Statistical Analysis
One-way analysis of variance (ANOVA) was used to

determine significance of the lacZ-positive cells number

and the marker protein produced in the medium using
© StatView 5.0 software (SAS Institute, Cary, NC). If a
probability value of p <0.05 was obtained, the Tukey
test was then used for comparison for each group with
the appropriate control. Values throughout the present
study are given as a mean £ SD. Statistical differences
in the value of hAAT serum were determined by Stu-
dent’s t-test. A probability value of p < 0.05 was consid-
ered statistically significant.

RESULTS

Establishment of Adenoviral-Mediated
Gene Transduction Methods for Mouse
Hepatocytes in Suspension

To determine the optimal conditions for adenoviral-
mediated gene transduction into the isolated mouse he-
patocytes, we altered the hepatocyte suspension medium
as well as the incubation time with the adenoviral vec-
tors. Hepatocytes were resuspended with either UW so-
lIution, DMEM, or DMEM with 10% FBS and infected
with Ad-CA-lacZ for different incubation periods (from
4 min to 6 h) at a MOI of 1 at 4°C.

‘As shown in Figure 1A, hepatocytes suspended with
UW solution demonstrated significant higher transduc-
tion efficiency than the other solutions, particularly dur-
ing the shorter incubation periods from 4 minup to 1 h.
Over 80% of transduction efficiency (83.2 +3.6%)
could be achieved by using UW solution for 1-h infec-
tion. Viability and maintenance of the differentiated sta-
tus of the Ad vector-treated hepatocytes were then deter-
mined by the hAAT and albumin production levels into
the culture medium, respectively. No significant differ-
ence in the hAAT and albumin protein levels were de-
tected in the culture medium, but the primary hepato-
cytes incubated in the UW solution had significantly
higher hAAT and albumin at the longer incubation peri-
ods (i.e., 3 and 6 h) compared to the other two suspen-
sion media (Fig. 1B, C). For these reasons, we used the
UW solution in all of the subsequent experiments.

Increasing doses of adenoviral vector were tested to
determine the optimal amount necessary for efficient he-
patocyte transduction using UW solution and the 1-h in-
cubation period. As shown in Figure 2A and B, the he-
patocytes showed a dose-dependent increase in the
adenoviral transduction efficiency, reaching over 80% at
MOI of 1. Because Ad vectors are known to produce
cytotoxicity at higher dose of vector infection, we deter-
mined cell viability by hAAT production and mainte-
nance of differentiated function by albumin production
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in the culture medium. Cell viability as well as function
was stably maintained at MOIs between 0.04 and 1.
Both the hAAT and albumin levels significantly de-
creased (p <0.01) using adenoviral vector doses at
MOIs higher than 5 or 25 (Fig. 2C, D). From these data,
we have optimized efficient adenoviral-mediated trans-
duction method using a MOI of 1 for an incubation pe-
riod of 1 h in the UW solution as a cell suspension me-
dium at 4°C. This optimized condition was used in the
subsequent hepatocyte transplantation experiments.

Transplantation of Adenoviral
Vector-Treated Hepatocytes

To determine the feasibility of the adenoviral vector-
treated hepatocytes for cell-based therapies, we frans-
planted Ad-CA-lacZ-treated hepatocytes into the liver
through the portal vein or into an ectopic site under the
kidney capsule. At both transplantation sites, the trans-
planted hepatocytes genetically modified in a suspension
as well as standard culture conditions with Ad-CA-lacZ
were found to strongly expressed f3-gal protein (Fig. 3A,
C, E and Fig. 4A, C, and E) and demonstrated that the
transduced gene was functionally transcribed and trans-
lated after transplantation in vivo. However, the survival
characteristics of the hepatocytes differed depending on
the site of transplantation. Under the kidney capsule, the
Ad vector-treated hepatocytes were capable of surviving
on a long-term basis regardless of the vector infection
method (Fig. 4A-F). As measured by serum hAAT lev-
els of mice following hepatocyte transplantation into the
liver, cells infected in suspension demonstrated signifi-
cantly higher survival than those infected in conven-
tional adherent culture (Fig. 31). We then determined the
number of engrafted donor hepatocytes (hAAT-positive
hepatocytes) and Ad infected hepatocytes (X-gal-posi-
tive hepatocytes) by counting 20,000 hepatocytes within
the recipient liver at day 7. As shown in the Figure 3J,
the number of X-gal-positive hepatocytes (82.8 = 16.5)
accounted for 81.3 & 4.7% of the number of donor hepa-
tocytes (101.6 +21.5), showing consistent percentage
(83.2 £3.6%) of X-gal-positive hepatocytes used for
transplantation. These data clearly demonstrated that Ad
infection process itself did not affect on the engraftment
rate in the liver.

The lower survival efficiency of the cultured hepato-
cytes in the liver is likely due to the difficulty of the
hepatocytes to traverse from the portal vein into the liver
plates via the sinusoidal pores. This would result in the
cellular death as evidenced by our findings that nearly
all of the cultured hepatocytes were aggregated in the
portal pedicles at the day 2 time point, and that these
hepatocytes had been eliminated at day 7 as evidenced
by histological examination (Fig. 3E-H).
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Figure 1. Optimization of Ad vector-mediated transduction into primary mouse hepatocytes in vitro. Hepatocytes in suspension
with different medium (UW, DMEM with 10% FBS, DMEM) were infected with Ad-CA-lacZ at a MOI of 1 for different incubation
times at 4°C. After the Ad vector incubation step, the hepatocytes were washed extensively and cultured for an additional 32 h on
Primaria culture dishes. (A) Transduction efficiency was determined as a percentage by counting the X-gal-positive hepatocytes
relative to the total number of hepatocytes. Filled circles: UW solution; open triangles: DMEM with 10% FBS; open squares:
DMEM. Values are expressed as mean* SD. (B) Viability of Ad vector-treated hepatocytes as determined by hAAT protein
secretion into the culture medium. (C) Maintenance of the differentiated status of the Ad vector-treated hepatocytes as determined
by the albumin production inte the culture medium. Filled columns: UW solution; open columns: DMEM with 10% FBS; striped

columns: DMEM. *p < 0.05 versus the other two groups (n =4).

Ad-CA-lacZ-treated hepatocytes under kidney cap-
sule were able to express the transduced marker gene
(lacZ) as well as sustain the production of the serum
marker protein (hAAT) for 7 days after the transplanta-
tion procedure in both suspension condition and culture
conditions (Fig. 4A-D, G). In order to observe long-
term survival of vector-treated hepatocytes in vivo, we
infected hepatocytes with Ad-null or a mock (vehicle)
solution under the suspension condition. Both groups
showed stable survival under the kidney capsule for 26
weeks without showing intergroup differences (Fig. 4H).
Hepatocytes infected in suspension were able to express
the transduced marker gene (lacZ) under the kidney cap-
sule for 21 days after the transplantation (Fig. 4E-F).
No lacZ-positive cells were detected in other extra-renal
organs, including liver, lung, intestine, and spleen.

