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Hematopoietic Stem Cells Mobilized by
Granulocyte Colony-Stimulating Factor Partly
Contribute to Liver Graft Regeneration After
Partial Orthotopic Liver Transplantation

Feng Liu,' Xiaoben Pan,' Guodong Chen,” Dong Jiang,' Xu Cong,' Ran Fei,' and Lai Wei '
'Hepatology Institute and 2Department of Gastroenterology, Peking University People’s Hospital,
Beijing, China

On the basis of the recently recognized potential of hematopoietic stem cells (HSCs) to give rise to hepatocytes, we
investigated whether HSCs mobilized by granulocyte colony-stimulating factor (G-CSF) or G-CSF per se could contribute to
faster recovery and promote tissue reparation after rats’ (cross-sex) partial orthotopic liver transplantation (PLTx). Sex-
mismatched (female to male) syngeneic rat PLTx was established. The recipients were repeatedly administrated recombinant
G-CSF for 5 consecutive days before (G-CSF + PLTx group) and after PLTx (PLTx + G-CSF group). Compared with those
in PLTx group, CD34™ cells in peripheral blood and portal tract region increased from day 1 to 7 after transplantation in
G-CSF + PLTx group and from day 3 to 14 after transplantation in PLTx + G-CSF group, respectively, which suggested that
CD34* HSCs were mobilized and migrated into liver graft. Compared with that in G-CSF + PLTx and PLTx groups, there was
a higher survival rate in the PLTx + G-CSF group. On day 3 after surgery, the level of aspartate aminotransferase and alanine
aminotransferase were lower, whereas the mitosis index, proliferating cell nuclear antigen—positive nuclei, bromodeoxyuridine
(BrdU) incorporation, and graft-to-recipient weight ratio were higher in the PLTx + G-CSF group. In contrast, these parameters
had no significant difference between G-CSF + PLTx and PLTx groups. To define the origin of proliferating cells reconstituting
liver after injury, sry* (sex-determining region for Y chromosome) and sry*/cytokeratin 19" (CK19) cells were quantitated.
Higher percentage of sry™ and sry*/CK19™" cells in PLTx + G-CSF was detected than in G-CSF + PLTx groups on day 14
after surgery, although the liver engraftment rate still remained rather low. Some of the sry*/CK19* cells in the portal tract
areas were similar to hepatic oval cells/cholangiocytes. In conclusion, G-CSF administration after PLTx greatly improved
survival rate and liver regeneration of partial graft, partly by its mobilizing HSCs into the injured liver to differentiate into
hepatocytes through hepatic oval cells’/cholangiocytes’ engraftment. Liver Transpl 12:1129-1137, 2006.
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Growing organ shortages for transplantation has led to only be functionally inadequate for the recipient, but
an increase in partial orthotopic liver transplantation will also sustain injury characterized by rejection and
(PLTx). The major concern of PLTx is the adequacy of  ischemic injury, and result in inadequate regeneration,
the size of the graft'-?: a small-for-size graft may not leading to hepatic insufficiency or liver failure. There-
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fore, improvement of liver regeneration capacity is im-
portant in partial liver transplantation, and therapy
promoting limited small liver to regenerate remains to
be developed.

Recent studies suggested that hematopoietic stem
cells (HSCs) can differentiate into nonhematopoietic
lineages in vivo, including skeletal® and cardiac myo-
blasts®*; vascular endothelium?®; epithelial cells of lung,
gut, and skin®; and neuroectodermal cells.”® Although
it is not yet clear whether the underlying cellular mech-
anism of this apparent plasticity is transdifferentiation
of HSCs”'! or cell fusion between HSCs and target
cells,'®'3 there are several reports on the ability of
HSCs to generate hepatocytes under tissue stress in
mice and humans.'*'® Therefore, it has been proposed
that HSCs migration into sites of injury may be a mech-
anism by which damaged tissues are repaired.'® How-
ever, the role of HSCs in the regeneration of damaged
liver is unknown and is less understood for this pro-
cess.

In current clinical practice, circulating HSCs num-
bers can be increased by mobilization from the bone
marrow with granulocyte colony-stimulating factor (G-
CSF).29-2! And the mobilization of HSCs by G-CSF has
been shown to be involved in the reparation of the
infarcted heart.??23 Also, G-CSF is reported to be able
to enhance hepatocyte regeneration.?*2° Therefore, we
decided to address whether G-CSF-mobilized HSCs or
G-CSF per se could contribute to faster recovery and
promote the regeneration process after rats’ (cross-sex)
PLTx.

