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Abstract

This paper shows achievement of the in vivo controlled release of a plasmid DNA from a biodegradable hydroge! and the
consequent regutation of gene expression period. Cationization of gelatin was preformed through introduction of
cthylenediamine and the gelatin prepared was crosslinked by various concentrations of glutaraldehyde to obtain cationized
gelatin (CG) hydrogels as the carrier of plasmid DNA, In vivo release of plasmid DNA from the CG hydrogels was
compared with the in vivo degradation of hydrogels. When CG hydrogels incorporating '**I-labeled plasmid DNA were
implanted into the femoral muscle of mice, the plasmid DNA radioactivity remaining decreased with time and the retention
period prolonged with a decrease in the water content of hydrogels used. The higher the water content of '*’I-labeled CG
hydrogels, the faster the hydrogel radioactivity remaining decreased with time. The time profile of plasmid DNA remaining
in the hydrogels was in good accordance with that of hydroge!l radioactivity, irrespective of the water content. Intramuscular
implantation of plasmid DNA-incorporated CG hydrogels enhanced significantly expression of the plasmid DNA around the
implanted site. The retention period of gene expression became longer as the hydrogel water content decreased. Fluorescent
microscopic study revealed that the plasmid DNA-CG complex was detected around the hydrogel implanted even after
7-day implantation in marked contrast to the injection of plasmid DNA solution. Tt was concluded that in our hydrogel
system, active plasmid DNA was released accompanied with the in vivo degradation of hydrogel, resulting in extended gene
expression. The time profile of plasmid DNA release and the consequent gene expression was controllable by changing the
water content of hydrogels. © 2002 Elsevier Science BV. All rights reserved,

Keywords: Plasmid DNA; Cationized gelatin hydrogel; Controlled release; Hydrogel degradation; Gene expression

1. Introduction

Recently, gene therapy bas been increasingly

*Corresponding author. Tel.: +81-75-751-4121; fax: +81-75- clinically applied to cancer and congenital immuno-
751-4144. logical diseases [1,2]. To this end, the vector for
E-mail address: yasuhiko@frontier kyoto-u.ac jp (Y. Tabata). enhanced pene expression is needed and many
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researches have been performed to develop vira! and
non-viral vectors [3,4). The former vector is widely
used for clinical gene therapy because of the high
efficiency of gene expression. However, there are
some problems to be resolved, e.g., virus antigenici-
ty. On the other hand, for the latter vector, less
transfection efficiency than the viral vector is one of
the largest issues, although it has advantages in terms
of easy production, safety, and low cost. As trials to
improve the efficiency, several technologies have
been added for vector design and additional assis-
tance, for instance application of electric and ultra-
sound stimuli [S—7]. Once the vector—plasmid DNA
complex in the solution is injected into the body,
gene expression cannot be always expected because
of the easy diffusion away from the injected site.
Thus, it is necessary as a trial for enhanced gene
expression to achieve the controlled release of
plasmid DNA over an extended time period by
incorporating the plasmid DNA into a carrier. It is
possible that controlled release technology enables
the plasmid DNA to enhance the transfection prob-
ability at the applied site, resulting in promoted gene
expression. It has been demonstrated that the release
of plasmid DNA using biodegradable poly(lactic
acid) augmented expression efficiency [8]. A col-
lagen minipellet is reported to be effective in
prolonging the period of gene expression [9]. How-
ever, little has been investigated on the effect of time
period of plasmid DNA release on that of gene
expression,

We have prepared a biodegradable hydrogel from
gelatin as a release carrier of growth factors and
succeeded in enhancing the in vivo biological ac-
tivities of growth factor which cannot be always
detected only by the administration in the solution
form {10,11]. In this hydrogel system, the growth
factor physicochemically immobilized in the hydro-
gel can be released only when the hydrogel is
degraded to generate water-soluble gelatin fragments
[12]. If this release system can be applied to plasmid
DNA, it will be possible to achieve the controlled
release based on hydrogel degradation. In this study,
a cationized residuc was introduced into gelatin to
allow the plasmid DNA to electrostatically immobi-
lize into the hydrogel-constituting gelatin.

The objective of the present study is to investigate
whether or not the in vivo release of plasmid DNA is

achieved from biodegradable hydrogels of the cat-
ionized gelatin. Following implantation of cationized
gelatin (CG) hydrogels incorporating a '**I-labeled
plasmid DNA or '*I-labeled CG hydrogels into the
femoral muscle of mice, the time profile of their
radicactivity remaining was compared for CG hydro-
gels of different water contents. We examined the
gene expression by the CG hydrogels incorporating
plasmid DNA in the mouse muscle to compare it
with the in vivo DNA retention in time duration.
Retention of plasmid DNA as well as the gelatin
constituting hydrogel in the muscle was also evalu-
ated histologically.

2. Materials and methods
2.1. Materials

Gelatin was prepared through an acid process of
pig skin type I collagen and kindly supplied by Nitta
Gelatin (Osaka, Japan). Ethylenediamine, glutaral-
dehyde, 2,4,6-trinitrobenzenesulfonic acid, B-alanine,
and protein assay kit (Lot No. L8900Q) were pur-
chased from Nacalai Tesque (Kyoto, Japan) and used
as obtained. As a coupling agent, l-cthyl-3-(3-di-
methylaminopropyl) carbodiimide hydrochloride salt
(EDC) was obtained from Dojindo Laboratories
(Kumamoto Japan). Rhodamine B isothiocyanate
(RITC) and fluorescein isothiocyanate (FITC) were
obtained from Sigma—Aldrich Japan (Tokyo, Japan),
N - Succinimidyl - 3 - (4 - hydroxy - 3,5 - di['*’I]-
iodophenyl) propionate (['**I]Bolton-Hunter Re-
agent, NEX-120H, 147 MBqg/ml in anhydrous ben-
zene) was purchased from NEN Research Products
(DuPont, Wilmington, DE).

