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nodes through lymphatic vessels is an important
indicator of poor prognosis in many types of malignant
tumors. Recently, much attention has been paid to the
concept of ‘sentinel lymph node’ to which the tumor
cells are first to lymphogeneously metastasize, e.g. it is
reported that the pre- or intra-operative examination of
sentinel lymph nodes is crucial for individualizing
operative procedures to avoid extensive surgical
resection [1].

The growing evidence for tumor-associated lym-
phangiogenesis, i.e. the formation of new lymphatic
vessels in tumor tissues, has been accumulated in recent
years [2,3]. Particularly, the correlation between
lymphangiogenesis and lymph node metastases, i.e.
whether the newly formed lymphatic vessels in tumor
tissues facilitate metastasis to the lymph nodes, has
been extensively investigated [4-11]. However, these
studies were carried out largely by focusing on vascular
endothelial growth factors (VEGFs) and their related
molecules expressed in tumor tissues, and the morpho-
logical evidence indicating the presence of proliferating
Iymphatic vessels in carcinoma tissues remained to be
unknown except the head and neck carcinoma [6,11].

The number of patients suffering from colorectal
carcinoma has increased gradually in Japan, potentially
due to changes in dietary habits [12]. However,
morphological evidence that the lymphatic vessels
actively proliferate in colorectal carcinoma has not
been reported. The present study was undertaken to
assay for proliferating lymphatic vessels in colorectal
carcinoma tissues using a newly devised triple immu-
nostaining method. Using this method, we statistically
evaluated whether the degree of lymphangiogenesis in
carcinoma tissues correlates with patients’ prognosis as
well as with various clinicopathological variables
including lymph node metastasis.

2. Materials and methods
2.1. Patients’ samples

Sixty-four patients, whose prognoses had been followed
up at least for 5 years after surgical resection of colorectal
carcinoma at the Department of Surgery, Shinshu University
Hospital, Japan, were randomly chosen for the present study.
Formalin-fixed and paraffin-embedded tissue blocks contain-
ing samples from these patients were retrieved from the
archive of the Department of Laboratory Medicine, Shinshu
University Hospital. Blocks represented carcinoma tissue and
tissue with normal looking appearance removed away from
carcinoma, and the latter is referred to as normal tissue. The
average age of the patients was 65.6 (range 31-85) years old.
Thirty-six patients (56.3%) were male, and 28 (43.7%) were
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female. Thirty-one patiénts (48.4%) presented with lymph
node metastasis at the time of postoperative diagnosis. Forty-
four patients (68.8%) had tumors with well differentiated
adenocarcinoma, 16 (25.0%) with moderately differentiated
adenocarcinoma, and 4 (6.3%) with poorly differentiated
adenocarcinoma. The Ethical Committee of Shinshu Univer-
sity School of Medicine approved the study plans.

2.2. Immunohistochemistry

The triple immunostaining method described here utilized
the following primary antibodies: anti-podoplanin antibody
(AngioBio, Del Mar, CA, USA) to detect lymphatic
endothelial cells [13], Ki-67 antibody (DakoCytomation,
Glostrup, Denmark) to detect proliferating cells [14], and
anti-human cytokeratin cocktail CK22 antibody (Biomeda,
Foster City, CA, USA) to detect epithelial cells [15].

Briefly, 3 um thick tissue sections were deparaffinized and
dehydrated, and endogenous peroxidase activity was blocked
by soaking in absolute methanol containing 0.3% H,0, for
30 min. Before immunostaining, antigen retrieval was carried
out by incubating tissue sections in a microwave in 10 mM
Tris-HCI buffer (pH 8.0) containing 1 mM EDTA. Sections
were blocked with 1% normal goat serum in 50 mM Tris

buffered saline, pH7.6 (ITBS) and incubated with the Ki-67

antibody for 60 min. After washing in TBS, slides were
incubated with a secondary antibody, EnVision+ (DakoCy-
tomation) for 45 min. 3,3-Diamino benzidine (DAB) was
used as a chromogen. For the second round of immunostain-
ing, the remaining peroxidase activity derived from EnVi-
sion+ was blocked by soaking in absolute methanol
containing 0.3% H,0, for 30 min. Sections were then
incubated with the CK22 antibody for 60 min. After washing
in TBS, slides were incubated with the EnVision+
(DakoCytomation) for 45 min, and the Vector VIP substrate
kit for peroxidase (Vector, Burlingame, CA, USA) was used
as a chromogen. For the third round of immunostaining,
sections were incubated with anti-podoplanin antibody for
60 min. After washing in TBS, slides were incubated with the
secondary antibody, alkaline phosphatase-conjugated rabbit
anti-mouse immunoglobulins (DakoCytomation) for 45 min,
and Vector blue alkaline phosphatase substrate kit III (Vector)
was used as a chromogen. These slides were mounted with
Dako Glycergel (DakoCytomation) mounting medium.

2.3. Evaluation of immunostaining

Evaluation of triple immunostaining was performed
without knowledge of the clinical data. Lymphatic vessels
were identified by both immunochemistry and the presence of
tube-like structures. Under a microscope, three optical fields
with the highest lymphatic vessel density (so-called ‘hot
spots’ [16]) were identified in each sample at X100
magnification. Lymphatic vessels were counted using X200
magnification, corresponding to an optical field of
0.7386 mm®. The lymphatic vessel density index (LDI),
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Fig. 1. Lymphatic vessels in normal and carcinoma tissues of the colorectum. Anti-podoplanin immunoreactivity is seen as blue, Ki-67 as brown,
and CK22 as violet. (A) Lymphatic vessels in normal colorectal tissues are mostly labeled by anti-podoplanin antibody alone. Note that a small
artery (a) and vein (v) lack podoplanin immunoreactivity. (B) Lymphatic vessels in carcinoma tissue are doubly labeled by anti-podoplanin
antibody and Ki-67 antibody but not by CK22 antibody (arrow). Bar =100 um.

which was defined as the sum of lymphatic vessels measured
in three hot spots, was calculated.

Proliferating lymphatic vessels, which were positive for
podoplanin and Ki-67 antigen but negative for cytokeratin,
were counted in the same three hot spots as described above,
and then the ratio of proliferating lymphatic vessels to all
lymphatic vessels in the optical fields was defined as the
proliferation index (PI).

2.4. Statistical analysis

Statistical analyses were performed using SPSS software
version 12.0 (SPSS/ Inc., Chicago, IL, USA). Comparisons of
LDI and PI in carcinoma tissue versus normal tissue were
carried out by the Mann—Whitney U-test. Analyses of 5-year
survival of patients based on the degree of LDI or PI were
carried out using the Kaplan-Meier method. Statistical
analyses correlating LDI or PI and various clinicopathological
variables were carried out by y*test. Differences were
considered significant when the P-values of <0.05 were
obtained.

3. Results
3.1. Detection of proliferating lymphatic vessels

Lymphatic vessels were identified by positive
immunoreactivity for podoplanin. In the normal color-
ectal tissues, lymphatic vessels were frequently found
adjacent to the muscularis mucosae as thin-walled and
tube-like structures exhibiting a distinct inner cavity
(Fig. 1A). By contrast, lymphatic vessels in carcinoma
tissues were observed mostly in the peritumoral area
and occasionally seen in the intratumoral area
(Fig. 1B). Vessels in carcinoma tissues showed various
morphological features such as flattening, thickened

walls, and smaller size relative to those observed in
normal mucosa.