MATERIALS AND METHODS
Animals

Inbred Sprague-Dawley rats (Academy of Military Med-
ical Science, China), weighing 250-300 g each, were
used. All the rats were housed in a standard animal
laboratory with free activity and free access to water
and chow. They were kept under constant environmen-
tal conditions with a 12-hour light-dark cycle. The rats
were fasted 12 hours before operation. All the opera-
tions were performed under clean conditions. The stud-
ies met the National Research Council’s guide for the
care and use of laboratory animals.

Experimental Procedure

The experiment was conducted in 3 groups of rats. For
the PLTx + G-CSF group, 3 hours after PLTX, recipients
were mobilized by subcutaneous injections daily with
50 ng/kg per injection recombinant human G-CSF (Fil-
grastim Neupogen, Kirin, Tokyo, Japan) for 5 consecu-
tive days from day O to day 4. For the G-CSF + PLTx
group, before PLTX, recipients were mobilized by sub-
cutaneous injections daily with 50 ng/kg per injection
G-CSF for 5 consecutive days from day O to day 4. On
the fifth day, PLTx was conducted. In the PLTx group,
recipients were injected with the same volume of saline.
Six animals were killed at each time point at days 1, 3,
5, 7, and 14 after transplantation. One hour before they

were killed, rats were given bromodeoxyuridine (BrdU;
Sigma-Aldrich, St. Louis, MO, USA), dissolved in water,
intraperitoneally at a dose of 100 mg/kg body weight.
At the time they were killed, graft-to-recipient weight
ratio (GRWR) was calculated. Portions of the liver and
duodenum were fixed in 10% formalin for 18-24 hours,
then processed and embedded in paraffin for histolog-
ical evaluation. The remains of the liver was frozen in
liquid nitrogen and stored at —80°C. Blood was ob-
tained from the inferior vena cava for estimation of
serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) activities when animals were
killed.

Liver Transplantation

For transplantation, donors (female Sprague-Dawley
rats) and recipients (male Sprague-Dawley rats) were
anesthetized with ether. Liver reduction was achieved
by removing left lateral, left median, and anterior and
posterior caudate lobes, which resulted in a 50% reduc-
tion in the liver mass, as described by Omura et al.?®
The graft was flushed and stored in cold saline with a
target cold ischemic time of 60 minutes. The PLTx was
performed according to the cuff technique of Kamada
and Calne,?” without hepatic artery reconstruction.
The suprahepatic vena cava was reconstructed with
continuous 8-0 polypropylene sutures. The portal vein
was reanastomosed by using the cuff technique modi-
fied from the method of Kamada and Calne. When the
anastomosis of portal vein and suprahepatic vena cava
was completed, the liver was reperfused. The anasto-
mosis of infrahepatic vena cava was then completed by
the same cuff technique. The bile duct was anasto-
mosed with an intraluminal stent. The transplantation
procedure required less than 60 minutes, during which
time the portal vein was clamped for 17 to 22 minutes.

Survival Study

Ten rats in each group were used for the survival study.
Rat deaths within 48 hours of operation were consid-
ered as technical failures and their data excluded from
further analysis.

Evaluation of Histology and Regeneration

For histological analysis of liver grafts, paraffin-embed-
ded 6-pm-thick sections were stained with hematoxylin
and eosin (H&E) and based on a semiquantitative scor-
ing system for nonspecific liver damage as previously
described.?® For evaluating regeneration, mitotic activ-
ity in the livers was observed in 6-pm-thick sections
stained with H&E. Paraffin sections were stained with
antibodies of proliferating cell nuclear antigen (PCNA)
and BrdU (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). The immunohistochemistry was performed with
a commercial kit (Zymed LAB-SA System; Zymed Lab-
oratories, South San Francisco, CA, USA). The hepatic
labeling index was calculated as the number of PCNA-
and BrdU-labeled nuclei for 1,000 hepatocyte nuclei.
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Duodenal tissue sections served as a positive control for
adequate uptake of BrdU and labeling. In addition, mi-
totic activity was also evaluated by counting 1,000
hepatocytes in each liver.