2.2. Preparation of cationized gelatin

Ethylenediamine and EDC were added into 250 ml
of 100 mM phosphate-buffered solution containing 5
g of gelatin at a molar ratio to the carboxyl groups of
gelatin of 50. Immediately after that, the pH of the
solution was adjusted at 5.0 by adding 5 N of HCL
The reaction mixture was agitated at 37 °C for 18 h
and then dialyzed against double-distilled water
(DDW) for 48 h at 25 °C. The dialyzed solution was
freeze-dried to obtain a cationized gelatin. The



percentage of amino groups introduced into gelatin
was determined by the conventional trinitrobenzene
sulfonate method [13]. When calculated based on the
calibration curve prepared by using B-alanine, the
percentage of cationized gelatin prepared was 47.8
mol/mo! carboxyl groups of gelatin.
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Table 1

Characterization of cationized gelatin hydrogels prepared

Code Concentration Concentration Water
of cationized of glutaraldehyde content
gelatin (wt%) (pg/ml) (wt%%)

CG1 10 313 96.4

CG2 10 0.78 97.4

CG3 10 0.31 98.3

CcG4 10 0.16 99.7

2.3. Preparation of cationized gelatin hydrogels

An aqueous solution of 10 wt% cationized gelatin
(800 pl) was cast into a polytetrafluorcethylene
mold (2X2 cm’, 0.8 mm depth), and left at 4°C
ovemnight for gelation. Cationized gelatin (CG)
hydrogels were crosslinked in HCl-acetone (3:7,
v/v) containing various amounts of glutaraldehyde.
The crosslinking reaction was allowed to proceed for
24 h at 4 °C and the resulting hydrogel sheets were
then immersed in 100 mM glycine aqueous solution
at 4 °C for 24 h to block the residual aldehyde groups
of glutaraldehyde. The hydrogel sheets were cut out
to obtain hydrogel discs (5X5X1 mm’) and rinsed
three times with DDW at 4 °C and freeze-dried. The
freeze-dried hydrogels were sterilized by ethylene
oxide gas. No change in hydrogel shape was ob-
served before and after frecze-drying and steriliza-
tion processes.

It is known that the in vivo degradability of gelatin
hydrogels by enzyme depends on their extent of
crosslinking, which enables regulation by changing
the glutaraldehyde concentration in hydrogel prepa-
ration [14]. However, it is difficult from the view-
point of polymer sciences to directly determine the
crosslinking extent of hydrogels. Thus, generally the
water content of hydrogels is measured to evaluate
their crosslinking extent, because the two values
correlate well with each other [15]. In this study, the
water content of cationized gelatin hydrogels pre-
pared was determined as a measure to compare them
in terms of crosslinking extent. After the frecze-dried
hydrogel was swollen at 37 °C for 24 h in phosphate-
buffered saline solution (PBS, pH 7.4), the weight of
swollen hydrogel (W.) was measured. The weight of
freeze-dried hydrogel (W) was measured and the
water content, which was defined by ((W,—W;)/
W,)X100 [11], was calculated from the W, and W,
values. When the glutaraldehyde concentration was
changed in hydrogel preparation, the water content
of CG hydrogels prepared ranged from 96.4 to 99.7

wt% (Table 1). The CG hydrogel is a sponge with an
average pore size of 500 pm, as shown in Fig. 1.
The inner structure was similar, irrespective of the
hydrogel water content (data not shown).

2.4. Radiolabeling of cationized gelatin hydrogels

CG hydrogels prepared were radioicdinated using
['*I]Bolton-Hunter reagent. Briefly, 100 pl of
['**I}Bolton-Hunter reagent solution in anhydrous
benzene was bubbled with dry nitrogen gas until
benzene evaporation was completed. Then, 125 pl of
0.1 M sodium borate-buffered solution (pH 8.5) was
added to the dried reagent, followed by pipetting to
prepare aqueous ['>’I]Bolton-Hunter solution. The
freeze-dried discs of CG hydrogels were impregnated
with prepared aqueous solution at a volume of 20 pl
per disc. The resulting swollen hydrogel discs were
kept at 4 °C for 3 h to introduce '] residues into the
amino groups of gelatin. The radioiodinated CG
hydrogel discs were rinsed with DDW by exchang-
ing it periodically at 4°C for 4 days to exclude
non-coupled, free '*’I-labeled reagent from .
labeled gelatin hydrogels. When measured period-
ically, the radioactivity of DDW retumned to the
background level after rinsing for 3 days. No shape
change of swollen hydrogels was observed during
radiolabeling and the subsequent rinsing process,
irrespective of the hydrogel water content. Finally,
the resulting swollen hydrogel discs were freeze-
dried.

2.5. DNA isolation

The plasmid DNA used was the expression vector
consisting of the coding sequence of LacZ and a
SV40 promoter inserted at the upstream (pSV-LacZ,
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(A)

Fig. 1. Optical (A) and scanning electron microscopic photographs (B) of CG 2 hydrogels.

