in IDO-mediated
modulation of immune function,™ as well as in IDO-dependent
apoptosis of thymocytes and terminally differentiated antigen-
specific CD4* T cells.*! In our MLR experiment, we also observed
the immune suppressive activity of kynurenine (150 uM) (Fig. 1).

Expression of the IDO gene in liver allografts

To investigate whether the 1DO gene is expressed in the liver graft
during the acute rejection phase, we collected the day 7 livers from
syngeneic OLT (DA-DA) and allogeneic OLT (DA-PVG or
DA-LEW) rats. We performed RT-PCR amplifications with rat
IDO-specific primers on five samples in duplicate. Histological
examination of the DA liver grafts in either PVG or LEW recipi-
ents showed severe acute rejection on day 7, with portal and
lobular inflammation, biliary epithelial injury and endothelialitis
(data not shown). The /DO gene expression was upregulated in the
allogeneic OLT liver tissue (DA to PVG, DA to LEW) (Fig. 2).
However, IDO mRNA expression could not be detected in the
naive (DA or PVG) livers or in the syngeneic OLT (DA-DA) livers.
The pattern of gene expression of IFN-y is similar to that of IDO.
TDO mRNA expression in allogeneic livers is lower than that in
the naive and syngeneic livers, suggesting the damage of hepato-
cytes in the allogeneic OLT livers.

Time-course of IDO gene expression in OLT
livers (DA-PVG) (spontaneous tolerance model)

In the spontaneous tolerance model, we next investigated the IDO
mRNA expression in OLT livers at different phases including the
rejection phase postoperative day (POD 7-21), induction phase
(POD 21-40) and maintenance phase (POD 40-80) of tolerance
OLT (DA-PVG). Histological examination of the DA liver grafts
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Figure 2 Indoleamine 2,3-dioxygenase (/IDO) gene expression in rat
liver. Reverse transcription-polymerase chain reaction products
obtained using primers of IDO, interferon (IFN)-y, tryptophan 2,3-
dioxygenase (TDO) and B-actin were run on a 2% agarose gel. Lane 1,
naive DA liver; lane 2, naive PVG liver; lane 3, syngeneic orthotopic liver
transplantation (OLT) liver (DA to DA, POD 7); lane 4, allogeneic OLT liver
(DA to PVG, PQD 7); lane 5, allogeneic OLT liver (DA to LEW, POD 7).

in PVG recipients showed infiltrative leukocytes in both the rejec-
tion and induction phases that gradually disappeared during the
maintenance phase {data not shown). The IDO mRNA expression
was detected in both the rejection and induction phases, and it was
gradually downregulated in the maintenance phase (Fig. 3a).
B-Actin expression was used as an internal control and relative
ratio of /DO gene expression to B-actin is shown in Fig. 3b.

Time-course of /DO gene expression in OLT
livers (DA-LEW + CsA) (drug-induced
acceptance model)

Orthotopic liver transplantation (DA-LEW) rats treated with CsA
(POD 0-14) can survive for more than 233 days and are designated
as a drug-induced acceptance model. Histological examination of
the DA liver grafts in LEW recipients showed few infiltrative
leukocytes on POD 3-14 and a gradually increasing number of
infiltrative leukocytes on POD 70-233 (data not shown). IDO
mRNA expression could not be detected in the liver during immu-
nosuppressive treatment (POD 3, 9 and 14), and it was gradually
upregulated in the later phase (POD 70, 200 and 233) (Fig. 4a).
B-Actin expression was used as an internal control and the relative
ratio of /DO gene expression to B-actin is shown in Fig. 4b.

Localization of /DO gene expression and the
effect of CsA on /DO gene expression

To investigate localization of the /DO gene in the OLT liver during
rejection, we focused on the OLT rejection model (DA to LEW,
POD 7) and compared the /DO gene expression in different organs
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Figure 3 Time-course of indoleamine 2,3-dioxygenase (/DO) gene
exprassion in orthotopic liver transplantation (OLT) livers (DA to PVG)
(spontaneous tolerance model). (a) Reverse transcription-polymerase
chain reaction products obtained using primers of IDO and B-actin were
run on a 2% agarose gel. (b) Relative expression of /DO gene to B-actin,
which was calculated by the TotalLab software. Bars represent the
average of density values from two independent experiments.

and cell fractions of the OLT rat liver (Fig. 5). IDO mRNA was
detected in the liver, spleen and NPC fraction but not in the PC
fraction. However, the CsA-treated OLT model showed no IDO
mRNA expression in the liver, spleen, NPC fraction or PC fraction

(Fig. 5).