Proliferating lymphatic vessels were identified as
doubly labeled with anti-podoplanin and Ki-67 anti-
bodies and negative for the CK22 cytokeratin antibody.
Significantly, such proliferating cells were seen with
greater frequency in carcinoma tissues than in normal
tissues (Fig. 1). Triple immunostaining allowed us to
easily exclude Ki-67-positive carcinoma cells found on
the margin of lymphatic vessels from proliferating
lymphatic cells by their positive immunoreactivity to
CK22 antibody (Fig. 2).

Fig. 2. Proliferating colorectal carcinoma cells in lymphatic vessels.
Adenocarcinoma cells that proliferate in lymphatic lumens are
identified by positive immunoreactivity to CK22 antibody (violet)
and Ki-67 (brown) antibody but not anti-podoplanin antibody (blue).
Bar=100 pm.
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Fig. 3. Scatter diagrams of lymphatic vessel density index (LDI) and proliferation index (PI) in carcinoma and normal tissues. Both LDI (A) and PI
(B) in carcinoma tissues are significantly higher than those in normal tissues. Small and large circles represent 1 and 10 patients, respectively.

Vertical bars indicate means + standard errors.

3.2. Evidence of lymphangiogenesis in colorectal
carcinoma

In order to test whether lymphangiogenesis was
occurring in colorectal carcinoma tissues, both the
number of lymphatic vessels observed in three ‘hot
spot’ areas of carcinoma tissues and the ratio of
proliferating lymphatic vessels to all lymphatic vessels
found in the same areas were assessed by measuring
lymphatic vessel density index (LDI) and proliferation
index (PI), respectively. Then, these indexes were
compared with those of normal tissues.

As shown in Fig. 3A, LDI of carcinoma tissues was
determined to be 102.7+6.7 (mean+ standard error)
vessels/3 hot spots, whereas LDI of normal tissues was
found to be 39.91 1.5 vessels/3 hot spots. Statistical
analysis revealed that LDI of carcinoma tissues was
significantly higher than that of normal tissues (P<
0.001). PI of carcinoma tissues was determined to be
13.340.8%, while PI of normal tissues was 1.6 +0.3%
(Fig. 3B). Again, PI of carcinoma tissues was
significantly higher in comparison with PI of normal
tissue (P<0.001). Taken together, these results
indicate that lymphangiogenesis occurs in colorectal
carcinoma.

3.3. Clinicopathological significance of lymphangio-
genesis in colorectal carcinoma

Finally, we examined the clinicopathological sig-
nificance of lymphangiogenesis occurring in colorectal
carcinoma. LDI measured in carcinoma tissues was
used to place patients into two categories: those above
the median values of LDI (89.0 vessels/3 hot spots)
defined as the high LDI group, and those lower than the

median value defined as the low LDI group. Similarly,
PI evaluated in carcinoma tissues was also used to
classify patients into two categories: those above the
median values of PI (11.5%) defined as the high PI
group, and those lower than the median value defined as
the low PI group.

Unexpectedly, 5-year survival analysis of all the 64
patients determined by the Kaplan—Meier method
revealed that the patients’ outcome was not significantly
different between the high LDI group and the low LDI
group (P=0.864), and similar results were also found
between the high PI group and the low PI group (P=
0.854). Because distant metastasis, which might affect
the patients’ prognoses, was present at the time of
operation in Duke’s D patients, we have then analyzed
45 patients, excluding Duke’s D. However again, no
significant differences were obtained for LDI (P=
0.346) and PI (P=0.617). We next compared the high
LDI group and the low LDI group in respect to various
clinicopathological variables such as lymph node
metastasis and clinical stage determined by Duke’s
classification, but no significant difference was observed
between these two groups (Table 1). The same
analyses were also performed between the high PI
group and the low PI group, but no significant difference
was obtained.

4. Discussion

In the present study, we have demonstrated that
lymphangiogenesis occurs in colorectal carcinoma. To
do so we devised a triple immunostaining method
evaluating immunoreactivity for Ki-67 antigen as a
marker of proliferation, for cytokeratin as an
epithelial cell marker, and for podoplanin as a
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Table 1
Association of lymphatic density and PI with clinicopathological parameters
Subject (n=64)  LDI P PI P
Low (%) -High (%) Low (%) High (%)
Location®
Proximal 28 12(42.9) 16(57.1) 0313 12(42.9) 16(57.1) 0.431
Distal 36 20(55.6) 16(44.4) 19(52.8) 17(47.2)
Histopathology®
Well 44 24(54.5) 20(45.5) 0.281 23(52.3) 21(47.7) 0.362
Moderate+poor 20 8(40.0) 12(60.0) 8(40.0) 12(60.0)
Lymph node metastasis
Negative 33 18(54.5) 15(45.5) 0.453 15(45.5) 18(54.5) 0.622
Positive 31 14(45.2) 17(54.8) 16(51.6) 15(48.4)
Duke’s classification®
A 6 3(50.0) 3(50.0) 0.956 4(66.7) 2(33.3) 0.558
B 21 11(52.4) 10(47.6) 8(38.1) 13(61.9)
C 18 8(44.4) 10(55.6) 10(55.6) 8(44.4)
D 19 10(52.6) 9(47.4) 9(47.4) 10(52.6)
Lymphatic vessel invasion
Negative 7 3(42.9) 4(57.1) 0.689 5(71.4) 2(28.6) 0.197
Positive 57 29(50.9) 28(49.1) 26(47.4) 31(52.6)

? ‘Proximal’ indicates cecum, ascending colon, and transverse colon, while ‘distal’ indicates descending colon, sigmoid colon, and rectum.
® ‘Well’ indicates well differentiated adenocarcinoma, while ‘moderate’ and ‘poor’ indicate moderately and poorly differentiated

adenocarcinoma, respectively.

¢ A, confined to the intestinal wall; B, complete penetration of the intestinal wall; C, presence of nodal involvement; D, presence of distance

metastasis.

lymphatic vessel-specific marker. This method ident-
ifies proliferating lymphatic vessels as podoplanin and
Ki-67 positive and distinguishes proliferating carci-
noma cells in the lymphatic lumen from proliferating
lymphatic endothelial cells by the positive immunor-
eactivity to cytokeratin seen in the former. This
method is advantageous over double immunostaining
methods used in our preliminary studies in which the
anti-podoplanin antibody and Ki-67 antibody positiv-
ity could not determine whether Ki-67-positive cells
at the margin of lymphatic vessels were lymphatic
endothelial cells or carcinoma cells that had invaded
lymphatic vessels (data not shown).

Recently, growing evidence has accumulated that
Iymphangiogenesis occurs and plays a role in carci-
noma: specifically, the expression level of vascular
endothelial growth factors (VEGFs) and/or their
receptors in carcinoma cells has been positively
associated with lymph node metastasis and poor
prognosis [4,5,7-9]. In particular, in colorectal carci-
noma, it has been reported that the expression level of
VEGF-D cytokine and the VEGF receptor VEGFR-3 in
the carcinoma tissues are significantly higher than those
in the normal tissues [7]. The same study also
demonstrated that transcriptional levels of the lym-
phatic endothelial markers, Prox-1, 5’-nucleotidase,

and podoplanin, were significantly higher in colorectal
carcinoma tissues than those in normal tissues,
suggesting that lymphangiogenesis occurs in colorectal
carcinoma. However, there has been no morphological
evidence for lymphangiogenesis in colorectal carci-
noma such as the demonstration of proliferating
lymphatic endothelial cells. Here, we provide such
evidence by showing that both LDI and PI, which are
indicators of lymphatic vessel density and growth
fraction of lymphatic vessels, were dramatically
elevated in colorectal carcinoma tissues compared to
normal tissues (see Fig. 3). Future study will be
necessary to investigate the correlation between the
lymphatic vessel proliferation (LDI and PI) and
expression of lymphagiogenic factors such as VEGFs
in this series of patients examined in the present study.