7931 bp). The pSV-LacZ was prepared from bacteri-
al cultures with Qiagen Maxi kit (Qiagen, Tokyo,
Japan). Briefly, the Escherichia coli transformants
containing pSV-LacZ were grown by incubating in
Luria-Bertani (LB) medium (Invitrogen Japan,
Tokyo, Japan} at 37 °C for 16 h. Following harvest
of bacterial cells by centrifugation (6000Xg, 15 min,
4°C), the bacterial pellet was suspended in a re-
suspension buffer (50 mM Tris—HCI, 10 mM EDTA,
pH 8.0) in the presence of RNase (100 pg/ml) and
lysed in a lysis buffer (200 mM NaOH, 1% sodium
dodecyl sulfate). The lysate was ncutralized by
addition of 3.0 M potassium acetate solution (pH
5.5), filtered, and applied to the Qiagen syringe of
anion-exchange resin. The Qiagen syringe was rinsed
with a medium-salt buffer (1 M NaCl, 50 mM
MOPS, pH 7.0, and 15% isopropyl alcohol) to
remove remaining contaminants, such as traces of

RNA and protein. The plasmid DNA was then eluted -

with an elution buffer (1.25 M NaCl at pH 8.5, 50
mM Tris~HCI, and 15% isopropyl alcohol) and
precipitated by addition of isopropyl alcohol. After
centrifugation at 15 000Xg for 10 min at 4 °C, the
pellet was washed with 70% ethanol aqueous solu-
tion to remove residual salt and to substitute the
solvent. The DNA centrifuged was properly air-dried
and dissolved in a small volume of TE buffer (10
mM Tris—HCI and 1 mM EDTA). The absorbance
ratio at the wavelength of 260-280 nm was mea-

sured for evaluation of plasmid purity to be between
1.8 and 2.0,

2.6. Radiolabeling of pSV-LacZ

PBS containing 2.5 mg/ml of pSV-LacZ (1.0 ml)
was added to the dried ['**I]Bolton-Hunter reagent
prepared by the method mentioned previously. The
resulting solution was kept at 37°C overnight to
introduce '*°I residue into the amino groups of pSV-
LacZ, Non-coupled, free '*’I-labeled reagent was
removed from '**I-labeled pSV-LacZ solution by gel
filtration with a PD 10 column (Amersham-Phar-
macia Biotech, Tokyo, Japan).

2.7. Preparation of CG hydrogels incorporating
pSV-LacZ

Impregnation of pSV-LacZ into freeze-dried CG
hydrogels was carried out using PBS containing 100
pg of pSV-LacZ. pSV-LacZ-free, empty CG hydro-
gels were prepared in a similar way except for using
pSV-LacZ-free PBS. Bricefly, 20 pl of PBS with or
without pSV-LacZ -were dropped onto the dried
hydrogel discs and left at 4 °C overnight to obtain
CG hydrogels incorporating pSV-LacZ or those
without pSV-LacZ incorporation. The pSV-LacZ
solution was fully sorbed into the dried CG hydro-
gels during the swelling process because the solution
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volume was much less than that theoretically im-
pregnated into each hydrogel, irrespective of the
water content of hydrogels. Similarly, an aqueous
solution of '*’I-labeled pSV-LacZ was sorbed into
freeze-dried CG hydrogel discs to prepare CG hydro-
gels incorporating '*’I-labeled pSV-LacZ. Every
hydrogel disc prepared by this procedure had similar
appearance, irrespective of the hydrogel water con-
tent, radiolabeling, or preparation conditions.

2.8. Estimation of in vivo degradation of CG
hydrogels

[-Labeled CG hydrogels with different water
contents were implanted into the femoral muscle of
ddY mice, 6—7 weeks old (Shizuoka Animal Center,
Shizuoka, Japan). At 1, 3, 7, 10, 14, and 21 days
after hydrogel implantation, the mouse muscle con-
taining the implanted hydrogels (1X1X1 cm®) was
taken out to measure their radioactivity on a gamma
counter (ARC-301B, Aloka, Tokyo, Japan). The
radioactivity ratio of the muscle sample to the
hydrogel implanted initially was measured to express
the percentage of remaining activity in the hydrogels.
For each experimental group, three mice were sac-
rificed at each time point for in vivo evaluation
unless otherwise mentioned. All the animal experi-
ments were carried out according to the Institutional
Guidance of Kyoto University on Animal Ex-
perimentation.

2.9, Estimation of in vivo pSV-LacZ release from
CG hydrogels incorporating pSV-LacZ

Following implantation of **I-labeled pSV-LacZ-
incorporated CG hydrogels with different water
contents into the femoral muscle of mice at different
fime intervals, the mouse muscles containing cat-
ionized gelatin hydrogels were taken out. As control,
the solution of ‘*’I-labeled pSV-LacZ in PBS was
injected into the femoral muscle (100 pl/site). The
radioactivity of the muscle samples was measured on
the gamma counter and the ratio to the initial
radioactivity of hydrogels or pSV-LacZ solution
injected was expressed as the percentage of radioac-
tivity remaining.

2.10. In vivo assessment of gene expression
SJollowing implantation of CG hydrogels
incorporating pS¥V-LacZ

pSV-LacZ-incorporated CG hydrogels with differ-
ent water contents were implanted into the femoral
muscle of mice. As a control, 100 p! of pSV-LacZ
solution was intramuscularly injected into the mouse.
The pSV-lacZ dose was 100 pg/mouse and six mice
were used at each time point for every experimental
group. The mice were sacrificed 1, 3, 7, 14, and 21
days after pSV-lacZ treatment to evaluate gene
expression.