Efficient Adenoviral Vecror-Mediated Transduction of
Isolated Primary Hepatocytes From Different Species

To determine if the established approach for the ade-
noviral-mediated gene transduction to primary hepato-
cytes is not specific to murine cells, similar experiments
were tested in primary hepatocytes isolated from canine,
porcine, and human liver. Hepatocytes were infected
with Ad-CA-lacZ at increasing MOIs ranging from 0 to
100 for 1 h while cells are in suspended in UW solution.
As shown in the Figure 5A and B, more than 80% trans-
duction efficiency could be achieved at MOI of 1 at he-
patocytes of any species. Among hepatocytes from four
different species, human hepatocytes showed the highest
transduction efficiency at MOI of 1 (94.5 +3.3%). As-
sessment of cellular function of the vector-treated hu-
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Figure 2. Efficient transduction using Ad vectors in a suspension solution of isolated hepatocytes. B-Galactosidase expression in
hepatocytes following Ad vector-mediated transduction at increasing MOI from 0 to 100. Isolated hepatocytes were infected with
Ad-CA-lacZ in suspension using UW solution at 4°C. After the Ad vector infection, cells were washed extensively and cultured
for an additional 32 h on Primaria culture dishes with DMEM -medium. (A) Gross morphological appearance of X-gal-stained
hepatocytes infected with Ad-CA-lacZ. Note that there was a dose-dependent increase in X-gal-positive cells from hepatocytes
infected with a MOI of 0.04 to 1. (B) Transduction efficiency as determined as a percentage by counting the X-gal-positive
hepatocytes relative to the total number of hepatocytes. (C) Viability of Ad vector-treated hepatocytes determined by hAAT protein
secretion into the culture medium. (D) Maintenance of the differentiated status of the Ad vector-treated hepatocytes as determined
by the albumin production into the culture medium. *p < 0.05 versus MOI of 1 or lower (n= 4). tp < 0.05 versus MOI of 5 or

lower (n=4).

man hepatocytes in terms of the plating efficiency, a
significant difference between MOI 1 compared to MOI
100 was observed (p <0.01) (Fig. 5C). Functional as-
sessment by measuring hAAT production into the me-
dium showed stable level production at MOI of 0.04 to
5, but the production level decreased at increasing doses
of adenoviral vector beginning at a MOI of 10 (Fig. 5D).

DISCUSSION

The present study describes a clinically relevant ap-
proach to sustain artificial liver function by transplanting
isolated primary hepatocytes genetically modified using
adenoviral (Ad) vectors under the kidney capsule. The
primary hepatocytes were efficiently transduced using a
low dose of Ad vector with minimal cell suspension
time (i.e., 1 h). Functional preservation of the Ad vector-
treated hepatocytes was confirmed by hAAT and albu-
min protein expression levels in vitro. Moreover, the he-

patocytes were capable of maintaining their engraftment
potential after transplantation into the liver and under
the kidney capsule. The current protocol described in
our study was able to be used for not only mouse pri-
mary hepatocytes, but from other large-animal species,
including humans. These results provide tremendous po-
tential for modifying cells, including hepatocytes, as a
therapeutic method to promote hepatic tissue engineer-
ing following transplantation.

Genetic modification of hepatocytes as an ex Vivo
gene therapy has been a major paradigm in the advance-
ment of hepatocyte-based therapies (10,18,23,35,44,48).
In the transplantation setting of allogeneic liver grafts or
hepatocytes, researchers have experimentally succeeded
in achieving immune tolerance or immune system sup-
pression effects by transducing immunosuppressive genes
in an ex vivo fusion to the grafts (14,43,49). Ex vivo
gene transduction to hepatocytes in culture condition has
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Figure 3. Demonstration of lacZ expression in Ad vector-transduced primary hepatocytes transplanted into the liver. Primary
hepatocytes were infected with Ad-CA-lacZ in suspension under the condition of MOI of 1, UW solution for 1 h. After extensive
washes, hepatocytes were transplanted (A-D) (see Materials and Methods section). Isolated hepatocytes were also infected with
Ad-CA-lacZ in conventional (cell attached) culture conditions and then recovered from the culture dish for transplantation (E-H).
The grafts were obtained at 2 days (A, B, E, F) or 7 days after transplantation (C, D, G, H). (A, C, E, G) B-Galactosidase expression
of the transplanted hepatocytes; (B, D, F, H) immunochistochemical staining for hAAT, a marker protein produced in the trans-
planted hepatocytes. (A~H) Original magnification x100. (I) The survival ability of transplanted hepatocyte as measured by the
mouse serum hAAT level. Open columns: vector was infected in suspension; filled columns: vector was infected in culture condi-
tion. (J) Number of donor hepatocytes and gene-transduced donor hepatocytes engrafted in the liver determined by counting hAAT
staining positive and X-gal staining positive hepatocytes, respectively. Values were expressed number of each staining positive

hepatocytes per 20,000 hepatocytes counted. #p < 0.01 between groups.

also been experimentally applied to treat inherited ge-
netic liver disorders (11,22). These ex vivo transduction
methods followed by transplantation of autologus hepa-
tocytes have been used clinically to treat patients with
familial hypercholesterolemia (18). Although the proce-
dures have been safely performed, minimal therapeutic
effects have been observed (18,44). In these conven-
tional ex vivo gene transduction approaches, hepatocyte
cell culturing requires a minimum of 2—4 days to com-
plete. During this time period, there will be at least two
negative impacts that will decrease the efficiency for
clinical applications: first, the hepatocytes will generally
lose their function rapidly (45), and second, the length

of time needed for the cell culture step will make it diffi-
cult to transport the cells to other hospitals in a timely
fashion to treat critically ill patients.