In the present study, we did not observe significant
positive correlations between the degree of lymphan-
giogenesis and clinical outcome. However, this result
does not simply exclude the possibility that lymphan-
giogenesis plays a role in the prognosis of colorectal
carcinoma, because the limited number of the patients
was examined in this study. Relevant to the present
results, Wong et al., recently demonstrated that the
expression level of VEGF-C secreted by a subline of
prostate cancer PC-3 cells transplanted in nude mice is
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positively correlated with increased lymphatic vessel
density, but the lymph node metaistasis was not
associated with the lymphangiogenesis thus formed
[10]. By contrast, Kyzas et al. demonstrated that
lymphangiogenesis found in head and neck squamous
cell carcinoma is closely associated with patients’
survival [11]. These results as a whole indicate that the
clinicopathological significance whether lymphangio-
geneis affects the patients’ survival rate or not might
depend on the tumor type as well. It will be of great
significance to determine the correlation between
lymphoangiogenesis and prognosis of the patients in
various types of cancer by using the triple immunos-
taining method developed in the present study.
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Abstract

Background/Purpose. This study was carried out to investi-
gate the risk factors contributing to hepatic artery thrombosis
in living-donor liver transplantation.

Methods. Two hundred and twenty-two recipients (113 adults
and 109 children) of living-donor liver transplantation were
the subjects of this study. The diagnosis of hepatic artery
thrombosis was made by color-Doppler ultrasonography
and/or hepatic angiography. Parameters for this study were:
(1) donor sex, age, and body weight; (2) recipient sex, age,
body weight, liver disease, preoperative prothrombin time,
and type of arterial reconstruction; and (3) previous liver
transplantation.

Results. Hepatic artery thrombosis occurred in 12 patients
(54%) at 3 to 15 days posttransplant. Recipient female sex
and metabolic disorder as the original disease were found to
be significantly associated with hepatic artery thrombosis. The
S-year patient survival rate in recipients with hepatic artery
thrombosis (58.3%) was significantly lower than that in recipi-
ents without this complication (84.4%).

Conclusions. Female sex and metabolic disease may be factors
contributing to hepatic artery thrombosis after living-donor
liver transplantation. More intensive anticoagulation therapy
for this patient population might decrease the incidence of
hepatic artery thrombosis and, thus, posttransplant recipient
mortality.

Key words Sex - Metabolic liver disease - Vascular reconstruc-
tion - Anticoagulation

Introduction

Hepatic artery thrombosis (HAT) after orthotopic liver
transplantation can lead to ischemia of the liver graft,
which can result in graft morbidity or loss or even pa-
tient death, because the potential collateral supply to

Offprint requests to: Y. Hashikura
Received: April 30, 2005 / Accepted: May 30, 2005

the graft is disrupted at the time of recipient hepatec-
tomy and the transplanted liver is particularly depen-
dent on hepatic arterial blood flow. Retransplantation
used to be the only possible therapy for HAT in up to
75% of patients, with a mortality rate approaching
50%.! Although urgent revascularization may avoid
the need for retransplantation,? early diagnosis is an
essential prerequisite for this strategy.? Technological
innovations in color Doppler ultrasonography have pro-
vided an accurate noninvasive method for the detection
of hepatic artery thrombosis before irreversible is-
chemic damage of the allograft occurs.*’

Early experience in living-donor liver transplantation
(LDLT) was plagued by HAT. Rates of HAT were as
high as 28%, and the high incidence of arterial throm-
bosis in early series led to adoption of the use of an
operating microscope.® Many LDLT centers have now
introduced the operating microscope.

The aim of the present study was to review, retrospec-
tively, our experience with 222 LDLTs from June 1990
to December 2004 at a single institution, with the inten-
tion of performing univariate and multivariate analyses
to identify factors associated with the development of
HAT.

Patients and methods

From June 21 1990 through December 31 2004, 222
consecutive LDLTs were performed in 219 patients at
our institution. All LDLTs were approved by the
Shinshu University Ethics Committee. The recipients
were 113 adults and 109 children. The analysis was per-
formed with a mean follow-up of 1777 days (range, 30—
5315). The patients were 24.6 + 23.0 years old (mean +
SD; range, 0.3-69.4 years) at the time of the LDLT, and
weighed 33.7 + 22.5kg (mean * SD; range, 4.0-83.5kg).
The median age of the adults was 44.7 years (range, 18—
69 years) and that of the children was 1.3 years (range,
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4 months to 16 years). The primary disease leading to
the need for LDLT was biliary atresia in 80 patients,
viral hepatitis in 27, fulminant hepatic failure in 26,
familial amyloid polyneuropathy in 25, primary biliary
cirrhosis in 23, citrullinemia in 10, primary sclerosing
cholangitis in 8, Alagille’s syndrome in 5, and others in
18. The donors were the patients’ parents for 129 pa-
tients, children for 42, spouses for 19, siblings for 22,
grandparent for 1, nephew for 1, cousin for 1, and
domino donors for 7. Sixty-six liver grafts were left-
lateral segments, 26 were extended-lateral segments,
104 were left lobes, 21 were left lobes with caudate
lobes, 4 were right lobes, and 1 was a posterior segment.

Donor operation

Preoperative evaluation for potential living-related
liver donors included a complete history and physical
examination, abdominal computed tomography (CT)
scan, and angiography. The CT scan was used to calcu-
late the size of the whole liver, left lobe, and left lateral
segment.” Prior to 2003, angiography was used to assess
the hepatic arterial supply, especially to the potential
graft, and the diameters of the hepatic arteries. There-
after, three-dimensional (3D) CT was used for this
purpose.

The donor hepatectomy was performed by a tech-
nique described previously.® The type of liver graft used
was dependent on the body build of the recipient and on
the calculated segmental volume of the donor liver. The
whole right lobe was harvested only in domino LDLT.
A left-lobe graft with or without the caudate lobe was
used in 108 of the 113 adult patients and was the most
common type of liver graft used.

All grafts were preserved with University of Wiscon-
sin solution.

Recipient operation

An end-to-end interrupted suture with 8-0, 9-0, or 10-0
nonabsorbable nylon monofilament sutures was used
for arterial anastomosis, performed under the operating
microscope, except for the first ten cases, in which a
surgical loupe was used. Eight stitches were initially
used for vessel anastomoses. In recipients in whom
there was only one graft hepatic arterial input, this was
anastomosed to the recipient artery. For 86 patients, the
graft had multiple arterial inputs. In 65 of these patients,
the thickest artery was reconstructed first and pulsatile
blood backflow was observed from the arterial stumps
that had not been anastomosed. In these patients, after
we had confirmed intrahepatic arterial blood flow by
intraoperative color-Doppler ultrasound, the remaining
arteries were not anastomosed. In contrast, in 21 pa-
tients, pulsatile bleeding from the nonanastomosed

T. Ikegami et al.: Hepatic arterial thrombosis in LDLT

stumps was not observed after rearterialization of the
largest artery, and all graft arteries were anastomosed
to the recipient arteries.’