For evaluation of gene expression at the treated
muscle, B-galactosidase activity "was measured by
use of Invitrogen kit (Invitrogen, USA). Briefly, the
muscle samples were immersed and homogenized in
the lysis buffer (0.1 M Tris—HC], 2 mM EDTA,
0.1% Triton X-100) at the lysis buffer volume (ml)/
sample weight (mg) ratio of 4:1 in order to normalize
the influence of weight variance on the pB-galacto-
sidase assay. The sample lysate (2 ml) was trans-
ferred to a centrifuge tube, followed by freeze-and-
thaw three times and centrifugation at 15 000X g at
4°C for 5 min. The supemnatant (30 pl) was mixed
with 70 pl of aqueous solution containing 4 mg/m!
o-nitrophenyl B-p-galactopyranoside (ONPG) and
200 pl of cleavapge buffer (60 mM Na,HPO,-7H,0,
40 mM NaH,PO,-H,0, 10 mM KCl, and 1 mM
MgSO,-7TH,0, pH 7} in a fresh microcentrifuge
tube. After incubation at 37 °C for 30 min, 500 pl of
1 M sodium carbonate solution was added to the
solution mixture. The solution absorbance was mea-
sured at the wavelength of 420 nm to evaluate the
B-galactosidase activity. The number of muscle
samples was four for each experimental group.

2.11. Fluorescent labeling of CG hydrogels

CG hydrogels were fluorescently labeled accord-
ing to the method previously reported [16]. Briefly,
20 pl of 10 mg/ml FITC solution in 0.2 M sodium
carbonate-buffered solution (pH 9.7) was dropped
onto the freeze-dried CG hydrogel disc. The re-
sulting swollen hydroge! discs were left at 4 °C for
overnight for fluorescent labeling. The FITC labeled
CG hydrogels were rinsed with 0.2 M sodium
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carbonate-buffered solution (pH 9.7) by exchanging
it periodically at 4 °C for 4 days to exclude non-
coupled, free FITC from FITC-labeled CG hydro-
gels. Shape of swollen hydrogels was not changed
during fluorescent-labeling and the subsequent rins-
ing process, irrespective of the hydrogel water
content. Finally, the resulting swollen hydrogels
were freeze-dried.

2.12. Fluorescent labeling of pSV-LacZ

The coupling reaction of RITC to pSV-LacZ was
carried out by mixing the two substances in 0.2 M
sodium carbonate-buffered sotution (pH 9.7} both at
a concentration of 1 mg/ml at 4°C ovemnight,
followed by pgel filtration with a PD 10 column
{Amersham—Pharmacia) to obtain an RITC-labeled
pSV-LacZ.

2.13. Fluorescent microscopic observation

FITC-labeled CG hydrogels incorporating RITC-
labeled pSV-LacZ were prepared by the same pro-
cedure mentioned above and implanted into the
femoral muscle of mice. As control, the solution of
RITC-labeled pSV-lacZ in 0.2 M sodium carbonate-
buffered solution (pH 9.7) was injected into the
femoral muscle (100 pl/site). The mouse muscle
containing the implanted hydrogels was taken out 1,
3, and 7 days after hydrogel implantation and
embedded in Tissue-Tek (OCT compound, Miles,
USA). Their cryosections (8 mm thickness) were
prepared from the embedded sample to view the
localization of CG-pSV-LacZ complex by double-
fluorescent staining pattern on Olympus AX-80
fluorescence microscope equipped with an Olympus
DP50 digital camera (KS Olympus, Tokyo, Japan).

2.14. Statistical analysis

All the data were analyzed by Students’ #-test and
results were expressed as means*standard error of
the means (S.EM.). Statistical significance was
accepted at P<<(.05.

100 g . : , .
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Fig. 2. The time course of the radioactivity remaining of '*’I-
labeled CG 1 (O), CG 2 (@), CG 3 (&), and CG 4 hydrogels (A)
after implantation into the femoral muscle of mice {initial weight
of the wet hydrogel=0.2 g). The number of CG hydrogels used
for every experiment is three.

3. Results
3.1, In vivo degradation profile of CG hydrogels

Fig. 2 shows the time course of radioactivity
remaining after implantation of '“’I-labeled CG
hydrogels into the femoral muscle of mice. The
radioactivity remaining in CG hydrogels implanted
decreased with time for every hydrogel sample, but
the hydrogels with lower water contents retained the
radioactivity for longer time periods than that of
hydrogels with higher water contents.

3.2, In vivo release profile of pSV-LacZ

Fig. 3 shows the decrement patterns of pSV-LacZ
radioactivity after implantation of CG hydrogels
incorporating 'I-labeled pSV-LacZ into the femoral
muscle of mice. The residual radioactivity of pSV-
LacZ in CG hydrogels decreased with implantation
time and the decrement pattern of radioactivity
greatly depended on the water content of CG hydro-
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Fig. 3. The time course of the radicactivity remaining of CG 1
{O), CG 2 (@), CG 3 (Aa), and CG 4, hydrogels incorporating
5L labeled pSV-lacZ (A) after implantation into the femoral
muscle of mice. ([J) The radicactivity remaining after the
intramuscular injection of #*Llabeled pSV-LacZ in the solution
form. The number of CG hydrogels used for every experiment is
three.

gels. The lower the water content of hydrogels, the
longer their radioactivity retention in hydrogels. On
the contrary, for free '“’I-labeled pSV-LacZ the
radioactivity rapidly disappeared from the injected
site within 3 days.