HSCs Mobilization

Flow cytometry analysis was done on a FACSCalibur
flow cytometer (Becton Dickinson, San Jose, CA, USA).
The CD34" cells (phycoerythrin [PE]-conjugated rabbit
anti-rat CD34; Becton Dickinson) were analyzed in a
gate defined by CD45 antigen expression (fluorescein
isothiocyanate [FITC]-conjugated mouse anti-rat
CD45; Harlan Lab, England). Mouse isotype controls
(FITC-IgG1, PE-IgG1; Becton Dickinson) were used to
account for unspecific fluorescence.

The mononuclear cells were isolated by Ficoll-Paque
(Amersham Pharmacia Biotech, Freiburg, Germany)
density gradient centrifugation of heparinized ethyl-
enediaminetetraacetic acid (EDTA) blood samples ob-
tained from normal control animals and the recipient
rats. The cells were suspended in FACS buffer (phos-
phate-buffered saline [PBS] supplemented with 5% fetal
bovine serum and containing 0.05% NaN;) at a concen-
tration of about 1,000,000 cells/mL. The cells were
washed by centrifugation in 3 volumes of FACS buffer
and resuspended in 50 nL FACS buffer containing pri-
mary antibody for 40 minutes at 4°C. Cells were washed
3 times with FACS buffer and fixed in PBS/4% parafor-
maldehyde for 30 minutes on ice for analysis.

Immunohistochemistry of CD34 Antigen

Immunohistochemical detection was performed on fro-
zen sections after 10 minutes’ fixation in cold acetone.
The 6-pm-thick sections were incubated in a 1:10 dilu-
tion of anti-rat polyclonal CD34 antibody (Santa Cruz
Biotechnology). The immunohistochemistry was per-
formed with a commercial kit (Zymed LAB-SA System;
Zymed Laboratories). Peroxidase activity was deter-
mined by diaminobenzidine staining. The sections were
counterstained with hematoxylin. Positive cells were
counted at 400X magnification. Ten random fields were
observed in each of the liver portal tract areas. The sum
of the positive cells from 10 fields was multiplied by a
factor of 1.6 to yield the cell count/mm? tissue.

In Situ Hybridization of Y Chromosomes

The probe was derived from the sequence of sex-deter-
mining region for Y chromosome (sry) and was a 104-bp
polymerase chain reaction product amplified from male
genomic DNA by using PCR DIG Probe Synthesis Kit
(Boehringer Mannheim, Germany). The primer se-
quences were F, CAT CGA AGG GTT AAA GTG CCA and
R, ATA GTG TGT AGG TTG TTG TCC. The polymerase
chain reaction was carried out under the following con-
ditions in a thermal cycler (Perkin-Elmer/Cetus). After
denaturation at 94°C for 5 minutes, 35 cycles of ampli-
fication were performed; each step consisted of dena-
turation at 94°C for 30 seconds, primer annealing at

56°C for 30 seconds, and chain elongation at 72°C for
45 seconds, followed by a final elongation step at 72°C
for 7 minutes. The probe was purified with QIAquick
Gel Purification Kit (Qiagen, Germany) according to the
manufacturer’s instructions.

The in situ hybridization reaction was performed on
paraffin-embedded 6-pm tissue sections. After removal
of paraffin, sections were treated by proteolytic diges-
tion for 30 minutes at 37°C with 10 png/mL proteinase K
(Sigma-Aldrich) dissolved in 50 mM EDTA and 0.1 M
Tris-HCI, followed by 2 rinses of 5 minutes each in 0.01
M PBS. After washing, the specimens were prehybrid-
ized for 30 minutes with buffer containing 10% dextran
sulfate, 5X standard saline citrate (SSC), 5X Den-
hardt’s solution (Roche Molecular Biochemicals, Ger-
many), 100pg/mL salmon sperm DNA, and 50%
deionized formamide (Sigma-Aldrich). Residual prehy-
bridization buffer was removed from the tissue sec-
tions, and the appropriate digoxigenin probes, diluted
in prehybridization buffer, were applied to sections. The
sections were covered with silicone-coated coverslips
(Sigma-Aldrich), denatured at 95°C for 5 minutes on a
heat plate, and hybridized in humidified atmosphere at
37°C overnight. Upon completion of the hybridization
reaction, the coverslips were removed and specimens
were washed 3 times for 10 minutes each in 50% for-
mamide in 2X SSC solution at 42°C, followed by 2
washes in 2X SSC for 5 minutes each. Five percent
bovine serum albumin blocking reagent was then ap-
plied for 30 minutes, and drained away, then AP-con-
jugated sheep anti-digoxigenin antibody (Roche Molec-
ular Biochemicals, Germany), diluted 1:10 in 5%
bovine serum albumin was applied for 1 hour at 37°C.
Sections were rinsed 3 times for 5 minutes each in 4X
SSC/0.01% Tween solution at 42°C, and then reacted
with nitroblue tetrazolium/5-bromocresyl-3-indolyl-
phosphate chromogen (Roche Molecular Biochemicals,
Germany) for 30 minutes. Sections were rinsed again
and counterstained with 0.1% nuclear fast red and
analyzed under a light microscope. Some tissue sec-
tions were processed without probe to serve as negative
controls. sry™ cells were evaluated by counting positive
cells per 1,000 nuclei in each liver.