The recipient left or right hepatic artery was used for
reconstructions in most cases. In three patients, the
right gastroepiploic or the jejunal artery was used be-
cause their hepatic arteries were damaged. A vascular
interposition graft was used in two patients.

Color-Doppler ultrasound was performed immedi-
ately after hepatic arterial reconstruction and during
the closure of the abdominal wall to demonstrate pa-
tency of the anastomosis.

Postoperative management

Initially, immunosuppression was performed with
cyclosporine, azathioprine, and steroids, and this
protocol was used until September 1993. Tacrolimus
and steroids have been used since October 1993.
As postoperative anti-coagulation therapy, low-dose
low-molecular-weight heparin, antithrombin, protease
inhibitor, and prostaglandin E, were administered intra-
venously. Fresh frozen plasma was also given to supply
anticoagulants. The hematocrit of the patient was kept
below 30% to minimize the blood viscosity.

Color-Doppler ultrasound was performed on each
postoperative day in all recipients to confirm the pa-
tency of the intrahepatic arteries. We defined HAT as
the complete occlusion of arterial blood flow to the
allograft; the diagnosis was based on color-Doppler ul-
trasound findings and confirmed by means of 3D CT
and/or hepatic angiography.

Analysis of risk factors

To explore the factors contributing to posttransplant
HAT in LDLT, we analyzed the etiology of the recipi-
ent liver disease (metabolic vs nonmetabolic); previous
liver transplantation; donor sex and age (equal to or
more than 60 years old, or less); recipient sex; age
(equal to or more than 18 years old, or less); body
weight (equal to or more than 15kg, or less); and preop-
erative prothrombin time, recipient/donor body weight
ratio, and type of arterial anastomosis (reconstruction
of all arterial inputs vs partial reconstruction of arterial
inputs).

Statistical analysis

Univariate analysis was performed for categorical vari-
ables, with the use of the Mann-Whitney U-test to iden-
tify independent risk factors for HAT after LDLT. We
analyzed continuous variables with a two-tailed un-
paired t-test. On univariate analysis, P = 0.005 was con-
sidered significant. Variables with P values of less than
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0.05 in the univariate analysis were entered into a for-
ward stepwise logistic regression analysis to estimate
the odds ratio (OR) of each artery complication (depen-
dent variables) and the presence or absence of potential
prognostic factors (independent variables). The OR
was defined as exp(B-coefficient) with 95% confidence
intervals (CIs). Kaplan-Meier estimates were used to
calculate graft survival curves. Differences in survival
curves were compared by log-rank statistics.

Results

All hepatic arterial anastomoses were patent immedi-
ately after reconstruction. HAT occurred in 12 patients,
which corresponds to 5.4% of all recipients. The time
interval between transplantation and the diagnosis of
HAT ranged from 3 to 15 days (mean, 6.8 days; median,
6.5 days).

Previous liver transplantation, and donor sex age; re-
cipient age, body weight, and preoperative prothrombin

Table 1. Risk factors associated with HAT
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time; recipient/donor body weight; and type of arterial
anastomosis were found not to be associated with the
occurrence of HAT, whereas recipient sex and liver
disease were found to be significantly associated with
HAT. The incidence of HAT in the 136 female patients
was significantly higher than that in male patients (8.1%
vs 1.2%; P=0.027). HAT was more common among the
39recipients who needed liver transplantation for meta-
bolic disease (12.8%) than in the 183 who needed trans-
plantation for nonmetabolic disease (3.8%; P = 0.024;
Table 1).

By logistic regression, recipient sex (OR, 4.023; 95%
confidence interval [CI], 1.04-65.0; P = 0.045) and etiol-
ogy of recipient liver disease (OR, 4.22; 95% CI, 1.07-
12.00; P = 0.040) proved to be independent predictors of
HAT. HAT developed in 5 of 26 recipients (19.2%)
who had the simultaneous presence of these two factors
(OR, 6.43; 95% CI, 1.87-22.1).

Of the 12 HAT patients, 11 were treated surgically.
One patient, who was diagnosed as having HAT on the
seventh postoperative day, with simultaneous thrombo-

Incidence of hepatic artery

Variables/category thrombosis P

Donor sex 0.6726
Male 7/122
Female 5/100

Donor age 0.5896
=60 Years 0/5
<60 Years 12/217

Previous transplantation 0.6775
Yes 0/3
No 12/219

Recipient sex 0.0266
Male 1/86
Female 11/136

Metabolic disease 0.0244
Yes 5/39
No 7/183

Recipient age 0.2624
<18 Years 4/109
=18 Years 8/113

Recipient body weight 0.8414
<15kg 4/80
=15kg 8142

Ratio of recipient’s body weight 0.2921

to donor’s body weight

<1.25 11/215
21.25 177

Prothrombin time 0.2919
<13s 5/63
=13s 7/159

Blood type 0.1644
Identical 7167
Nonidentical 5/55

Hepatic arterial reconstruction 0.7515
All 8/157
Partial 4/65
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sis of the portal vein, was treated without operation, and
she died. Among the 11 surgically treated patients, 9
patients were successfully revascularized (removal of
the thrombus and refashioning of the arterial anastomo-
sis), but 3 of them died, as a result of aspergillosis, lung
edema, and liver abscess, respectively. Revasculari-
zation failed in 2 patients, one of whom was retrans-
planted successfully, and the other died.

Overall actuarial patient and graft 5S-year survival
rates were 83.0% and 82.1% (Kaplan-Meier analysis).
The patient survival rates for the HAT patients (n = 12)
were 58.3%, 58.3%, and 58.3% at 1, 3, and 5 years,
respectively. The graft survival rates were 50.0%,
50.0%, and 50.0% at 1, 3, and 5 years, respectively.
These rates were significantly worse than those for pa-
tients who did not develop HAT (P = 0.0015 for patient
survival and P < 0.001 for graft survival).

Discussion

HAT is still one of the main causes of graft loss after
liver transplantation. Its incidence remains high, even in
the more recent reports from highly specialized and
experienced transplantation units, which makes it hard
to ascribe to difficulties in handling what is now a well-
established technique. In the series from the University
of Pittsburgh, even in the more recent era of retrospec-
tive analysis of 4000 consecutive transplants, HAT was
the indication for nearly one-third of the retransplan-
tations performed.!®

Various factors contributing to development of
vascular thrombosis have been proposed: technical
problems,23!! pediatric recipients, prolonged cold is-
chemic time,!?!3 severe hypotension,? the presence of a
postoperative hematocrit of more than 44%.,* cyto-
megalovirus (CMV) infection,’®¢ and acute rejection.!”

In our present patients, there was neither hypoten-
sion nor rejection prior to HAT. The ischemic time was
fairly short (106 £+ 23 min), and technical problems were
not observed at the time of reoperation. The hematocrit
prior to HAT was kept below 44% in all patients with
HAT. CMYV infection and acute rejection were not diag-
nosed in our HAT patients.

Recently, Oh et al.® showed that a recipient body
weight of less than 15kg or a recipient/donor body
weight ratio of greater than 1.25 were risk factors for
ischemic graft complications. The results from our se-
ries do not support these observations.