In marked contrast, the benefit of our approach for
ex vivo gene transduction of hepatocytes is highlighted
by the facts that: 1) requires only an hour for the incuba-
tion of the vector; 2) can be performed as a cell suspen-
sion without the need for cell culture work; and 3) yields
extremely high transduction efficiency with minimal ad-
verse effects on cellular function was observed. Because
we have confirmed that Ad vector infection could be
performed at 4°C using UW solution,. our approach is
clinically applicable and could be performed during the
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Figure 4. Hepatocyte transplantation under the mouse kidney capsule. Genetically modified primary hepatocytes (either in a suspen-
sion or standard culture conditions), which were genetically modified using Ad vectors, were transplanted under the mouse kidney
capsule. Hepatocytes were infected with Ad-CA-lacZ in suspension under the condition of MOI of 1, UW solution for 1 h. After
extensive washes, hepatocytes were transplanted (A, B, E, F) (see Materials and Methods section). Isolated hepatocytes were also
infected with Ad-CA-lacZ in conventional (cell attached) culture conditions and then recovered from the culture dish for transplanta-
tion (C, D). The grafts were obtained at 7 days (A-D) or 21 days (E, F) after transplantation. (A, C, E) B-Galactosidase expression
of the transplanted hepatocytes; (B, D, F) H&E staining. (G) Transplanted hepatocyte survival level determined by the mouse
serum hAAT level at 2 or 7 days after transplantation. Open columns: hepatocytes were infected with Ad vector in suspension;
filled columns: hepatocytes were infected with Ad vector after attachment to the dish. (H) Survival of transplanted hepatocyte
determined by the mouse serum hAAT level for long term. Circles: mock-treated hepatocytes in suspension; triangles: hepatocytes
infected with Ad-CA-null in suspension at MOI of 1.

transport process to other transplantation centers. Upon ing receiving lver transplantation (16,35.48). In con-
arrival at the center, only several wash steps would be trast, long-term effect would be necessary for the treat-
needed to remove the Ad vector and the cells would be ment of hereditary metabolic liver disorders. Ad vectors
ready for transplantation within 30 min. This would incorporated with a DNA transposon system or bacterio-
prove to be a highly important and significant step in phage integrase may allow for genomic integration lead-
the utility of this ex vivo gene therapy approach. ing to the permanent transgene expression (42,52).

To date, a variety of Ad vector systems have been In terms of safety, major concerns have been described
developed to allow for differential periods of transgene in the literature about the potential occurrence of Ad
expression, which would allow for our hepatocyte trans- vector-mediated immunogenic responses following the
plantation system to be tailored with these different epi- infusion of the vector into the systemic circulation (9,24,
somal and integrating vector systems. Because early 47). Because our approach includes several cycles of the
generation Ad vectors have a transient period of trans- washing prior to the transplantation step, the exposure
gene expression (i.e., few weeks to months) (24), an to the Ad vector would be greatly minimized. Greber et
ideal pathological disorder to treat would be fulminant al. (17) have shown that only a small fraction of the cell
liver failure. Transient therapeutic effect of cellular surface attached adenovirus released from cell surface.
transplantation would fulfill the critical hepatic failure Furthermore, studies have shown that internalization

status to complete cure or bridge the patients to the tim- process of the cell surface attached adenovirus was com-
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Figure 5. B-Galactosidase expression in canine, porcine, and human hepatocytes following adenoviral vector-mediated transduction
into primary hepatocytes. Hepatocytes in suspension were infected with Ad-CA-lacZ at increasing MOI for 1 h at 4°C. After the
Ad vector infection, hepatocytes were washed extensively and cultured for an additional 32 h on Primaria culture dishes using
DMEM medium. (A) Gross morphological appearance of the X-gal-stained human hepatocytes that were infected with Ad-CA-
lacZ in suspension. (B) Transduction efficiency determined as a percentage of X-gal-positive hepatocytes to the total number of
hepatocytes. Open circles: human hepatocytes; open triangles: porcine hepatocytes; open squares: canine hepatocytes; filled circles:
mouse hepatocytes (note that the mouse hepatocyte data were replotted from Fig. 2B). (C) Plating efficiency of the Ad vector-

treated human hepatocytes. (D) Functional analyses of the Ad vector-treated human hepatocytes as measured by hAAT production

in the culture medium. *p < 0.05 versus MOI of 5 or lower.

plete on the order of minutes once the cell temperature
warmed up to 37°C (17,27). With these findings, it may
reasonable to speculate that the presently described ex
vivo gene transduction approach would allow for mini-
mal virus exposure to the recipient compared to the vec-
tor injection approach. The evidence of the minimal
vector shedding was confirmed by the lack of X-gal-
positive cells in any of the other organs harvested in our
study. Because the CAG promoter used in the present
study is a strong and ubiquitous promoter (1), X-gal-
positive cells should have been detected if unwanted
transduction occurred via vector shedding into the gen-
eral circulation. The localized transplantation coupled to
our simple and safe approach clearly demonstrates an
immediate benefit for the advancement of hepatocyte-
based therapy in the clinics.

Because UW solution has been shown to have a role
as an organ preservative (2), we used this solution to

suspend our isolated hepatocytes to determine its effects
on Ad vector-mediated transduction efficiency as well
as on the preservation of the hepatocyte function. This
solution was compared with other conventional cell cul-
ture media, including DMEM and DMEM with FBS.
Our finding that the UW solution can be effectively used
to support high transduction of Ad vectors into the sus-
pended hepatocytes was consistent with a previous re-
port by Takesue et al. (50) where suspended porcine he-
patocytes were successfully cold preserved for 8 h using
UW solution. Although the precise mechanism for the
higher transduction efficiency of Ad vectors in the UW
solution is not fully understood, it may be due to better
preservation of the hepatocyte cell surface, which is rich
in adenovirus receptors that are important for viral endo-
cytosis and internalization (3,51). Because several inhib-
itory factors in the serum have been identified for adeno-
viral infection (4), it may not be a good idea to use FBS
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or human serum as a supplement of the suspension me-
dium. In fact, our present study clearly showed a lower
transduction efficiency in the DMEM with FBS group
compared with the DMEM group at a MOl of 0.5 or lower.

Previous work in our laboratory demonstrated that
transplantation under the kidney capsule can offer higher
hepatocyte survival compared to the transplantation of
cells into the liver through the portal vein (34,40,41).
When the hepatocytes were transplanted under the kid-
ney capsule, the 2-day-old cultured hepatocytes did not
show any observable differences in terms of cell engraft-
ment rate and hepatocyte function compared with those
of freshly isolated hepatocytes (34). Along with these
data, our present study described the advantage of the
ectopic kidney capsule site for tissue engineering pur-
poses by achieving higher engraftment rates regardless
of whether the Ad vector transduction was performed in
suspension or in normal cell culture conditions. In
marked contrast, engraftment in the liver could only be
achieved when the hepatocytes had not been cultured
prior to transplantation. Histological analyses at week 1
revealed that transduced hepatocytes in suspension
translocated from the portal pedicles into the liver pa-
renchyma. However, most of the transduced hepatocytes
that underwent the normal culture condition failed to mi-
grate into the liver parenchyma. The mechanism of the
poor engraftment of the cultured hepatocytes trans-
planted into the liver has not been fully understood;
however, one plausible explanation is the lack of inte-
grin-dependent cellular signals on the cultured hepato-
cytes. The integrin family is key molecules promoting
cellular adhesion and attachment (6,45), and the harvest-
ing step during cell culture can routinely tear off some
of the extracellular matrix components and integrins
from the hepatocytes (45). Newsome et al. (31) have
recently shown that the poor engraftment of hepatocytes
transplanted into the liver could be overcome by activa-
tion of B1-integrin receptor of the grafts. The importance
of Pl-integrin-dependent cellular signals was also sup-
ported by our recent findings that providing type IV col-
lagen, a potent ligand for B1-integrin, significantly in-
creases the engraftment rate of transplanted hepatocytes
(40). Regardless of the mechanisms, our approach for
the hepatocyte-gene transduction as a suspension solu-
tion resulted in higher engraftment under the kidney
capsule as well as the liver.