Double Immunostaining for sry and CK19

Liver tissues were sectioned vertically at 6-pm thick-
ness. Fluorescence immunohistochemical double la-
beling was carried out by the indirect immunofluores-
cence method. The primary antibodies used in the
experiments were goat anti-rat sry polyclonal antibody
(1:40 dilution; Santa Cruz Biotechnology) and mouse
anti-rat cytokeratin 19 (CK19) monoclonal antibody (1:
100 dilution; Progen Biotechnik, Heidelberg, Germany).
For double-labeling experiments, the sections were in-
cubated in a mixture of 2 primary antibodies overnight
at 4°C. After washing with PBS, binding sites of the
primary antibodies were revealed by incubation in a
mixture of 2 fluorochrome conjugates for 30 minutes at
37°C in the same medium as that used in incubating
the primary antibodies: FITC-labeled rabbit anti-mouse
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IgG (for CK19, 1:200 dilution; Dako, Denmark) plus
PE-labeled rabbit anti-goat IgG (for sry, 1:100 dilution;
Santa Cruz Biotechnology). After washing in PBS, the
sections were coverslipped with a mounting medium
containing DAPI (4,6-diamidino-2-phenylindole) coun-
terstain (Vectashield; Vector Laboratories Inc., Burlin-
game, CA, USA), and examined with a Zeiss confocal
fluorescence microscope equipped with a triple-band
pass filter. Different controls were obtained by omitting
one or both of the 2 primary antibodies during the
incubation. Omission of one of the primary antibodies
yielded only the immunoreactivity for the remaining
antibody, while omission of both abolished any immu-
nolabeling. Staining by a mixture of 2 secondary anti-
bodies after incubation with 1 of the 2 primary antibod-
ies showed no cross-reactivity of species-specific
secondary antibodies. The proportion of sry"/CK19™"
cells in each section was counted by digital photo-
graphs that had been taken from contiguous fields at
400X magnifications from sections. Fields were se-
lected randomly and focused under a DAPI filter, then
captured with that filter. Images were then sequentially
captured with the FITC (CK19) filter and PE (sry) filter
without changing focus, thus ensuring the same plane
of analysis. All 3 filtered images were then digitally
combined (DAPI, FITC for CK19, PE for sry) with cell
counts derived from these combined images.

Statistical Analysis

Continuous variables were expressed as mean * SD.
Differences of continuous parameters among groups
were analyzed; 1-way analysis of variance followed by
Scheffé’s post hoc test were used. A value of P < 0.05
was considered significant. Animal survival was evalu-
ated by Kaplan-Meier plot. Significance was defined as
P < 0.05. The data were analyzed by SPSS software
version 11.0 (SPSS Inc., Chicago, IL, USA).

RESULTS

G-CSF Mobilization After PLTx Improved Rat
Survival

Rat survivals were shown in Figure 1. In PLTx and
G-CSF + PLTx group, the rate of survival at 7 days was
similar (PLTx, 50%; 5 of 10; G-CSF + PLTx, 60%; 6 of
10). In contrast, in PLTx + G-CSF group, the rate of
survival at 7 days was increased (90%; 9 of 10).