Vivarelli et al.' reported that donor age greater than
60 years was a predictor of HAT. In our current study,
donor age greater than 60 years was not a risk factor for
HAT. In our series, candidate donors older than 60
years underwent rigorous examination to rule out the
risk factors for donor hepatectomy, and candidates who

T. Ikegami et al.: Hepatic arterial thrombosis in LDLT

had diabetes mellitus or uncontrolled hypertension
were excluded. This procedure could decrease the num-
ber of donors with atherosclerosis and, consequently,
also decrease the possibility of older donors represent-
ing a risk factor for HAT.

In our study, recipients with metabolic liver disease
had a significantly higher risk of HAT than did those
with nonmetabolic liver disease. The metabolic liver-
disease group included 25 patients with familial amyloid
polyneuropathy, 10 with citrullinemia, 1 with carbamyl-
phosphate synthetase deficiency, 1 with Wilson’s dis-
ease, and 1 with glycogen storage disease type la.
Their liver functions, especially synthetic function,
were almost normal, except for the single patient with
Wilson’s disease. In such patients (i.e., those without
coagulopathy), not only is the coagulation state likely to
be normal but also the platelet count is not decreased
and the hematocrit may be high, unlike the situation in
patients with cirrhosis or fulminant hepatic failure. This
may be one of the reasons why this group experiences
the complication of HAT more often. The incidence of
HAT in patients with prothrombin time less than 13s,
showed a tendency to be higher than that in patients
with prothrombin time longer than 13s, although the
difference did not reach statistical significance. To-
gether, these data indicate that patients with metabolic
disease require more intensive posttransplant anti-
coagulation therapy.

Another risk factor in our series was recipient sex.
Female recipients experienced HAT more frequently
than did male recipients. We are unable to explain this
observation.

Our rate of HAT, 5.4%, is similar to that reported for
cadaver liver transplants, of approximately 7% (range,
4% to 25%).12202

Once the diagnosis of HAT after liver transplantation
has been confirmed, retransplantation has been consid-
ered the standard treatment in the majority of cases,
although a fraction of the grafts survive without inter-
vention and some can be salvaged by urgent thrombec-
tomy* and/or thrombolysis,? with revision of the arterial
anastomosis. Unfortunately, retransplantation is re-
stricted by a limited donor pool, especially in Japan, and
even when the damaged liver is replaced, these patients
often develop infectious and neurologic complications.
Recently, however, there have been a few reports show-
ing that, with early diagnosis, urgent reconstruction can
reduce the need for retransplantation.>?

With the introduction of color-Doppler ultrasound, a
noninvasive, easy-to-perform, accurate, and portable
diagnostic tool is available for the confirmation of
vascular patency following liver transplantation. This
allows for the liberal use of this modality in the post-
operative care of the recipients. As most HAT occurs in
the early period after liver transplantation, we believe
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that examination by color-Doppler ultrasound on a
daily basis is important to detect HAT before the graft
suffers irreversible damage, as was emphasized by
Nishida et al? In our series, 8 of the 12 HAT patients
did not experience hepatic failure.

In conclusion, female sex and metabolic disease are

factors contributing to HAT after LDLT. More inten-
sive anticoagulation therapy for this patient population
might decrease the incidence of HAT and, thus,
posttransplant recipient mortality.
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Abstract

Several recent studies have reported that bone marrow cells (BMCs) have the ability to generate functional hepatocytes. However, the
efficiency at which BMC transplantation generates functional hepatocytes is rather low. We assumed that if BMCs accumulated directly
in liver, the functional BMC-derived hepatocytes should increase efficiently. We tried to increase the accumulation of BMCs directly in
liver through the interaction between hepatic asialoglycoprotein receptor and desialylated BMCs. Desialylated BMCs were produced
with treatment of neuraminidase. Desialylated BMCs that expressed green fluorescent protein (GFP) were injected into Long Evans
Cinnamon (LEC) rats, a human Wilson’s disease model, intravenously. At 3 and 5 months after transplantation, GFP-expressing
hepatocyte nodules appeared in the liver of these BMC-transplanted LEC rats. These findings suggest that the functional BMC-derived
hepatocytes can be generated by the direct accumulation of BMCs and that this strategy is new BMC therapy for liver regeneration.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Bone marrow cells; Accumulation; Neuraminidase; Asialoglycoprotein receptor

Liver transplantation is one of the most important sur-
gical means of saving the lives of patients suffering from
otherwise fatal hepatic diseases, such as fulminant hepatitis
and severe congenital liver failure. However, the therapy
for these diseases is limited by a shortage of donors and
by high costs. Hepatocyte transplantation may be consid-
ered as a potential alternative to whole-organ replacement
in humans [1,2]. However, hepatocyte transplantation has
not yet been established as a reliable alternative to liver
transplantation, because it is difficult to obtain mature
and intact hepatocytes.

Bone marrow transplantation has been effective in treat-
ing metabolic deficiencies, such as the fumarylacetoacetate

" Corresponding author. Fax: +81 263 37 2573.
E-mail address: ise@sch.md.shinshu-w.ac.jp (H. Ise).

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/5.bbrc.2006.01.169

hydrolase (FAH)-deficient mice with hereditary tyrosine-
mia type I [3]. However, it is known that the appearance
of functional bone marrow cell (BMC)-derived hepatocytes
remains a rare event after transplantation; in addition, in
order to engraft another new BMCs in the liver and to
allow for the appearance of functional BMC-derived hepa-
tocytes, BMCs of a recipient must be replaced by another
new BMCs by hematopoietic reconstitution with prepara-
tive lethal irradiation [4]. To realize the goal of implement-
ing therapeutic BMC transplantation for liver disease as a
reliable alternative to liver transplantation, the generation
of functional BMC-derived hepatocytes must be raised effi-
ciently in the host liver.

If the direct accumulation of BMCs in liver could
increase without hematopoietic reconstitution in need of
preparative lethal irradiation, the generation of functional
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BMC-derived hepatocytes would increase efficiently and
safely in the liver. To accumulate BMCs directly in the liv-
er, we used asialoglycoprotein receptor (ASGPR) which
exists on hepatocyte surface for receptor-mediated endocy-
tosis and binds to galactose/N-acetylgalactosamine-termi-
nated ligands [5,6]. We tried to accumulate BMCs
directly in liver through specific interaction between desial-
ylated BMCs and ASGPR. The desialylated BMCs were
exposed to the galactose using neuraminidase (Nase) which
removes the terminal sialic acid from glycoprotein located
on the cell surface. We examined whether the treatment of
BMCs with Nase resulted in enhanced engraftment of
BMC:s though ASGPR in the liver (Fig. 1A).

In this study, Long Evans Cinnamon (LEC) rats were
used as the recipients for transplantation of desialylated
BMCs. LEC rats constitute an authentic model for hepatic
Wilson’s disease (WD) [1,7,8]. WD is an autosomal-reces-
sive disorder characterized by impaired biliary copper
excretion, hypoceruloplasminemia, and copper toxicosis,
due to mutations in the aip7b gene [9]. LEC rats develop
acute hepatitis by progressive copper accumulation and
are mortal around 4 months of age [1,7-9]. We hypothe-
sized that if BMCs were accumulated in the damaged liver
of the LEC rat, the appearance of BMC-derived hepato-

e Sialic acid
* Galactose

B FITC-PNA
Nase-untreated BMCs

Nase-treatment (

cyte is promoted and these hepatocytes compensate for loss
of hepatic function in this liver. We treated green fluores-
cent protein (GFP)-expressing BMCs, which were isolated
from GFP transgenic (Tg) rat, with Nase and transplanted
these cells into LEC rats intravenously, and examined the
appearance of BMC-derived hepatocytes by the expression
of GFP and ATP7B.