In summary, the present studies demonstrated effi-
cient gene transduction of isolated mouse hepatocytes
using a short and simple approach. These genetically
modified primary hepatocytes were capable of high en-
graftment efficiency following transplantation in vivo.
These findings clearly represent an important step for-
ward in advancing hepatocyte-based ex vivo gene thera-
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pies and hepatic tissue engineering for clinical applica-
tions to treat liver diseases.
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Background/Aims: 1t is unknown whether heparin-binding EGF-like growth factor (HB-EGF) can be a therapeutic
agent, although previous studies suggested that HB-EGF might be a hepatotrophic factor. This study explores the
potential of hepatic HB-EGF gene therapy in comparison with HGF.

Methods: Mice received an intraperitoneal injection of the agonistic anti-Fas antibody 72 h after an intravenous
injection of either adenoviral vector (110 particles) expressing human HB-EGF (Ad.HB-EGF), human HGF
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AST levels and histopathologically severe liver injuries with numerous apoptosis, but a limited number of mitogenic
hepatocytes. In contrast, the liver injuries and apoptotic changes were significantly inhibited, but the mitogenic
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Conclusions: HB-EGF has more potent protective and mitogenic effects for hepatocytes than HGF, at least for the
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1. Introduction

Certain growth factors act as hepatogenic and hepatotrophic
factors and play essential roles in the development and
homeostasis of the liver. The hepatotrophic factors that have
been well studied are hepatocyte growth factor (HGE),
epidermal growth factors (EGF) and transforming growth
factor-o. (TGE-0r); their expressions are found in the adult liver
under normal physiological conditions and are drastically
upregulated during liver regeneration after a partial hepatect-
omy orliver injury [1-5]. The knockout of any of these genes in
mice led to aplasia or dysmaturation of the liver [6,7], and the
overexpression of any of them in the transgenic niice
accelerated the proliferation of hepatocytes after a partial
hepatectomy [8]. Moreover, several animal studies have shown
that HGF can be a potent therapeutic agent for liver disorders
by inhibiting hepatocyte apoptosis and/or inducing liver
regeneration, regardless of administration of the recombinant
protein or the gene therapy strategy used [3,9-16].

Heparin-binding epidermal growth factor-like growth
factor (HB-EGF), which was identified as a new member of
the EGF-family of growth factors, is also expressed in the
normal liver [17,18]. The biologically unique feature of this
growth factor is that the membrane-anchored precursor form
(proHB-EGF) is initially synthesized and subsequently
cleaved at the juxtamembrane domain by a specific
metalloproteinase [19-21], and the resultant soluble form
(SHB-EGF) represents the potent mitogenic activity for a
number of cell types [22,23]. The HB-EGF mRNA levels were
rapidly increased in the nonparenchymal cells of the
regenerating liver, mainly in Kupffer cells and sinusoidal
endothelial cells, but not in hepatocytes, after a 70% partial
hepatectomy [24] or after liver injury by hepatotoxins [25].
Interestingly, the increase in HB-EGF mRINA was more rapid
than that of HGF mRNA, e.g. their maximal levels were
reached at 6 and 24 h after partial hepatectomy, respectively
[24], suggesting the distinct role and/or mechanism of HB-
EGF in liver regeneration compared to HGF. Moreover,
exogenous HB-EGF stimulated the DNA synthesis in rat
hepatocytes in in vitro [25] and in vivo experiments [26], and
the hepatocyte-specific overexpression of HB-EGF in the
transgenic mice accelerated the in vivo proliferation of
hepatocytes after a partial hepatectomy [27]. Thus, it is likely
that HB-EGF may also be acting as the hepatotrophic factor,
probably in the early phase of liver regeneration. However, the
therapeutic potential of HB-EGF for liver disorders, e.g. the
question of whether exogenous HB-EGF acts to inhibit liver
injury, has not yet been studied. Other important points are that
the possibility of HB-EGF gene therapy has not yet been
studied for any diseases in any organs, including liver diseases,
except for our recent study on heart disorders, and that the HB-
EGF gene therapy trial for myocardial infarction in rabbits did
not exert therapeutic effects butrather exacerbated remodeling
[28]. Thus, it is biologically and clinically meaningful to
investigate whether HB-EGF gene therapy can be potentially
used to treat liver disorders.

In this study, the HB-EGF gene was adenovirally
transduced into the mouse liver and its potential to inhibit
liver injury and stimulate liver regeneration were investi-
gated. Furthermore, these potentials were simultaneously
compared to those of HGF, which is currently the best-
studied hepatotrophic and therapeutic factor.

2. Materials and methods

2.1. Recombinant adenoviral vectors

Replication-defective recombinant adenoviral vectors (Ads). Ad.HB-
EGF, Ad.HGF, Ad.LacZ and Ad.dE1.3, which express human HB-EGF,
human HGE, LacZ and no gene under the transcriptional control of a Rous
sarcoma virns long-terminal repeat, were prepared as described previously
[28-31].

2.2. Animal studies

The schedule of the experiment on therapeutic potentials is shown in
Fig. 2(A). Male 5 to 6 week-old C57BL/6] mice (=10, each group)
(Chubu Kagaku, Nagoya, Japan) were given an intravenous injection of
1X 10! particles of Ad via a tail vein. 721 later, they were given an
intraperitoneal injection of 4 pg of agonistic anti-mouse Fas monoclonal
antibody (Jo-2, Beckton-Dickinson Biosciences, San Jose, CA) [14]. Ali
mice were subsequently sacrificed 24 or 36h later, and liver and blood
samples were collected for examination. On the other hand, in vivo
adenoviral gene transduction efficiency or the in situ detection of
exogenous human HB-EGF was analyzed using the same dose (110"
particles) of either Ad.LacZ or Ad.HB-EGF, respectively, in intact mice.
All animal studies were performed in accordance with the National Institute
of Health guidelines as dictated by the Animal Care Facility at the Gifu
University School of Medicine.