G-CSF Mobilization After PLTx Improved Liver
Function

To determine the extent of liver injury in different G-
CSF-mobilized PLTx, serum AST and ALT levels were
measured. In 3 groups, AST and ALT levels of the re-
cipient rats were initially elevated and decreased with
time. In the PLTx + G-CSF group, AST and ALT activi-
ties presented significantly lower values from day 3 to 7
after operation when compared with the values found in
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Figure 1. Survival curve after PLTx. Survival of rats was not
significantly different between PLTx and G-CSF + PLTx. How-
ever, survival of rats in PLTx + G-CSF was significantly higher
compared with that of PLTx and G-CSF + PLTx.
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Figure 2. Serum ALT and AST activity after PLTx. (A) ALT
and (B) AST activities after PLTx (mean + SD) (n = 6). Vertical
bars represent SD from mean. Statistical significance. t+P <
.05 for PLTx + G-CSF liver vs. G-CSF + PLTx and PLTx at
different time points.*P < .05 for PLTx + G-CSF liver vs.
G-CSF + PLTx and PLTx at same time points.

PLTx and G-CSF + PLTx group at the same time points
(Fig. 2A, B).

G-CSF Mobilization After PLTx Accelerated
Restoration of Liver Graft

Histological findings in liver grafts were different in
each group. Liver sections from rats of PLTx + G-CSF
group rats, which received G-CSF after PLTx and were
killed 5 days later, presented only scatter hepatocytic
necrosis, maintaining a rather normal architecture. In
contrast, livers from PLTx group and G-CSF + PLTx
group rats, which received G-CSF only before PLTX,
showed moderate necrosis around the portal tract ar-
eas and venous endothelial inflammation was mild to
moderate. At 14 days after surgery, no hepatocytic ne-
crosis was observed in the PLTx + G-CSF group,
whereas in the PLTx group and the G-CSF + PLTx
group, there was some degree of hepatocellular necro-
sis around the portal tract area and central vein (Fig.
3A-C); this was also confirmed by the damage score,
which in the PLTx + G-CSF group was significantly
lower than in the G-CSF + PLTx group and in PLTx (P <
0.05) (Fig. 3D). These findings suggest that the recovery
process could be accelerated by mobilization with G-
CSF after PLTx.
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Figure 3. Histology of grafts on day 14 after PLTx. (A) H&E-
stained liver section from PLTx + G-CSF group graft. Note
normal histology of liver lobule. (B) Liver sections from PLTx
group graft with focal and confluent hepatocytic necrosis in
vicinity of central vein. (C) Liver sections from G-CSF + PLTx
group graft with focal area of hepatocytic necrosis in vicinity
of central vein (original magnification, 400 x). (D) Comparison
of total damage score on day 14 after PLTx. t+P < .05 for
PLTx + G-CSF liver vs. PLTx and G-CSF + PLTx.*P > .05 for
G-CSF + PLTx vs. PLTx.

G-CSF Mobilization After PLTx Accelerated
Liver Regeneration

Hepatocytes were mitotically quiescent in intact adult
liver, as reflected by PCNA and BrdU labeling index of
less than 1% (0.44 + 0.25%) in control rats. The cells
proliferating on day 3 after PLTx were predominantly in
the periportal and midzonal regions of the liver (Fig.
4A-D). The results of mitotic activity, PCNA, BrdU in-
corporation, and GRWR studies that indicate regener-
ation are illustrated in Figure 5. The labeling and mi-
totic indices remained higher on day 3 in the PLTx +
G-CSF group compared with those in the PLTx and
G-CSF + PLTx groups. The maximum PCNA index of
hepatocytes was 65.83 = 13.00% for PLTx + G-CSF
rats, 47.00 = 6.81% for PLTx rats, and 52.00 = 6.32%
for G-CSF + PLTx rats, respectively (P < 0.05). BrdU
labeling in hepatocytes also showed a similar pattern as
that of PCNA-positive hepatocytes: lower than PCNA.
From days 3 to 7 after surgery, GVWR in PLTx + G-CSF
was significantly higher than in PLTx and G-CSF +
PLTx (P < 0.05). The data suggest that regeneration of
partial liver graft was promoted by G-CSF after PLTx.