3.3. Relationship of radicactivity remaining
between pSV-LacZ and CG hydrogels

Fig. 4 shows the pSV-LacZ radioactivity remain-
ing plotted as a function of the radioactivity remain-
ing of '*’I-labeled CG hydrogels remaining. The
radioactivity remaining of pSV-LacZ depended on
that of CG hydrogels. Irrespective of the hydrogel
water content, the former value increased with an
increase in the latter one. Interestingly, the per-
centage of pSV-LacZ remaining tended to be large
upon comparing with that of the corresponding CG
hydrogel remaining,

100

80

60

40

20

Percent remaining of plasmid DNA

1 ! h3 LI

0 20 40 60 80 100

Percent remaining of hydrogel

Fig. 4. The radioactivity remaining of CG hydrogels incorporating
'*Liabeled pSV-LacZ plotted against that of '*I-labeled CG
hydrogels after implantation into the femoral muscle of mice: (O)
CG 1, (@ CG 2, (a) CG 3, and (A) CG 4 hydrogels. The
number of CG hydrogels used for every experiment is three.

3.4. Time course of gene expression

Fig. 5 shows the time course of gene expression
following intramuscular implantation of CG hydro-
gels incorporating pSV-LacZ or injection of PBS
containing pSV-LacZ. The water contents of CG
hydrogels used were 97.4 and 98.3 wi%. The in-
jection of the pSV-LacZ solution showed significant
gene expression only at 3 days after injection and
thereafter the expression return to the basal level.
The level of gene expression was not enhanced by
implantation of pSV-LacZ-free, empty CG hydrogels.
On the contrary, both of the CG hydrogels incor-
porating pSV-LacZ enhanced significantly the ex-
pression level as well as prolonged the duration time
period. The level of gene expression increased within
3 days after implantation of the hydrogels with the
water content of 98.3 wt% and the level became
maximal 7 days after implantation, followed by
return to the basal level at Day 14, On the other
hand, the hydrogels with the water content of 97.4
wi% enable the time period of gene expression to
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Fig. 5. The time course of LacZ gene expression after implantation of CG hydrogels incorporating pSV-LacZ into the femoral muscle of
mice: ((J) pSV-LacZ-free CG 2 hydrogel, (M) pSV-LacZ-free CG 3 hydrogel, (E) pSV-LacZ solution, and (B} CG 2 and () CG 3
hydrogels incorporating pSV-LacZ. The pSV-LacZ dose is 100 pg/mouse muscle. A dotted line indicates the level of gene expression in the
femoral muscle of untreated, normal mice. The number of CG hydrogels used for every experiment is three. *P<<0,05: significant against the

OD value of untreated, normal mice.

maintain for a longer period than those with the
higher water content although the similar onset of the
initial effect was observed for both the hydrogels.

3.5. Histological observation of mouse muscle
receiving implantation of CG hydrogels
incorporating pSV-LacZ

Fig. 6 shows fluorescent microscopic photographs
of muscles 1, 3, and 7 days after implantation of
FITC-labeled CG hydrogels incorporating RITC-
labeled pSV-LacZ. Irrespective of time after im-
plantation, the fluorescent staining of pSV-LacZ
around the implanted site of hydrogels coincided in
position with that of CG. On the contrary, no
fluorescent image was detected over the time range
studies after the injection of RITC-labeled pSV-LacZ
solution.

4. Discussion

Generally, gelatin is not degraded by simple
hydrolysis but by proteolysis. Therefore, in this

study, degradation of CG hydrogels was carried out
in the mouse muscle to obtain the time profile of
their radioactivity loss in vivo. As is apparent from
Fig. 2, CG hydrogels with the water content of 98.3
wt% were degraded with time and completely dis-
appeared in the mouse muscle on day 14. This
degradation rate of 98.3 wt% hydrogel was middle
between those of hydrogels with water contents of
97.4 and 99.7 wt%, indicating that in vivo degra-

" dation of gelatin hydrogels is mainly governed by

their water content alone. This phenomenon is
similar to that observed for non-cationized gelatin
hydrogels [12].

As shown in Fig. 3, the remaining radioactivity of
pSV-LacZ incorporated in implanted CG hydrogels
decreased with time and the decrement rate was
higher for the hydrogels of higher water content. The
decrement pattern of hydrogel radioactivity was
correlated with that of pSV-lacZ radioactivity, irre-
spective of the hydrogel water content (Fig. 4). This
result suggests the possibility that pSV-LacZ was
released from the CG hydrogel in the body as a
result of bicdegradation of hydrogel. It seems prob-
able that pSV-LacZ molecules, once ionically com-
plexed with the cationized gelatin, cannot be released
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Al

Fig. 6. Fluorescent microscopic photographs of histological sections of mouse femoral muscle 1 (A1LB1), 3 (A2,B2), and 7 days (A3,B3)
after intramuscular implantation of FITC-labeled CG 2 hydrogels incorporating RITC-labeled pSV-LacZ (A) or intramuscular injection of
RITC-labeled pSV-LacZ in the sotution form (B). The localization of p$V-LacZ and CG hydrogel is fluorescently discriminated by red and
green colors. The left (a,b) and right pictures (c,d) in the Al, A2, and A3 show the tissue localization of pSV-LacZ and CG hydrogel,
respectively. The (b) and (d) pictures are the magnified images at the circle site of (a) and (c) pictures which is around the hydrogel
implanted. The fluorescent image of (a) and (¢) pictures in Al, A2, and A3 indicate the localization of pSV-LacZ and CG, respectively. The
superposition between the two images implies that the pSV-LacZ is present being complexed with CG molecules.