2.3. Histopathologic analysis

For histopathological observation, liver tissues were fixed in 10%
formalin and embedded in paraffin, and 4-pm sections were cut and stained
with hematoxylin and eosin (H-E). For assessing the in vivo adenoviral
gene transduction efficiency, O-nitrophenyl- B-p-galactophyranoside (x-gal)
staining was done using the frozen tissue as described previously [28-31].
For detecting apoptotic cells, a terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate biotin nick end labeling {(TUNEL)
assay (ApopTag kit, Intergen Co., Purchase, NY) was done in accordance
with the manufacturer’s protocol.

Immunohistochemistry was carried out for in situ detection of the cells
expressing the HB-EGF transgene or regenerating hepatocytes. In the
former, 6-um frozen sections were fixed in 4% paraformaldehyde and
stained with primary goat anti-human HB-EGF antibody (R&D Systems
Inc., Minneapolis, MN), secondary donkey anti-goat IgG Alexa 568
antibody (Molecular Probes, Inc., Bugene, OR), and Hoechst 33342
(Molecular Probes, Inc.). In the latter, the formalin-fixed and paraffin-
embedded tissues were deparaffinized and rehydrated, and then heated m
10 mmol/L citrate buffer, pH 6.0 for 10 min for the antigen retrieval.
Endogenous peroxidase activity and the non-specific binding of antibody
wete blocked by 0.3% H,O, and normal rabbit seram. The anti-Ki67 (TEC-
3, DakoCytomation, Denmark) primary antibody, biotinylated anti-rat IgG
secondary antibody, avidin-peroxidase, diaminobenzidine in hydrogen
peroxidase and chromogen were applied in order and were subsequently
counterstained with hematoxylin.

Digital images observed with a laser-confocal microscope (LSM510,
Carl Zeiss, Oberkochen, Germany) were employed for the morphometric
and quantitative analyses using Adobe Photoshop 7.0 software (Adobe
Systems Inc., San Jose, CA). Quantitative analyses of the replicating and
apoptotic hepatocytes were done as described previously with some
modifications [13,15]. Briefly, Ki-67-positive, Ki-67-negative or TUNEL-
positive hepatocytes were counted in 30 fields at random under 200X



1048 N.C. Khai et al. / Journal of Hepatology 44 (2006) 1046-1054

magnification (approximately 2000 cells in 3 slides per mouse), and the
percentages of the replicating hepatocytes and numbers of the apoptotic
hepatocytes in a field were calculated.

2.4. Biochemical Analyses

Serum alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) levels were measured using a standard clinical automatic analyzer
(Hitachi 736) (Hitachi Co. Ltd., Tokyo, Japan) at 24 or 36 h after the anti-
Fas antibody injection.

2.5. Statistical Analysis

Data were represented as the means +/— standard errors. Statistical
significance was determined using the Student’s r-test. P<<0.05 was
considered statistically significant.

3. Results

3.1. Adenoviral gene transduction efficiency and HB-EGF
transgene expression

In accordance with previous findings [16,32], Ad.LacZ

injection and subsequent x-gal staining revealed that an
intravenous injection of 13X 10! particles of Ad resulted in

A Ad.dE1.3

anti-HB-EGF

Ad.dE1.3

Ad.HB-EGF

approximately between 60 and 90% gene transduction in
hepatocytes (Fig. 1(A)). AdHB-EGF injection and the
subsequent immunohistochemistry against the human
HB-EGF confirmed this finding. Moreover, the exogenous
HB-EGF protein was predominantly observed on the
membrane, and the cytoplasm was faintly positive for
exogenous HB-EGF. These findings suggest that the
initially synthesized exogenous HB-EGF was membrane-
anchored proHB-EGF, and that the resultant sHB-EGF by
the shedding of proHB-EGF might bind to and activate
hepatocytes in the autocrine fashion, followed by the
endocytosis of exogenous HB-EGF in hepatocytes.

3.2. Liver enzymes after HB-EGF or HGF gene therapy

Recent studies have suggested that the initial and
essential event in acute and/or chronic hepatitis, including
fulminant hepatic failure, may be the excessive activation of
the Fas system [33,34] and that the administration of the
agonistic anti-Fas antibody in mice leads to fulminant
hepatic failure [14,35]. As we clearly elucidated the
therapeutic effect of HGF in this animal model {14], this
model may be suitable to use for the initial examination of
the in vivo anti-apoptotic effect on hepatocytes and the

Ad.LacZ

Hoechst Merged

Fig. 1. Adenoviral gene transduction and expression in mice. (A) X-gal staining of the liver 48 h after an intravenous injection of either Ad.LacZ or
control Ad.dE1.3 into an intact mouse. (B) Immunohistochemical staining for exogenous human HB-EGF of the liver 48 h after an intravenous

injection of either Ad.HB-EGF or control Ad.dE1.3 into an intact mouse.
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therapeutic potential of a certain agent for liver disorders.
To perform this assessment, we initially injected Ad, and
then subsequently injected the anti-Fas antibody 72 h later.
We sacrificed the mice 24 or 36 h after the anti-Fas injection
and examined the hepatic injuries (Fig. 2(A)).

The mice that received injections of the control Ad.dE1.3
and anti-Fas antibody represented a remarkable increase in
the serum ALT and AST levels, which were up to 2240+
450 and 1665391 IU/L (62 and 21 times as high as the
normal levels), respectively, 24 h after the anti-Fas injection
(Fig. 2(B) and (C)). The increases in the serum ALT and
AST levels were significantly attenuated by an injection of
either Ad.HB-EGF or Ad.HGF before the anti-Fas injection
(P <0.01); the serum ALT and AST levels were similar (i.e.
no statistically significant differences between these two
groups) and less than 230 IU/L in both groups. On the other
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Fig. 2. Experimental schedule and liver enzymes after HB-EGF or
HGF gene therapy for Fas-induced liver injury. (A) Experimental
schedule of all the following therapeutic experiments. Mice (n=10,
each group) received intraperitoneal injections of 4 ug of agonistic
anti-Fas antibody 72 h after a tail vein injection of either Ad.hHB-EGF,
AdBHGF or Ad.dAEL3 (1x10M particles). The mice were then
sacrificed, and liver and blood samples collected 24 or 36 h after
injection of the anti-Fas antibody (i.e. 96 or 108 h after adenoviral
injection). The serum ALT and AST levels at 24 (white bars) or 36
(black bars) hours after injection of the anti-Fas antibody are shown on
(B) and (C), respectively (* P<0.01, either Ad.HB-EGF or Ad.HGF vs.
control Ad.dE1.3: # P<0.01, AAHB-EGF vs. AA.HGF).