Materials and methods

Animals. LEC rats were purchased from Charles River Japan, Inc.
(Tokyo, Japan). Wistar and Tg rats (body weight: 180-250 g) were from
Japan SLC, Inc. (Shizuoka, Japan). Albumin-Discosoma sp. Red fluo-
rescent protein2 (Alb-DsRed2) Tg rats generated as described previously
have liver-specific red fluorescent protein expression that is driven under
the control of the albumin enhancer/promoter [10]. All experiments were
approved by Shinshu University Guide for Laboratory Animals.

Nase treatment of bone marrow cells. BMCs were isolated from male
Wistar, GFP Tg, and Alb-DsRed?2 Tg rats. BMCs were flushed from the
femoral and tibial bones of these rats and were prepared in Hanks’ bal-
anced salt solution (HBSS) (Invitrogen; Carlsbad, CA). These BMCs were
then filtered through a 70-um nylon mesh (Becton and Dickinson Com-
pany, Franklin Lakes, NJ). The BMCs (5x 107 cells/mL) were incubated
in HBSS containing 2 U/mL Nase type VI (5 U/mg protein; Sigma; St.
Louis, MO) for 60 min at 4°C. After Nase treatment, these cells were
washed three times with Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma). Using trypan blue (Wako Pure Chemical Industries; Osaka,

ASGPR

vy Y9 viovy
Hepatocyte

FITC-PNA + 10 mmol/L Lactose
2 units/mL Nase-treated BMCs

FITC-PNA + 10 mmol/L Maltose
2 units/mL Nase-treated BMCs

FITC- PNA
2 units/mL Nase-treated BMCs

10%

10

FLIH )
Log Fluorescence intensity

Fig. 1. Procedure and flow cytometric analysis for desialylated BMCs. (A) Procedure to expose galactose on BMC surface by Nase-treatment. (B) Flow
cytometric analysis for 2 U/mL Nase-treated and -untreated BMCs using FITC-conjugated PNA staining. Solid bold line, FITC-PNA-stained Nase-
treated BMCs; shaded area, FITC-PNA-stained Nase-untreated BMCs; smooth dotted line, PNA-FITC-stained Nase-treated BMCs with 10 mmol/L
maltose; rough dotted line, FITC-PNA -stained Nase-treated BMCs with 10 mmol/L lactose.
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Japan) exclusion, we confirmed that no damaged BMCs were caused by
Nase treatment. Nase treatment has been reported with no effect on
hematopoietic activity of BMCs [11,12].

Cell staining and flow cytometric analysis. The Nase-treated and
-untreated BMCs were incubated in HBSS containing 5 pg/mL fluorescein
isocyanate-conjugated peanut agglutinin (FITC-PNA) (Seikagaku
Corporation; Tokyo, Japan) for 30 min at 4 °C. Flow cytometric analysis
was carried out using FACS Calibur (Becton Dickinson and Company).

Hepatocyte preparation. Rat primary hepatocytes were isolated from
the livers of male rats using a modified in situ perfusion method [2,13].
Briefly, dead parenchymal hepatocytes were completely removed by den-
sity gradient centrifugation using Percoll (Amersham Bioscience; Buck-
inghamshire, UK). The viable parenchymal hepatocytes were then
suspended in DMEM containing antibiotics (50 pg/mL penicillin, 50 ng/
mL streptomycin, and 100 pg/mL neomycin) (Invitrogen). Hepatocytes
with >99% viability were used in this study.

Interaction of Nase-treated BMCs and hepatocytes. Nase-treated and
-untreated BMCs were labeled using the PK H26 red fluorescent cell linker
kit (Sigma). The Nase-treated or -untreated PKH26-labeled BMCs
{3 x 10°cells) were cocultured with hepatocytes (3 x 10° cells) in DMEM
containing 10% fetal bovine serum (FBS; Biowest; Rue de la Caille,
France) at 37 °C. At 0.5, 1, and 24 h after these BMCs were seeded onto
the monolayer, the medium was replaced by fresh medium and the
unattached BMCs were removed. The BMCs bound to hepatocytes were
observed using fluorescence microscopy (IX-70, Olympus Corporation;
Tokyo, Japan), and the number of these bound BMCs on randomly 10
independent areas was measured by NIH Image software (Bethesda, MD).

To examine the accumulation of these BMCs into normal liver in vivo,
these BMCs were labeled by 5 pg/mL Calcein AM (Wako Pure Chemical
Industries) and Calcein AM-labeled BMCs (1 x 107 cells) were intrave-
nously injected into rat. At 3 and 24 h after injection, cryosections (10-pm
thick) were prepared from these BMC-transplanted livers and immediately
observed by fluorescent microscopy. The number of accumulated BMCs in
the liver was counted on randomly 10 sections from these rats (n = 3, each
time point).

Detection of DsRed2- and GFP-expressing hepatocytes in coculture. We
isolated BMCs from Alb-DsRed2 Tg rat and cocultured these cells with
hepatocytes from GFP Tg rat [10]. The Nase-treated or -untreated BMCs
(3x10° cells) from Alb-DsRed2 Tg rat were incubated on a
GFP-expressing hepatocyte monolayer (3 x 10° cells). The cocultured cells
were incubated in DMEM containing 1 mg/mL insulin, 50 ng/mL epi-
dermal growth factor, and 10% FBS. At 5 days of incubation, the cells
were fixed in 4% paraformaldehyde (PFA) (Nacalai Tesque; Kyoto,
Japan) for 30 min at 4 °C and were incubated overnight at 4 °C with rabbit
anti-DsRed2 IgG (BD Biosciences Clontech; Palo Alto, CA) as the pri-
mary antibody. DsRed2-expressing hepatocytes were detected by rabbit
anti-DsRed2 IgG antibody, because we could not distinguish between
DsRed2-expressing hepatocytes and normal hepatocytes, due to strong red
auto-fluorescence of hepatocyte. After the cells were washed with
phosphate-buffered saline (PBS), they were incubated with peroxidase-
conjugated anti-rabbit IgG (Zymed Laboratories; South San Francisco,
CA). Peroxidase enzyme activity was detected with 3,3-diaminobenzidine
(Vector; Burlingame, CA) as the substrate. The GFP-expressing hepato-
cytes were detected by fluorescence microscopy.

Transplantation of BMCs from GFP Tg rat into LEC rat. Nase-treated
and -untreated BMCs (5 x 107 cells) from GFP Tg rat were injected into
16-week-old LEC rats 4 times over a period of 4 weeks or 10 times over 10
weeks, once per week, intravenously. Cyclosporin A (Wako Pure Chem-
ical Industries) was administered with 10 mg/kg/day as an immunosup-
pressant for the full treatment period. Rats were sacrificed and livers were
examined to observe and to analyze the transplanted BMCs. Each animal
group received transplants of both types of BMCs (n = 3, each).