from the CG hydrogel unless hydrogel degradation
takes place. It is likely that the pSV-LacZ molecules
are released from the hydrogels with being com-
plexed with degraded gelatin fragments of positive
charge. This is experimentally suggested from the
double staining image of pSV-LacZ and cationized
gelatin around the hydrogel implanted in fluorescent
observation (Fig. 6). Since the pSV-LacZ itself is
negatively charged, it will be expected to ionically
complex with the cationized gelatin. If the pSV-
LacZ-cationized gelatin complex has a positive
charge, the charge will promote the internalization of
the pSV-LacZ into cells because the charge of cell
surface is negative. Probably, such a complex forma-
tion wonld facilitate the transfection of pSV-LacZ,
resulting in gene expression. Morcover, it is expected
that the continuous presence of complex at a certain
body site by the controlled release system results in
promoted gene expression there. The mechanism of
gene expression by the present release system of
plasmid DNA should be clarified by further in-
vestigation.

Higher remaining percentage of pSV-LacZ than
that of CG hydroge] may be explained in terms of
pelyion complexation between the pSV-LacZ and
CG molecules. For the experiment of in vivo hydro-
gel degradation, the pSV-LacZ-unloaded CG hydro-
gels are used. It is highly possible that the loading of
pSV-LacZ affects the hydrogel degradation. Since
the presence of plasmid DNA allows cationized
gelatin molecules to electrostatically crosslink to
each other, probably the plasmid DNA-loaded hydro-
gel will be degraded slowly compared with the
plasmid DNA-unfoaded hydrogel. As a result, the
difference in the radioactivity remaining between the
pSV-LacZ and CG hydrogel would be observed.
Another possibility is: based on the possible release
mechanism, the pSV-LacZ will be released while
being complexed with the CG to have a positive
charge. Considering the electric charge in the body,
the surface of the cells as well as the glycosamino-
glycan present in the extracellular matrix is negative.
It is conceivable that the pSV-LacZ-cationized
gelatin complexes released are ionically trapped by
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the negatively charged substances, resulting in the
prolonged remaining in the body.

The crosslinking extent of CG hydrogels influ-
ences not only the water content but also the
biodegradation of hydrogels. Slower degradation of
CG hydrogel with lower water contents is undoubt-
edly due to larger extent of crosslinking. The present
study demonstrated that pSV-LacZ was released from
the cationized gelatin hydrogel as a result of
biodegradation of CG, because the pSV-LacZ mole-
cules ionically complexed with crosslinked gelatin
will be released only when water-soluble gelatin
fragments are generated through biodegradation of
gelatin hydrogels. The prolonged period of gene
expression by the pSV-LacZ incorporated hydrogel
of lower water content, shown in Fig. 5, is ascribed
to slower hydrogel degradation. The gene expression
induced by the pSV-LacZ-incorporated hydrogel with
the water content of 98.3 wi% disappeared at ap-
proximately 14 days. At the same time, the hydrogel
was completely degraded in vivo and the pSV-LacZ
remaining was almost zero. On the other hand, the
gelatin hydrogel with a water content as low as 97.4
wi% still exhibited significant gene expression at the
21th day after implantation, while the hydrogel
remaining was observed at the implantation site. At
that time, the pSV-LacZ was also retained in the
remaining hydrogel, as shown in Fig. 5. This finding
strongly suggests that the pSV-LacZ incorporated in
CG hydrogels still maintains its transfection activity
even though exposed to in vivo environment for a
long time period. Probably, the controlled release
will enable the pSV-LacZ not only to increase the
local concentration but also to prolong the period of
enhanced concentration at the implanted site of
hydrogels. It is highly conceivable that such advan-
tages enhance the possibility of pSV-LacZ to trans-
fect, resulting in promoted and prolonged gene
expression.

The present study is the first report that the period
of gene expression could be changed by altering that
of plasmid DNA release. Since the plasmid DNA
released is complexed with the cationized gelatin,
this complexation functions positively for the trans-
fection into cells. In this system, the plasmid DNA
release can be regulated only by changing the
hydrogel degradability which is controllable by
regulating the crosslinking extent of hydrogel. This

implies that, irrespective of the shape of release
carriers, controlled release can be achicved even if
the hydrogel carrier is as small as injectable. The
present release concept based on polyion complex-
ation may be applicable to any type of plasmid
DNA. This release system is being presently applied
to the plasmid DNA coding a growth factor to
demonstrate the in vivo efficient exertion of the
biological activity.
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Endothelial Progenitor Cell Vascular Endothelial Growth
Factor Gene Transfer for Vascular Regeneration

Hideki Iwaguro, MD; Jun-ichi Yamaguchi, MD, PhD; Christoph Kalka, MD;
Satoshi Murasawa, MD, PhD; Haruchika Masuda, MD, PhD; Shin-ichiro Hayashi, MD, PhD;
Marcy Silver, BS; Tong Li, MD; Jeffrey M., Isner, MD; Takayuki Asahara, MD, PhD

Background—Previous studies have established that bone marrow—derived endothelial progenitor cells (EPCs) are present
in the systemic circulation. In the current study, we investigated the hypothesis that gene transfer can be used to achieve

phenotypic modulation of EPCs.