hand, the serum ALT and AST levels 36 h after the anti-Fas
injection in the Ad.HB-EGF-treated mice were remarkably
lower than those in not only the control Ad.dE1.3-treated
but also the Ad.HGF-treated mice. The serum ALT and AST
levels in the Ad.HB-EGF-treated mice were 12 and 8.4
times (at 24 h) and 2.0 and 3.1 times (at 36 h) as low as those
in the control Ad.dE1.3-treated mice, respectively. Those in
the Ad.HGF-treated mice were 10 and 8.1 times (at 24 h)
and 0.7 and 0.9 times (i.e. no protective phenotype) (at
36 h), as low as those in the control Ad.dE1.3-treated ones,
respectively. Thus, these results indicate that HB-EGF has a
more potent inhibitory effect on Fas-induced liver injuries
than HGF, at least for the present condition.

3.3. Liver histopathology after HB-EGF or HGF gene
therapy

The histological analysis of the livers at 24 and 36 h after
the anti-Fas antibody injection in the control Ad.dE1.3-
treated mice demonstrated severe liver injury with
prominent apoptotic changes, as described previously
{14,157 (Fig. 3). Briefly, apoptotic bodies characterized by
nuclear and cell fragmentation within the shrunken and
condensed cytoplasm were found, and there were a number
of cells, consisting of spindle-shaped activated Kupffer
cells, mononuclear cells and neutrophils, in the sinusoid.
Such findings have often been observed in human patients
with liver injuries as the apopto-necro-inflammatory
reaction [33,36].

In contrast, there were minimal histopathological
findings in the liver in the Ad. HB-EGF- or Ad.HGF-treated
mice 24 and 36 h after the anti-Fas antibody injection; the
inhibitory effect against liver injury as assessed by
histopathologic observation on the H-E-stained slides in
these mice was seemingly much more prominent than that
assessed by the serum ALT and AST levels, as shown
above. Apoptotic bodies were rarely seen, and the
inflammatory reaction characterized by Kuppfer cell
hyperplasia and accumulated inflammatory cells was not
found. The difference in the histopathology of the liver
between the Ad.HB-EGF- and Ad.HGF-treated mice was
not clear at 24 h, but was remarkable at 36 h after the anti-
Fas antibody injection. Notably, the pathological findings
were still minimal in the Ad.HB-EGF-treated mice, but
relatively prominent in the Ad.HGF-treated mice at 36 h
after the anti-Fas antibody. These results indicated that HB-
EGF has more potent cytoprotective and inhibitory effects
against the Fas-induced apopto-necro-inflammatory
reaction than HGF, at least for the present condition.

3.4. Potent anti-apoptotic effects of HB-EGF or HGF
gene therapy

To obtain evidence that HB-EGF prevents hepatocyte
apoptosis, apoptotic cells were detected by the in situ
TUNEL assay (Fig. 4). In accordance with the
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24hr

Ad.dE1.3

Ad.HB-EGF

Ad.HGF

36hr

Fig. 3. Liver histopathology after HB-EGF or HGF gene therapy for Fas-induced liver injury. H-E stained liver slides of the mice that were given
injections of the anti-Fas antibody and either Ad.dE1.3, Ad.HB-EGF or Ad.HGF on the protocol shown in Fig. 2(A) are shown. Arrows indicate
typical acidophilic and apoptotic bodies. Original magnification, X200. [This figure appears in colour on the web.]

histopathological findings on H-E slides, TUNEL-positive
hepatocytes, approximately 10 or 6% of all hepatocytes, were
observed throughout the liver parenchyma in the Ad.dE1.3-
treated control mice 24 or 36 h after the anti-Fas antibody
injection, respectively. Apoptotic bodies recognized in the
disrupted hepatic cord or in the sinusoids were also TUNEL-
positive. On the other hand, there were few (around 1%)
TUNEL-positive hepatocytes in the liver of the mice treated
with either Ad.HB-EGF or Ad.HGF at 24 and 36 h after the
anti-Fas antibody injection. The morphometric and quanti-
tative analysis of the TUNEL-positive cells revealed
statistically significant differences between the control
Ad.dE1.3- and either the Ad.HB-EGF- and Ad.HGF-treated
groups (P<0.01), but no difference between the Ad.HB-
EGF- and Ad. HGF-treated groups at 24 or 36 h after the anti-
Fas antibody injection. These data suggest the anti-apoptotic
effect of HB-EGF on hepatocytes is as potent as HGF.

3.5. HB-EGF induces liver regeneration more potently
than HGF

We examined whether HB-EGF gene transduction and
expression in the autocrine fashion may enhance liver

regeneration after liver injury, and compared the degree of
the inducible effect of HB-EGF to that of HGF by
morphometric and quantitative analysis of Ki-67-positive
cells (Fig. 5). In the control mice that received injections
of Ad.dE1.3, Ki-67-positive replicating hepatocytes at 24
and 36 h after the anti-Fas antibody injection were 6.4+
0.7 and 1242.2%, respectively, which were more than
that of the intact liver without any treatment (less than
1%; data not shown). On the other hand, Ad.HGF
injection significantly enhanced the hepatocyte replication
at 24 and 36 h after the anti-Fas antibody up to 35.8+2.8
and 28 +3.0%, respectively (P<0.01, Ad.HGF vs.
Ad.dE1.3). More promisingly, the Ad.HB-EGF injection
induced the hepatocyte replication at 24 h after the anti-
Fas antibody more efficiently up to 54.6+2.5% (P <0.01,
Ad.HB-EGF vs. AAHGF, and AJdHB-EGF vs. Ad.dEL.3).
The percentages of Ki-67-positive replicating hepatocytes
in Ad.HB-EGF-treated mice at 36h after the anti-Fas
antibody were 29 +2.9%, similar to those in the Ad.HGF-
treated mice. Thus, HB-EGF gene transduction and
expression in the hepatocytes induced the acute phase of
liver regeneration after liver injury more potently than
HGF.
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Fig. 4. TUNEL analysis of the liver after HB-EGF or HGF gene therapy for Fas-induced liver injury. (A) TUNEL staining using the tiver tissue from
the mice that were given injections of the anti-Fas antibody and either Ad.dEL.3, Ad.HB-EGF or Ad.HGF on the protocol shown in Fig. 2(A). Arrows
indicate TUNEL-positive hepatocytes and apoptotic bodies. Original magnification, X200. (B) The morphometric and quantitative analysis of
TUNEL-positive cells at 24 (white bars) or 36 (black bars) hours after injection of the anti-Fas antibody in each group (* P< 0.01, either AAHB-EGF

or AHGF vs. control Ad.dEL3: # P<0.01, Ad.HB-EGF vs. Ad.HGF).