Detection of BMC-derived hepatocytes. The transplanted BMC-derived
cells in the host livers were detected by observing GFP fluorescence. For
the observation of GFP fluorescence and immunohistochemical staining
for albumin and ASGPR, cryosections (10-um thick) from the host livers
were fixed in 4% PFA for 15 min before being incubated overnight at 4 °C
with rabbit anti-rat albumin IgG (Cappel; Cochranville, PA) and rabbit

anti-rat ASGPR-1 antiserum [2] as the primary antibodies, respectively.
This rabbit anti-mouse ASGPR-1 antiserum has been previously made by
our laboratory and recognizes the extracellular domain of mouse and rat
ASGPR-1 [2]. After the sections were washed with PBS, they were incu-
bated with Cy3-conjugated anti-rabbit IgG (Seikagaku Corporation) as
the secondary antibodies.

Laser capture microdissection, the extraction of total RNA, and reverse
transcription-polymerase chain reaction. To investigate gene expression in
the GFP-expressing nodules, we used laser capture microdissection (LCM)
and reverse transcription-polymerase chain reaction (RT-PCR). The LCM
for GFP-expressing nodules and extraction of total RNA from these
nodules were performed by Takara Biochemicals (Tokyo, Japan). The
total RNA was extracted from two GFP-expressing nodules (about 2000
cells per nodule), normal liver sections of LEC rat (GFP-negative cells),
and whole livers by Isogen (Wako Pure Chemical Industries). Single-
stranded complementary DNA was synthesized from 2 ng or 2 pg total
RNA using the SuperScript III™ First-strand Synthesis System for
RT-PCR (Invitrogen). The PCR was performed using the Tag PCR kit
(Qiagen; Hilden, Germany), according to previously published technique
[1]. Briefly, the PCR for rat atp7b, B-actin, and albumin gene was per-
formed using the atp7b primers (sense 5-CCATCTCCAGTGACATCA
G-3’; anti-sense 5-AGTCCCAATAGCAATGCC-3'), B-actin primers
(sense S'-GGAGAAGATTTGGCACCAC-3; anti-sense 5'-AGGCATA
CAGGGACAACAC-3'; nonamplified intron sequence, nucleotide
positions 1694-2157), and rat albumin primers (sense 5-TCCATTCAC
ACTCTCTTCGG-3'; anti-sense 5-AATTCTGCAAGCACTGTGC
C-3’). PCR for atp7b, B-actin, and rat albumin included denaturing at
94 °C for | min, annealing at 60 °C for 1 min, and extension at 72 °C for
2 min.

Measurement of oxidative activity of serum ceruloplasmin. The oxidase
activity of cernloplasmin was measured by incubating 10 pL. serum with
20 pug 3,3'-dimethoxybenzidine dihydrochloride (1 mg/mL o-dianisidine;
Sigma) in a final volume of 100 uL of 0.1 mol/L sodium acetate, pH 5.6,
for 5 and 15 min at 37 °C {14]. The reaction was stopped by adding 100 pL
concentrated sulfuric acid. Absorbance was read at 540 nm with respective
serum blanks containing sodium azide to inhibit oxidase activity. Normal
rat serum served as a standard. The oxidative activity of ceruloplas-
min = (Absorbance,; s min — Absorbances min) X 6.25 x 102 U/L.

Statistical analysis. A one-tailed unpaired Student’s ¢ test was used to
generate P values and determine the significance of all quantified differ-
ences in number of the adhesion of BMCs to hepatocyte monolayer and
liver between Nase-treated and -untreated BMCs. Data were expressed as
mean values & SD using P < 0.05 as the criterion of significance.

Results and discussion

Expression of terminal galactose residues on surfaces of
BMCs by Nase treatment

To examine whether Nase treatment enhanced the
expression of the terminal galactose residues on the
BMC surface, we performed flow cytometric analysis of
the Nase-treated BMCs using FITC-PNA staining. The
normal BMCs were stained slightly. BMCs that are
expressing terminal galactose residues on surface might
innately exist in the population of bone marrow cells,
without Nase treatment (Fig. 1B). However, the Nase-
treated BMCs were stained more intensely than normal
BMCs (Nase-untreated). In addition, the staining of
FITC-PNA to the Nase-treated BMCs was inhibited by
10 mmol/L. lactose but not by 10mmol/L maltose
(Fig. 1B). These results showed that Nase treatment
resulted in the striking expression of terminal galactose
residues on the BMC surface.
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Enhanced interaction through ASGPR between Nase-treated
BMCs and hepatocytes

We examined whether Nase-treated BMCs could recog-
nize hepatocytes through the interaction between ASGPR
of the hepatocytes and terminal galactose residues on sur-
face of Nase-treated BMCs. When Nase-treated and
-untreated BMCs were allowed to bind to a hepatocyte
monolayer, the binding of Nase-treated BMCs was aug-
mented in vitro, compared with that of Nase-untreated
BMCs (Fig. 2A). These results indicate that ASGPR on
the cell surface facilitates the binding of Nase-treated
BMCs to hepatocytes. Next, to examine whether Nase-
treated BMCs would accumulate into normal liver in vivo,
these BMCs were intravenously injected into rat. We found
that the Nase-treated BMCs accumulated in the liver more
than the Nase-untreated BMCs (Fig. 2B).

To investigate whether BMCs that were cocultured with
hepatocytes could acquire the characteristics of hepatocyte,
we used Alb-DsRed2 Tg rats that have a liver-specific
reporter gene expression of red fluorescent protein [10]
and cocultured BMCs from these rats with hepatocytes
from the GFP Tg rats. At 5 days of coculture, we detected
DsRed2-expressing hepatocytes and the number of
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0.0

24
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Fig. 2. Interaction between Nase-treated or -untreated BMCs and
hepatocyte monolayer and accumulation of Nase-treated or -untreated
BMCs in liver. (A) Number of Nase-treated or -untreated BMCs adhering
to hepatocyte monolayer at 0.5, 1, and 24 h after BMC seeding to the
monolayer. Each column represents the group mean=4 SD of 10
independent areas. *P < 0.05. (B) Number of Nase-treated or -untreated
BMCs accumulating into liver at 3 and 24 h after BMC injection. Each
column represents the group mean =+ SD of 30 independent areas in 3 rats
for each time point. **P <0.01. White bar, Nase-treated BMCs; black
bar, Nase-untreated BMCs.
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DsRed2-expressing hepatocytes was 9.1 £ 1.9 or 4.5+ 1.5
cells/em® in coculture of Nase-treated or -untreated Alb-
DsRed2 BMCs with GFP-expressing hepatocytes, respec-
tively. We found that all DsRed2-expressing hepatocytes
expressed GFP simultaneously (Fig. 3).

These results suggest that DsRed2-expressing cells are
derived from BMC and acquire the characteristics of hepa-
tocytes, and moreover, the Nase treatment promotes the
appearance of BMC-derived hepatocytes in vitro by at least
in part cell fusion.