Methods and Resulis—In vitro, ex vive murine vascular endothelial growth factor (VEGF) 164 gene transfer augmented
EPC proliferative activity and enhanced adhesion and incorporation of EPCs into quiescent as well as activated
endothelial cell monolayers. To determine if such phenotypic modulation may facilitate therapeutic neovascularization,
heterologous EPCs transduced with adenovirus encoding VEGF were administered to athymic nude mice with hindlimb
ischemia; neovascularization and blood flow recovery were both improved, and limb necrosis/autoamputation were
reduced by 63.7% in comparison with control animals. The dose of EPCs used for the in vivo experiments was 30 times
less than that required in previous trials of EPC transplantation to improve ischemic limb salvage. Necropsy analysis
of animals that received Dil-labeled VEGF-transduced EPCs confirmed that enhanced EPC incorporation demonstrated

in vitro contributed to in vivo neovascularization as well.

Conclusions—In vitro, VEGF EPC gene transfer enhances EPC proliferation, adhesion, and incorporation into endothelial
cell monolayers. In vivo, gene-modified EPCs facilitate the strategy of cell transplantation to augment naturally
impaired neovascularization in an animal mode! of experimentally induced limb ischemia. (Cirenlation. 2002;105:732-

738.)

Key Words: gene therapy m endothelium m angiogenesis m ischemia

Previous studies from our laboratory'~¢ and others™!3 have
established that bone marrow—derived endothelial progeni-
tor cells (EPCs) are present in the systemic circulation, are
augmented in response to certain cytokines and/or tissue ische-
mia, and home to as well as incorporate into sites of neovascu-
larization, More recently, EPCs have been investigated as
therapeutic agents; in these studies of “supply-side angiogene-
sis,” EPCs harvested from the peripheral circulation have been
expanded ex vivo and then administered to animals with limb'4
or myocardial'® ischemia to successfully erhance neovascular-
ization. Physiological evidence of neovascular function in these
preclinical animal models includes a high rate of limb salvage
and improvement in myocardial function.

See p 672

EPC transplantation thus constitutes a novel therapeutic
strategy that could provide a robust source of viable endo-
thelial cells (ECs) to supplement the contribution of ECs
resident in the adult vasculature that migrate, proliferate, and
remodel in response to angiogenic cues, according to the

classic paradigm of angiogenesis developed by Folkman and
colleagues.! Just as classic angiogenesis may be impaired in
certain pathological phenotypes,!™-2¢ however, aging, diabe-
tes, hypercholesterolemia, and hyperhomocysteinemia may
likewise impair EPC function, including mobilization from
the bone marrow and incorporation into neovascular foei.
Gene transfer of EPCs during ex vivo expansion constitutes a
potential means of addressing such putative liabilities in EPC
function. Moreover, phenotypic modulation of EPCs ex vivo
may also reduce the number of EPCs required for optimal
transplantation after ex vivo expansion and thus serve to
address a practical limitation of EPC transplantation, namely
the volume of blood required to extract an optimal number of
EPCs for autologous transplantation.

Accordingly, we investigated the hypothesis that gene
transfer can be used to achieve phenotypic modulation of
EPCs. In particular, we sought to determine the impact of
vascular endothelial growth factor (VEGF) gene transfer on
certain properties of EPCs in vitro and the consequences of
VEGF EPC-gene transfer on neovascularizationt in vivo.
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Figure 1. Profile of transfection effliciencies for Ad/g-gal in ex
vivo—-expanded human EPCs. Four different muitiplicities of
infection (MOI, 250, 500, 10090, and 2000} were tested in 2 dif-
ferent media conditions {1% or 5% serum EBM-2} for 1 or 3
hours of incubation. Error bars represent SEM of triplicate
experiments. After these preliminary experiments, human EPCs
were transduced with 1000 MOI AJ/VEGF or Ad/8gal for 3

hours in 1% serum media.

Methods
EPC Culture

Ex vivo expansion of EPC was performed as recently described.’4 In
brief, peripheral blood mononuclear cells from human volunteers
were plated on human fibronectin—coated (Sigma) culture dishes and
maintained in EC basal medium-2 (EBM-2) {Clonetics) supple-
mented with 5% fetal bovine serum, human VEGF-A, human
fibroblast growth factor-2, human epidermal growth factor, insulin-
like growth factor-1, and ascorbic acid. After 4 days in culture,
nonadherent cells were removed by washing, new media was
applicd, and the culture maintained through day 7.

EPC Gene Transfer

After 7 days in culture, cells were transduced with an adenovirus
encoding the murine VEGF 164 gene (Ad/VEGF) or lacZ gene
(Ad/Bgal) (generously provided by Kevin Peters).2' To establish
optimum conditions for EPC adenovirus gene transfer serum con-
centration, virus incubation time and virus concentration were
evaluated (Figure 1). After preliminary experiments were performed,
human EPCs were transduced with 1000 MOI AI/VEGF or Ad/Sgal
for 3 hours in 1% serum media. After transduction, cefls were
washed with PBS and incubated with EPC media for 24 hours before
transplantation,

Proliferative Activity Assay

At 24 hours after gene transfer, EPCs transduced with AA/VEGF
(Td/V-EPCs), Ad/B-gal (Td/B-EPCs), or nontransduced EPCs (non-
Td/EPCs) were reseceded on 96-well plates coated with human
fibronectin for assay of proliferative activity with the use of the MTS
[3-(4,5-dimethylthiazol-2-y{)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium] Assay (Promega). After 48 hours in
culture, MTS/PMS (phenazine methosulfate) solution was added to
each well for 3 hours, and light abscrbance at 490 nm was detected
by ELISA plate reader (Bionetics Laboratory).