G-CSF Stimulated HSCs Mobilization, Homing
to Liver Graft After PLTx, and Differentiating

Into Hepatocytes Through Hepatic Oval Cells/
Cholangiocyte Engraftment

The change of CD34" cells in peripheral blood was
shown in Figure 6A. After PLTx, the peripheral

CD34 " cells in PLTx were increased on day 1, and then
decreased. After G-CSF administration, the peripheral

Figure 4. Hepatocyte-proliferative activity of liver grafts on 3
days after transplantation. Immunohistochemical staining of
PCNA-positive hepatocytes. (A) PLTx + G-CSF group showed
higher positive cell numbers than (B) G-CSF + PLTx group and
(C) PLTx group. Brown-stained hepatocytes represent positive
staining, indicating hepatocytes in S through M phases of cell
cycle. H&E-stained section from (D) PLTx + G-CSF group
reveals a great extent of hepatocyte mitosis (arrows). Original
magnification, 200 X (A-C) and 400 X (D).

CD34™" cells were significantly increased in PLTx. The
CD34" cells in G-CSF + PLTx showed a greater in-
crease on day 1, and decreased gradually thereafter.
The CD34" cells in PLTx + G-CSF showed a greater
increase than those in PLTx on day 3, were elevated
until day 5, and decreased on the following days. Com-
pared with PLTx group, CD34™ cells in peripheral blood
were increased from day 1 to 7 after transplantation in
G-CSF + PLTx group and from day 3 to 14 after trans-
plantation in PLTx + G-CSF group, respectively. Thus,
there was a prolonged augmenting response of periph-
eral CD34" cells to G-CSF.

The change of CD34™" cells in liver graft also showed a
similar pattern as that in peripheral blood (Fig. 6B). In
the PLTx + G-CSF group, CD34 " cells mainly existed in
portal tract area and necrosis area from days 3 to 7,
whereas more CD34 " cells were scattered in liver lobule
on day 1 in the G-CSF + PLTx group (Fig. 7A-B).

In the male rats (positive control), sry* signals were
observed in the majority of hepatocytes (Fig. 8A). In all
male recipients of female liver graft, sry* cells could be
detected periportally around the central vein, whereas
some were arranged in the liver lobule. The G-CSF-
mobilized group in particular demonstrated clusters of
sry " cells arranged periportally (Fig. 8C, D). In contrast
to the PLTx group, few sry" hepatocytes could be ob-
served (Fig. 8E). Contaminated hematopoietic cells,
preferentially arranged periportally, could also be easily
distinguished by morphology and were excluded from
counting. Enumeration of sry™ cells in the liver paren-
chyma on day 14 after operation yielded a higher per-
centage of donor-origin hepatocytes in the G-CSF-mo-
bilized group compared with that in PLTx group, and
more sry " cells existed in the PLTx + G-CSF group than
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that in the G-CSF + PLTx group (1.68% vs. 0.77%) (Fig.
8F). Percentage of HSCs-derived hepatocytes in livers
from the G-CSF-mobilized group of rats represented a
rather low frequency of cells potentially capable of ac-
celerating recovery and markedly improving survival of
partial liver graft.

On day 14 after surgery, double staining for sry and
CK19 demonstrated that some hepatic oval cells/
cholangicytes in portal tract areas were sry*/CK19"
(Fig. 9A-G). There were more sry /CK19" cells in the
portal tract region in the G-CSF-mobilized group than
in the PLTx group, and more sry"/CK19" cells in the
PLTx + G-CSF group (33.8/400X magnification) than
in the G-CSF + PLTx group (33.8/400X magnification)
(Fig. 9I). Exposure to G-CSF increased the fraction of
regenerating HSCs.

These data suggest that liver repair after injury might
be partly mediated by HSCs mobilization.

G-CSF + PLTx vs. PLTx at same

Postoperative day time points, respectively.

DISCUSSION

The current study indicates that G-CSF administration
after PLTx accelerates recovery from PLTx-induced liver
injury. G-CSF exerts a beneficial effect on the regener-
ative process occurring in the liver graft, partly medi-
ated by mobilizing HSCs that home to the injured liver
and possibly differentiate into hepatocytes through he-
patic oval cells/cholangiocytes.