Generation of BMC-derived hepatocytes in LEC rat liver by
transplantation of Nase-treated BM Cs

To investigate whether BMC-derived hepatocytes
increased in liver, we transplanted 5x 107 cells of Nase-
treated or -untreated BMCs into LEC rats once per week
for 4 or 10 weeks intravenously. To distinguish between
transplanted BMCs and recipient hepatocytes, transplant-
ed BMCs were isolated from GFP Tg rats. Table 1 shows
the number and size of GFP-expressing nodules in Nase-
treated and -untreated BMC-transplanted LEC rats. The
total number of GFP-expressing nodules in liver of Nase-
treated BMC-transplanted LEC rats was more than that
of Nase-untreated BMC-transplanted LEC rats at 3
months after transplantation. In both the Nase-treated
and -untreated groups, the GFP-expressing nodules
had diameters of about 200um at 3 months after

Fig. 3. DsRed2 immunocytochemical analysis in coculture of Nase-
treated Alb-DsRed2 Tg BMCs with GFP-expressing hepatocyte mono-
layer at 5 days after BMC seeding to the monolayer. (A) Normal
hepatocyte monolayer (negative control). (B) DsRed2-expressing hepato-
cytes isolated from Alb-DsRed2 Tg rat (positive control; immunostaining
by anti-DsRed2 antibody). Scale bars indicate 200 pm. (C,D) Coculture of
Nase-treated Alb-Red2 Tg BMCs with GFP-expressing hepatocyte
monolayer. DsRed2-expressing hepatocytes are indicated by black
arrowheads (C) and GFP fluorescence image of GFP-expressing hepato-
cyte monolayer (D) and white arrowheads indicated DsRed2-expressing
hepatocytes. Scale bars indicate 100 pm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this paper.)
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Table 1
Summary of Nase-treated or -untreated BMCs-transplanted LEC rats

Transplanted BMCs ~ Survival  Sacrificed months (frequency of transplantation) GFP-expressing nodules (30 sections) Size of nodule (pm)

Nase-treated

1 S 34 39 ~200

2 S 34 15 ~200

3 S 3(4) 20 ~200

4 S 5(4) 36 500~1000

5 D ~ (4) — —

6 D — (4 — —

Nase-untreated

1 S 2(4) 10 ~200
(died in 2 months)

2 S 3(4) 6 ~200

3 D — (4 — —

4 D — 4 — —

S D — @@ R —

6 D — (4) —_— —

S, survivor by sacrifice; D, death by sacrifice.

transplantation. The GFP-expressing nodules in LEC rats
that the Nase-treated BMC were transplanted into reached
diameters of approximately 500~1000 pm at 5 months after
transplantation (Table 1). To examine the ability of these
GFP-expressing nodules to have the hepatic functions,
the expression of albumin and ASGPR in these nodules
was examined by immunohistochemical staining. The
GFP-expressing nodules demonstrated the expression of
albumin and ASGPR (Fig. 4).

To investigate whether the GFP-expressing nodules
expressed ATP7B, we performed LCM in these nodules,
extracted total RNA from dissected nodules, and examined
the mRNA expression levels of ATP7B, albumin, and
B-actin in these nodules by RT-PCR. The GFP-expressing
cells expressed ATP7B and albumin (Fig. 5A). The GFP-
expressing nodules in the whole liver were too few to detect
the expression of ATP7B at 3 and 5 months after fourth
transplantation of BMCs. However, the expression of
ATP7B in the whole liver was clearly detected at 5 months

after 10th transplantation of the Nase-treated BMCs
(Fig. 5B). The activity of ceruloplasmin was also approxi-
mately 21%-24% of the normal rat level in the Nase-treated
BMC-transplanted LEC rats at 5 months after the 10th
transplantation (LEC rats: 11.0U/L, Nase-treated
GFP-BMC-transplanted LEC rats: 40.0 U/L, and normal
rats: 168.0 U/L), and the GFP-expressing nodules in these
rats occupied approximately 2.4% of total liver mass from
the calculation of a number and size of these nodules.

The frequency of GFP-expressing hepatocytes increased
in the group with transplantation of Nase-treated
GFP-BMCs, compared with that of Nase-untreated
GFP-BMCs. These hepatocytes had not only normal
hepatic function but also azp7b, the lacking gene in the
LEC rat. These results suggest that the directly accumulat-
ing BMCs in liver could promote the appearance of BMC-
derived hepatocytes.

It is curious to investigate whether BMC-derived hepato-
cytes were generated by cell fusion or transdifferentiation.

Fig. 4. Immunohistochemical analysis of albumin and ASGPR for GFP-expressing nodules in liver of LEC rat at 3 months after the fourth
transplantation of Nase-treated GFP-BMCs. GFP fluorescence image (A), immunohistochemical image of albumin (B), and merged image of GFP
fluorescence and albumin immuno-staining (C). GFP fluorescence image (D), immunohistochemical image of ASGPR (E), and merged image of GFP

fluorescence and ASGPR immuno-staining (F). Scale bars indicate 100 pm.
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A M 1 2 3 4

5 ]

<— Ratalbumin
(938 bp)

«— ATP7B (380 bp)

<«— B-actin (188 bp)

2. GFP-expressing nodules

1. Negative control (no GFP-expressing region)

3. Positive control (normal liver)

«— ATP7B (380 bp)
(..... B-actin (188 bp)

1. LEC rat liver

5. Normal rat liver

2. LEC rat liver that Nase-treated GFP-BMCs were transplanted into
(at 3 months after the 4th transplantation)

3. LEC rat liver that Nase-treated GFP-BMCs were transplanted into
(at 5 months after the 4th transplantation)

4. LEC rat liver that Nase-treated GFP-BMCs transplanted into
(at 5 months after the 10th transplantation)

Fig. 5. Expression of ATP7B in liver of LEC rats with transplanted Nase-treated GFP-BMCs. (A) Expression of ATP7B and albumin in GFP-expressing
nodules dissected by LCM. RT-PCR analysis of the dissected no GFP-expressing region (lane 1,4), GFP-expressing nodules (lane 2,5), and ATP7B-
expressing region in normal liver (lane 3,6). (B) ATP7B expression in whole liver of LEC rat with transplanted Nase-treated GFP-BMCs. Whole liver of LEC
rat (negative control) (lane 1), whole liver of LEC rat transplanted with Nase-treated GFP-BMCs at 3 months (lane 2), 5 months (lane 3) after the fourth
transplantation, 5 months after the 10th transplantation (lane 4), and whole liver of normal rat (positive control) (lane 5). M, 100 bp DNA ladder marker.

Since there are numbers of reports that BMC-derived hepa-
tocytes are generated by both fusion and transdifferentiation
[3,4,10,15-20], we focused on the development of strategy for
accumulation of BMCs in the liver in this study. However,
in vitro experiments, we demonstrated that BMC-derived
hepatocytes might be mainly generated by cell fusion. Fur-
ther investigation was required to elucidate the precise mech-
anism of BMC-derived hepatocytes in vivo.

It is important to find BMC fractions that are facilitated
to fuse or transdifferentiate into hepatocytes in order to
achieve more efficient therapeutic system by transplanta-
tion of a small number of BMCs. Myelomonocytic cells
such as macrophages are reported to fuse to hepatocytes
[16,17]. Therefore, if Nase-treated myelomonocytic cells
are transplanted into LEC rats, the appearance of many
BMC-derived nodules may be realized more efficiently by
the transplantation of a small number of cells.

Concluding remarks

In conclusion, we have demonstrated that direct accu-
mulation of desialylated BMCs into liver increased the
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proportion of functional BMC-derived hepatocytes that
transferred new BMC-derived genes such as ATP7B and
GFP, and complemented the deleted function in LEC rats.
This strategy would enable us to provide an aid for devel-
opment of safer BMC therapy for liver regeneration with-
out hematopoietic reconstitution in need of preparative
irradiation.
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