4, Discussion

It has been shown that exogenous HGF can be a potent
therapeutic agent for liver disorders in terms of its beneficial
effects of inhibiting liver injury and inducing liver
regeneration, regardless of administration of the recombi-
nant protein or the gene therapy strategy used [3,9-16]. In
contrast to such extensive studies on HGF, the therapeutic
potential of HB-EGF has not yet been explored. A few
studies have shown the in vivo mitogenic effect of
exogenous HB-EGF [26,27,37], but neither the anti-apopto-
tic effect on hepatocytes nor the inhibitory effect against
liver injury have yet been studied. Thus, the present study
revealed, for the first time, that HB-EGF might be a
therapeutic agent for liver disorders in terms of both its anti-
apoptotic and mitogenic effects on hepatocytes. On the other
hand, we recently showed that in vivo HB-EGF gene
transduction for myocardial infarction in the heart did not
demonstrate therapeutic effects but instead exacerbated the
remodeling, although HB-EGF is one of the essential
cardiogenic and cardiotrophic factors [28]. Thus, the present
results, taken together with our recent ones, are useful for

understanding the physiological and pathological roles of
HB-EGF. The phenotypic difference of HB-EGF may, at
least in part, be due to potent and no cytoprotective effects
of HB-EGF for hepatocytes and cardiomyocytes, respect-
ively, although future extensive studies are necessary for
overall elucidation.

Moreover, we obtained a further promising result in this
study that the in vivo mitogenic and protective effects of
HB-EGF on hepatocytes were more potent than those of
HGF, at least in part and for the present condition. There are
several possibilities why. The first possibility is the
definitive difference between the HGF- and HB-EGF-
dependent signal transduction pathways in hepatocytes
related to the mitogenic phenotype; this is likely because
their receptors, i.e. the c-met/HGF receptor and several
EGF/erbB receptors, are different [3,20]. The second
possibility is that this difference may result from the fact
that HB-EGF plays more important roles in the early phase
of liver regeneration than HGF. It was reported that the
increase in the HB-EGF mRNA level occurred earlier than
that of the HGF mRNA level during liver regeneration after
partial hepatectomy or liver injury by hepatotoxins
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Fig. 5. Ki-67 immunohistochemistry of the liver after HB-EGF or HGF gene therapy for Fas-induced liver injury. (A) Immunohistochemistry against
Ki-67 using the liver tissue from the mice that were given injections of the anti-Fas antibody and either Ad.dE1.3, Ad.HB-EGF or Ad.HGF on the
protocol shown in Fig. 2(A). Original magnification, X 200. (B) The morphometric and quantitative analysis of Ki-67-positive cells at 24 (white bars)
or 36 (black bars) hours after injection of the anti-Fas antibody in each group (* P <0.01, either Ad.HB-EGF or Ad.HGF vs. control Ad.dE1.3: # P<

0.01, AA.HB-EGF vs. Ad.HGF).

[24,25,38]. Another study showed that the additions of
exogenous HB-EGF to nonparenchymal cells in the in vitro
primary culture increased the HGF mRNA expressions in
these cells, suggesting that HB-EGF may induce HGF
production [24,26]. Thus, one hypothesis is that exogenous
HB-EGF produced from the transduced human HB-EGF
gene may sequentially activate several downstream factors,
including HGF, and that these secondary effects together
with the direct effect of HB-EGF may additively induce the
higher mitogenic activity [39]. It would be interesting to
investigate the detailed molecular mechanisms and the
possibility of HB-EGF-induced liver regeneration in the
case of a no priming event and the possible synergic or
additive effects of HB-EGF and HGF combination gene
therapy in future extensive studies.

In this study, we used an adenoviral vector and Fas-
induced liver injury model solely for exploring the
possibility and potential of HB-EGF gene therapy for liver
diseases. A biologically important fact concerning the
availability of hepatic HB-EGF gene therapy is that

synthetic and proteolytic processes were reproduced even
in hepatocytes, and that exogenous HB-EGF can efficiently
activate hepatocytes in an artificial autocrine fashion. From
the clinical viewpoint, more potent protective and mitogenic
effects of HB-EGF for hepatocytes than those of HGF are
apparently promising and potentially beneficial for treating
liver disorders. However, it remains to be elucidated
whether HB-EGF is a more clinically useful therapeutic
agent for liver diseases than HGF. In actuality, some reports
showed that HB-EGF was highly expressed in hepatocytes
during hepatocarcinogenesis [40-42], and our recent study
has shown that HB-EGF plays pathological roles in heart
disorders [28]. In this regard, future studies are needed to
investigate the clinical usefulness, including the possible
adverse effects (e.g. fibrosis and hepatocarcinogenesis), of
HB-EGF gene therapy for chronic hepatitis and
liver cirthosis, as we have carefully done in HGF gene
therapy [29].

In conclusion, HB-EGF may have more potent protective
and mitogenic activities for hepatocytes than HGF, at least
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in part and for the present condition. In vivo HB-EGF gene
transduction in the liver is therapeutic for Fas-induced liver
injury.
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Abstract

Objective: Whether bone mamrow cells injected following acute myocardial infarction (MI) transdifferentiate into cardiomyocytes remains
controversial, and how these cells affect repair-related cytokines is not known.

Methods: Autologous bone marrow-derived mononuclear cells (BM-MNCs) labeled with Dil, 1,1‘dioctadecyl-1 to 3,3,3!3 tetramethy-
Iindocarbocyanine perchlorate, or saline were intravenously injected into rabbits 5 h following a 30-min ischemia and reperfusion protocol,
and cardiac function and the general pathology of the infarcted heart were followed up 1 and 3 months post-MIL To search for regenerated
myocardium, electron microscopy as well as confocal microscopy were performed in the infarcted myocardium 7 days post-MI. Expression
levels of repair-related cytokines were evaluated by immmmohistochemistry and Western blotting.

Results: Improvements in cardiac function and reductions in infarct size were observed in the BM-MNC group 1 month and 3 months post-
ML Using electron microscopy 7 days after infarction, clusters of very immature (fetal) and relatively mature cardiomyocytes undergoing
differentiation were identified in the infarcted anterior LV wall in the BM-MNC group, though their numbers were small. These cells
contained many small and dense Dil particles (a BM-MNC marker), indicating that cardiomyocytes had regenerated from the injected BM-
MNCs. The expression of both transforming growth factor-p, which stimulates collagen synthesis and matrix metalloproteinase-1, a
collagenase, were both down-regulated 7 days and 1 month post-MI in the BM-MNC group. Stromal cell-derived factor-1, which is known to
recruit BM-MNCs into target tissues, was overexpressed in the infarcted areas of BM-MNC hearts 7 days post-MI.