It is well known that HSCs can be mobilized from
bone marrow into circulating blood by G-CSF.?9-21:29
And G-CSF has been shown to be involved in the repa-
ration of the infarcted heart.??2® Although Theocharis
et al.?*2° reported that single dose of G-CSF could
accelerate and enhance hepatocyte proliferation in par-
tially hepatectomized and fulminant hepatic failure
(FHF)-induced rats as detected through serum bio-
chemical and liver regeneration parameters, they did
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Figure 7. Immunohistochemical staining of CD34" cells.
Brown-stained CD34" cells were mainly in portal tract areas.
More CD34" cells were found on day 3 in (A) PLTx + G-CSF
than in (B) PLTx. Original magnification, 400Xx.
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Figure 8. In situ hybridization for sry* cells (blue-purple dot,
arrow) in liver. (A) Male liver specimen showing Y-chromosome
signals (arrows) in hepatocytes. (B) Female liver specimen
showing no Y-chromosome signals in hepatocytes. (C) Female-
male isograft specimen in PLTx + G-CSF group and (D) in
G-CSF + PLTx group showing Y-chromosome signals (arrows)
in a few hepatocytes and bile duct epithelial cells. (E) Female-
male isograft specimen in PLTx group showing few Y-chromo-
some signals (arrows) in hepatocytes. (F) Percentage of donor-
origin and host-origin cells in liver graft on day 14 after
transplantation. Number of sry* cells in G-CSF-mobilized
group was more than that in PLTx (*P < .05). Number of sry*
cells in PLTx + G-CSF group was more than that in G-CSF +
PLTx group (P < .05). Original magnification, 400X (A, C-E)
and 300X (B).

not delineate the possible role of stem cells mobilized in
liver regeneration. Combining these researches, it is
proposed that G-CSF-mobilized HSCs may be involved
in the repair of liver injury. To test whether HSCs mo-
bilized by G-CSF has the capacity of raising hepato-
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Figure 9. Double fluorescent immunohistochemistry for sry/
CK19 in portal tract areas in PLTx + G-CSF on day 14 after
surgery. (A, E) Nuclei were counterstained with DAPI staining
(blue). (B, F) Green fluorescence shows CK19"cells. (C, G) Red
fluorescence shows sry* cells. (D) Merged figure of A, B, and C.
(H) Merged figure of E, F, and G. (A-D) Image of reactive
ductules and biliary-like cells (arrows) in portal tract areas
(original magnification, 400X). (E-H) Image of biliary-like
cells from confocal microscopy. (I) sry"/CK19™" cells per 400 x
magnification. Number of sry* cells in G-CSF-mobilized group
was more than that in PLTx (*P < .05). Number of sry*/CK19*
cells in PLTx + G-CSF group was more than that in G-CSF +
PLTx group (1P < .05).

cytes, whether or G-CSF per se promotes hepatocyte
regeneration in partial liver graft, we adopted the sex-
mismatched rat PLTx model because the Y chromosome
can be used as a specific marker of HSCs-derived hepa-
tocytes.

HSCs’ contribution to liver regeneration was evalu-
ated by in situ hybridization for sry after sex-mis-
matched transplantation. More sry* and sry*/CK19*
cells were seen in the G-CSF-mobilized group than that
in PLTx group, and more sry’ and sry/CK19-positive
cells in the PLTx + G-CSF group than in the G-CSF +
PLTx group. But the level of liver chimerism was the
same as the usually reported frequency of donor-de-
rived hepatocytes (usually <0.2%) in injured ani-
mals.'*3%3! Notably, only groups that had used the
fumarylaetoacetate hydrolase mouse model, which of-
fered a selective proliferative advantage in the trans-
planted cells, had displayed 30% to 50% liver regener-
ation with bone marrow-originated cells.!213-32
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To confirm sry" and sry'/CK19" cells involving in
liver regeneration, we first demonstrated that G-CSF
mobilization increased CD34" HSCs in peripheral
blood and liver graft, as was shown in PLTx + G-CSF
rats from day 3 to 14 and in G-CSF + PLTx rats from
day 1 to 7. Then the injury and regeneration of liver
graft were evaluated, and we demonstrated that G-CSF
mobilization after PLTx increased the survival rate of
partial liver graft, improved liver injury that was recog-
nized by damage scores; this was also confirmed by the
decreased activities of serum hepatic enzymes AST and
ALT. Liver regeneration could be assessed by different
tissue-based indices such as liver weights, mitotic
counts, DNA contents, and synthesis rates, and immu-
nohistochemical staining of nuclear antigens.?® These
parameters clearly showed that the labeling mitotic in-
dices and GRWR remained high on day 3 in PLTx +
G-CSF group compared with G-CSF + PLTx and PLTx
group. The data suggest that G-CSF administration af-
ter PLTx ameliorates the histological damage and pro-
motes regeneration of partial liver graft.