Immunohistochemical and western analyses of
IDO in the OLT liver

To investigate which cells express IDO protein in the liver tissue,
we performed immunohistochemistry of frozen liver sections
which were collected from the tolerance OLT model (DA to PVG,
POD 7) and the acute rejection model (DA to LEW, POD 7).
The tissue sections were double immunolabeled with antirat IDO
(FITC-conjugated, green color) plus anti-ED1 (rhodamine-
conjugated, red color). ED1 is useful for the detection of rat APC
such as macrophages and dendritic cells,* the staining pattern of
macrophages identified by EDI in liver is branched.* Under
microscopic observation, the IDO-positive cells (green color,
Fig. 6A-a) were found in the liver section and these signals were
also located on the APC-like cells (red color, Fig. 6A-b). The
yellow color cells shown in the merged field are the double-
positive cells (Fig. 6A-c). Actually, the immunostain of the two
groups showed that the same pattern and IDO protein was located
in the APC-like cells. This observation is same as the RNA expres-
sion pattern in these two groups. However, we found a higher level
of IDO protein which was produced not only in the liver but also

Journal of Gastroenterology and Hepatology 23 (2008) e243-e250 © 2007 The Authors

Indoleamine 2,3-dioxygenase tolerance

Days after operation

(A)
3 9 14 70 200 233
e ]
g
(B) 3
4 1.5
.
£
él.o-
o]
&8

14 0 200 35
Days after operation

b
@4

Figure 4 Time-course of indoleamine 2,3-dioxygenase (/DO) gene
expression in orthotopic liver transplantation (OLT) livers (DA-LEW
+ cyclosporinee A) (drug-induced acceptance model). (a) Reverse
transcription—polymerase chain products obtained using primers of IDO
and B—actih were run on a 2% agarose gel. (b) Relative expression of IDO
gene to B-actin, which was calculated by the TotalLab software. Bars
represent the average of density values from two independent
experiments.

Without CsA With CsA

2 3 4 5

Figure 5 Indoleamine 2,3-dioxygenase (/DO) gene expression in the
organs and cellular fractions of rejection orthotopic liver transplantation
(OLT) rats (DA-LEW, POD 7) without or with cyclosporinee A (CsA)
treatment. Lanes 1 and 5, liver of OLT rat; Lanes 2 and 6, spleen of OLT
rat; Lanes 3 and 7, non-parenchymal cell fraction of OLT liver; Lanes 4
and 8, parenchymal cell fraction of OLT liver.

in other organs after overcoming rejection (POD 21) and the sub-
sequent tolerance phase after OLT (POD 60, n = 3) in a rat toler-
ance OLT model (DA-PVG) (Fig. 6B).

Discussion

In the present study, we first demonstrated that IDO itself and the
tryptophan metabolites (kynurenine) possess immunosuppressive
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Figure 6 (A) Immunohistochemistry of the
liver section in DA-PVG and DA-LEW orthoto-
pic liver transplantation (OLT) rats (POD 7)
The frozen sections of OLT liver were doubly
stained with antibodies against indoleamine
2,3-dioxygenase (IDO; green) in combination
with anti-ED1 (red). The green cells in the field
are IDO-positive cells (a). Red cells in the field
are antigen-presenting cells such as macroph-
ages or dendritic cells (b). Yellow color cells
shown in the merged field are double-positive
i cells (c). (B) The protein level of IDO in liver
| | extracts of DA-PVG OLT rats. Liver extracts
‘ ‘ were run on SDS-PAGE and then subjected to

PU—

activity in MLR. We also revealed /DO gene expression in the
allogeneic liver grafts (DA liver into PVG rat, DA liver into LEW
rat) at the acute rejection phase following OLT. The signal could
not be detected when these OLT rats were treated with CsA.
Interestingly, IDO expression was detected in both models of
tolerance OLT (DA-PVG) and rejection OLT (DA-LEW). Further-
more, time-course study of /DO gene expression in the liver grafts
of spontancous tolerance OLT model (DA to PVG) demonstrated
that the IDO mRNA is expressed in both the rejection and
induction phases, but the signal gradually decreased during the
phase. In contrast, IDO expression gradually
appeared in a drug-induced acceptance OLT (DA-LEW + CsA)

maintenance
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western blot analysis. Bars (IDO/B-actin ratio)
indicate the average density values from two
independent experiments.

model after the cessation of CsA. Furthermore, we demonstrated
that IDO expression is not seen in hepatocytes but in NPC, such as
APC. during rejection,

Recent studies have provided immunosuppressive evidence of
tryptophan metabolites (e.g. kynurenine, 3-hydroxykynurenine
and 3-hydroxyanthranilic acid) which are the bioactive intermedi-
ates of tryptophan catabolism by IDO.** Another study has dem-
onstrated that T-cell apoptosis was induced by a relatively lower
concentration of Kynurenine irrespective of Fas-Fas ligand
interaction.”!