Conclusions: Intravenous transplantation of BM-MNCs leads to the development of BM-MNC-derived niyocyte-like cells and regulates the
expression of repair-related cytokines that facilitate repair following myocardial infarction.

© 2005 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.

Keywords: Myocardial regeneration; Ultrastructure; Cardiac repair; Bone marrow; Cytokines

1. Introduction diminishes left ventricular (LV) remodeling, improves LV
function, and reduces the size of old infarcts in post-MI

Transplantation of bone marrow-derived mononuclear hearts [1-3]. Nevertheless, the presence of BM-derived

cells (BM-MNCs), including hematopoietic and mesenchy-
mal stem cells, following acute myocardial infarction (MI)

* Corresponding author. Tel.: +81 58 230 6520; fax: +81 58 230 6521.
E-mail address: gifuim-gif@umin.ac.jp (H. Fujiwara).

cardiomyocytes in infarcted myocardium remains contro-
versial because although they are readily detectable in some
cases [1], they are undetectable in others [4—6]. Contribut-
ing to this discrepancy may be an overestimation or
underestimation of the numbers of BM-derived cardiomyo-
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cytes as a result of technical problems with the methods
used. For instance, autofluorescence can interfere with
the confocal microscopic analysis of immunofluores-
cence. In addition, earlier studies of post-MI regeneration
were carried out using models that involved the
permanent occlusion of coronary arteries, though clinical
treatment for acute MI generally involves recanalization
of infarct-related coronary arteries by thrombolysis or
percutaneous angioplasty. Bearing these issues in mind,
one of our aims in the present study was to use electron
microscopy to determine whether intravenously injected
autologous BM-MNCs can transdifferentiate into cardio-
myocytes during post-MI repair in a rabbit ischemia-
reperfusion model.

We also recently reported that the beneficial effects of
granulocyte colony-stimulating factor are likely associated
with the expression of repair-related cytokines as well as
with cardiomyocyte regeneration [7], which suggests that
BM-MNCs may also exert an effect on the expression of
repair-related cytokines. Therefore, the second aim of this
study was to determine whether expression levels of
transforming growth factor (TGF)-B, a mediator stimulat-
ing collagen synthesis; matrix metalloproteinase (MMP)-1,
a collagenase; or stromal cell-derived factor (SDF)-1, a
chemoattractant known to recruit BM-MNCs into target
tissues, correlate with post-MI repair after BM-MNC
treatment.

2. Materials and methods

All the rabbits received humane care in accordance with
the Guide for Care and Use of Laboratory Animals,
published by the U.S. National Institutes of Health (NIH
publication 8523, revised 1985). The study protocol was
approved by the Ethics Committee of Gifu University
School of Medicine, Gifu, Japan.

2.1. Aurologous BM-MNCs

Male Japanese white rabbits weighing 1.9-2.5 kg were
anesthetized by intravenous injection with 30 mg/kg of
sodium pentobarbital. Approximately 10 ml of iliac BM
was aspirated and suspended in 20 ml of RPMI-1640
medium (Sigma) containing 2000 U of heparin sodium.
BM-MNCs were then isolated by centrifugation on a
Ficoll gradient (JIMRO, Takasaki, Japan), and approxi-
mately 1.0 x 10® BM-MNCs were suspended in 2 ml of
phosphate-buffered saline.

2.2. Ischemia—reperfusion infarct model and injection of

BM-MNCs

One hour after the aspiration of BM, a 30-min ischemia
and reperfusion protocol was carried out as previously
described [7]. The rabbits were randomly assigned to either

a BM-MNC or saline group, which were respectively
administered the autologous BM-MNCs or 2 ml of saline
via an ear vein after 5 h of reperfusion.

2.3. Protocol I: cardiac function and pathology

2.3.1. Echocardiography

The 90 rabbits in the BM-MNC and saline groups
received trans-thoracic echocardiography (Aloka SSD4000)
using a 7.5-mHz sector scan probe 7 days, | month and 3
months after the 30-min ischemia (n=15 in each group).
LV anterior wall thickness (AWT, mm), posterior wall
thickness (PWT, mm), body weight-corrected LV end-
diastolic dimension (EDD/BW, mm/kg), and LV ejection
fraction (EF, %) were measured. All measurements were
made by two examiners (Y.M. and M.A.) blinded to the
conditions.

2.3.2. General pathology

Following the echocardiography, each of the 90 rabbits
was sacrificed with an overdose of pentobarbital after
heparinization (500 U/kg), after which body weight and
LV weight were measured. The LV was then fixed in 10%
buffered formalin and sliced into 7 transverse sections
parallel to the atrio-ventricular ring from the apex to the
base. The slices were embedded in paraffin, cut to a
thickness of 4 um, and stained with hematoxylin and eosin
(HE) and Sirius red. For transversely sliced preparations
with infarction, the LV wall areas, infarcted areas, non-
infarcted areas, and Sirius red-positive collagen areas were
calculated using an image analyzer connected to a light
microscope (LUZEX-F, NIRECO, Tokyo) and expressed as
mm?/slice/body weight (kg). Comparisons were made by
two persons (Y.M. and M.A.) blinded to the conditions.

2.3.3. Immunohistochemistry

Using the indirect immunoperoxidase method, immuno-
histochemical staining was carried out with the following
monoclonal antibodies (mAbs) that all cross-react with
rabbit tissues: mouse anti-rabbit sarcomeric actin mAb
(1:75; DAKO), mouse anti-human endothelial cell CD31
mAb (1:100; DAKQ), mouse anti-human a-smooth muscle
actin mAb (1:250; DAKO, 1A4), mouse anti-macrophage
mAb (1:100; DAKO, RAM11), mouse anti-human MMP-1
mAb (1:500; Daiichi Fine Chemical, F-67), mouse anti-
human TGF-p mAb (1:2000; Oxford Biotechnology.) and
mouse anti-human/mouse SDF-1 mAb (1:120; R&D Sys-
tems). Morphometric analyses were carried out by two
persons (Y.M. and G.T.) blinded to the conditions.

2.4. Protocol II: Dil-labeling of BM-MNCs, electron micro-
scopy, laser scanning confocal microscopy and Western
blotting

BM-MNCs were isolated from 12 rabbits as described
above and then incubated for 30 min at 37 °C. To label the