In the G-CSF-mobilized groups, we found different
effects of G-CSF administration before and after PLTx
on liver regeneration. An interpretation of our results is
that G-CSF could exert both direct and indirect effects
on the liver through cytokine cascade and could poten-
tially act as an unrecognized hepatocyte growth factor
inducer. Indeed, it had been reported that hepatocyte
growth factor levels in the serum of normal donors and
G-CSF-mobilized patients increase almost sevenfold.>*
And G-CSF was also reported to enhance hepatocyte
proliferation occurring after partial hepatectomy and
fulminant hepatic failure (FHF). These data may ex-
plain why the capacity of liver regeneration in PLTx +
G-CSF was higher than that in G-CSF + PLTx. Further-
more, priming mice and human beings with G-CSF had
also been shown to promote migration of committed
liver-specific stem cells preexisting in the bone marrow
into circulation.®® So another explanation of our find-
ings is partly due to more CD34" HSCs migrating into
liver graft and differentiating into hepatocytes and duct
epithelial cells in the PLTx + G-CSF group. CD34"
HSCs may affect liver regeneration in different ways.
First, related to the time of G-CSF administration, more
CD34 " HSCs migrated into the liver graft in the PLTx +
G-CSF than that in the G-CSF + PLTx group. Because
the histology of the liver graft appeared a change in
portal tract area and necrosis area, hence circulating
marrow-derived CD34 ", HSCs might enter the liver in
portal tract area and necrosis area, and differentiate
into hepatocytes and duct epithelial cells. The origins of
oval cells have been questioned. Although most re-
searchers tend to believe that the cells reside in the
canals of Hering, recent studies clearly indicate that at
least a portion of the oval cell could be derived from
bone marrow cells.'* 532 sry* /CK19™ cells, which ap-
pear the morphology of hepatic oval cells and cholan-
giocytes, exist in portal tract areas and suggest that
HSCs might differentiate into hepatic oval cells, then
into hepatocytes and duct epithelial cell. This could
also be confirmed by sry™ cells found around the portal

tract area. On the other hand, circulating marrow-de-
rived CD34" HSCs might enter the liver plates directly
from the sinusoidal circulation. These cells were most
often scattered throughout the parenchyma and could
intercalate randomly into preexisting liver cords di-
rectly as hepatocytes, so we could find scattered sry*
cells in liver lobule. Our results showed that bone mar-
row stem cells have the ability to repair liver injury,
similar to what has been shown with ischemic injury to
the myocardium.??

In our research, we reason that stem cells have the
ability to repair liver injury, but we cannot precisely
explain the actions of stem cells in liver regeneration, as
was also concluded by Thorgeirsson and Grisham,3®
who thought that bone marrow stem cells do not con-
tribute significantly to liver regeneration in most cir-
cumstances. Recently, several studies reported that
bone marrow cells adopt the phenotype of other cell
types by spontaneous cell fusion rather than by trans-
differentiation.'**® In our study, it remains unknown
whether sry* cells were generated by HSCs via trans-
differentiation or fusion with existing parenchyma.

In our research, the survival after PLTx (female to
male rats) was 50% lower compared with many of those
previously described in the literature. One explanation
for the low survival might be donor gender. Data from
Brooks et al.?” and Marino et al.?® confirmed inferior
graft and patient survival in males receiving the liver
from a female donor. Furthermore, Gu et al.?® recently
assessed the influence of the male environment on the
female liver graft by using a rat model. They found that
male recipients of female livers had a less favorable
outcome irrespective of graft size, and suggested that it
was possibly related to an enhancement of ischemia-
reperfusion injury by the lack of estrogen in male recip-
ients of female grafts. Therefore, these clinical and
experimental observations might support the phenom-
enon of low survival after female-to-male rat PLTx.

In conclusion, stem cell mobilization with G-CSF is
appealing as a potential therapy for improving liver
regeneration because it offers both ease of treatment
and universality of application. The present results pro-
vide the conceptual basis for the development of ther-
apeutic strategies aimed at stimulating the prolifera-
tion, mobilization, and targeting of these stem cells in
an effort to enhance recovery from liver injury of PLTx.
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