In the present study, kynurenine also showed an inhibitory
effect on lymphocyte proliferation in MLR. In fact, Miki er al.
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demonstrated that an IDO inhibitor blocked liver allograft toler-
ance and induced rejection in a mouse OLT model.* However, the
molecular basis for this observation has not yet been completely
delineated.

We investigated the time-course of mRNA IDO expression
in the livers of spontaneous tolerance OLT (DA-PVG), acute
rejection OLT (DA-LEW) and drug-induced acceptance OLT
(DA-LEW + 2-week CsA) rats. Interestingly, IDO expression was
observed during the rejection phase not only in spontaneous tol-
erance, but also in acute rejection OLT livers; whereas IDO expres-
sion was not detected in the acute rejection OLT livers with CsA
treatment. These results suggest that IDO expression may reflect
the status of natural alloimmunity in the recipients without the
immunosuppressive drug. The difference of survival between tol-
erance OLT (DA-PVG) and rejection OLT (DA-LEW) may
depend on the difference of recipients’ (PVG or LEW) allore-
sponse against DA donor livers. We speculate that the immuno-
suppressive activity of IDO may be strong enough to overcome the
acute rejection occurring in tolerance OLT (DA-PVG) by sup-
pressing PVG T-cell proliferation against DA antigens, but it may
not be potent enough to suppress LEW T-cell alloimmune response
during acute rejection in rejection OLT (DA-LEW) rats. This drug-
free tolerance OLT subject may require naturally inducible immu-
nosuppressive proteins to maintain the tolerance state. However,
IDO may not be essentially produced in the liver after complete
establishment of tolerance. Alternatively, circulating IDO proteins.
which are produced by other organ-derived cells and/or immigrat-
ing cells in liver grafts, may be accumulated in the liver graft to
systematically regulate the host immune system and to maintain
tolerance status. As a support to our finding, Laurence er al. dem-
onstrated that IDO expression in the spleen was 16-fold greater
in tolerance OLT recipients compared to the rejection OLT
recipients.*

In the present study. we clearly showed that IDO mRNA was
expressed in the fraction of NFC but not in that of PC of liver
allograft. whereas IDO expression could not be detected in either
type of cell fraction from the CsA-treated OLT rats. The NPC
fraction contains many APC such as DC or macrophages which are
in charge of regulating the immune response to allografts.
Although our immunohistochemistry studies using allogeneic
OLT livers showed that IDO is expressed in the macrophage-like
cells in transplanted livers, these IDO-positive cells may be not
only resident macrophages or donor-derived DC but also infiltrat-
ing cells, including circulating recipient-derived macrophages or
DC. Recently, many reports have indicated that IDO-expressing
APC, such as macrophages or DC, inhibit T-cell proliferation via
the depletion of tryptophan®*” and is responsible for the modula-
tion of mature DC function.”**” Further investigation is currently
underway to elucidate the functional role of IDO on DC matura-
tion in the rat tolerance OLT model.

Recently, in vivo experiments had demonstrated that transplan-
tation of IDO-overexpressing cells or organs was found (o signifi-
cantly extend survival in recipients. For example, IDO expression
in transplanted mouse islets prolonged graft survival after adoptive
transfer of diabetogenic splenocytes. Engraftment of IDO-
expressing xenogeneic fibroblasts populated in a collagen matrix
could be immunoprotected in an animal model.*' IDO overexpres-
sion in lung allografts resulted in a significant protective effect
with improvement in both functional properties and histological
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appearance.”” Overexpression of IDO in donor corneal allografts
resulted in prolonged graft survival.** We previously observed that
the adenovirally IDO-transduced hepatocytes were found to
survive longer than vehicle control group in allogeneic hepatocyte
transplantation (Lin et al., unpubl. data, 2006). Our and others’
findings suggest that IDO may have an application in promoting
the engraftment of transplanted cells and/or organs.

In conclusion, we reported herein that the /DO gene was
detected in the allogeneic liver graft and the IDO-expressing cells
were detected in the fraction of NPC but not in that of PC of liver
allograft. The immunohistochemistry confirmed that the DO
protein was detected in antigen-presenting cells but not in hepa-
tocytes. These finding suggest that local expression of immuno-
modulatory molecules on APC-like cells in transplanted organs
may regulate the recognition of donor antigen and inhibit further
recipient T-cell activation.
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