In Vitro Incorporation of Td-EPCs Into Human
Umbilical Vein Endothelial Cell Monolayer

At 24 hours after gene transfer, Td/V-EPCs and Td/B-EPCs were
stained with fluorescent carbocyanine Dil (Biomedical Technolo-
gies). Dil-labeled EPCs were incubated on a monolayer of human
umbilical vein endothelial cells (HUVECS) in 4-well culture slides
with or without pretreatment of tumor necrosis factor (TNF)-a
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{Ing/mL}) for 12 hours.?2 Three hours after incubation, nonadherent
cells were removed by washing with PBS, new media was applied,
and the culture was maintained for an additional 24 hours. The total
number of adhesive EPCs in each well was counted in a blinded
manner under a X200 magnification field of a fluorescent
microscope.

Td-EPCs Transplantation Animal Model

All procedures were performed in accordance with the St Elizabeth’s
Institutional Arimal Care and Use Committee, Female athymic nude
mice (Jackson Laboratory, Bar Harbor, Maine), 8 to 9 weeks old and
17 to 20 g weight, were anesthetized with 160 mg/kg IP pentobar-
bital for operative resection of one femoral artery?? and subsequently
for laser Doppler perfusion imaging,

As a preliminary experiment, we performed dose-dependent EPC
transplantation to determine the minimum number of VEGF-
transduced EPCs that was required to achicve a magnitude of
therapeutic neovascularization similar to that which could be
achieved with nontransduced EPCs. According to this result,
1.5X10* VEGF-transduced EPCs, 30 times less than the number
required for cell therapy alone, were used in the current series of in
vivo experiments, One day after unilateral femoral artery excision,
1.5X10* Td/V-EPCs (n=11), Td/B-EPCs (n=11), or non-Td/EPCs
(n=5) in 100 pL. EBM-2 media without growth factors were
administered through the tail vein,

To track the fate of transplanted EPCs, 4 mice in each EPC cohort
received EPCs that were marked with the fluorescent carbocyanine
Dil dye {(Molecular Probes). In brief, before cellutar transplantation,
EPCs in suspension were washed with PBS and incubated with Dil
at a concentration of 2.5 ug/ml PBS for 5 minutes at 37°C and 15
minutes at 4°C. After two washing steps in PBS, the cells were
resuspended in EBM-2 medium. At 30 minutes before the animals
were killed, a subgroup (n=4 each group) of mice received an
intravenous injection of 50 ug of Bandeiraea simplicifolia lectin 1
(BS-1) conjugated with FITC (Vector Laboratories).

Plasma VEGF Levels

To confirm that the AJ/VEGF could mediate successful gene transfer
at the protein level, an enzyme-linked immunoassay (ELISA, R&D
System) was used to quantify VEGF levels in plasma from animals
1, 4, 7, and 28 days after intravenous injections of Td/V-EPCs or
Td/B-EPCs. The results were compared with a standard curve
constructed with murine VEGF (each assay carried cut in duplicate
for each animal). Absorbance was mcasured at 450 nm by means of
a microplate reader.

Physiological Assessment of Animals

Given Transplantation

Laser Doppler perfusion imaging (LDPI) (Moor Instruments) was
used to record blood flow measurements on day 0 and day 28 after
surgery, as previously described. In these digital color-coded images,
red hue indicates regions with maximum perfusion, medium perfu-
sion values are shown in yellow, and lowest perfusion values are
represented as blue. The resulting images display absolute values in
readable units, For quantification, the ratio of readable units in
ischemic te nonischemic hindlimb is determined.

Histological Assessment of Animals

Given Transplantation

Vascular density was evaluated at the microvascular level through
the use of light microscopic sections harvested from the ischemic
hindlimbs at necropsy. Tissue sections from the lower calf muscles
of ischemic limbs were harvested on days 7 and 28. Muscle samples
were embedded in OCT compound (Miles), snap-frozen in liquid
nitrogen, and cut into 5-pm-thick sections. Tissue sections were
stained for alkaline phosphatase with an indoxyltetrazolium method
to deteet capillary endothelial cells as previously described?® and
then were counterstained with ¢osin. A total of 20 different fields
were randomly selected, and the number of capillaries and myofibers
were counted (X40 magnification for 20 ficlds).
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Figure 2. Proliferative activity assay. Proliferative activity of
EPCs transduced in 5% serum was measured by MTS assay
after 48 hours in culture. Increase in mitogenic response of
EPCs transduced with AdNVEGF (Td/A/-EPCs) was statistically
significant in comparison with EPCs transduced with Ad/ggal
(Td/B-EPCs) and nontransduced EPCs (non-Td). *P<0.01 vs
Td/Bgal and non-Td.

Statistical Analysis

All results are expressed as mean+SEM, Statistical significance was
evaluated by means of a paired Scheffé f test or ANOVA. A value of
P<0.05 was considered to denote statistical significance.

Results

Proliferative Activity Assay

MTS assay was used to determine proliferative activity of
transduced EPCs. With the use of 5% scrum-conditioned
media, proliferative activity of Ad/VEGF-transduced EPCs
exceeded proliferative activity of Ad/B-gal (0.48+0.03 ver-
sus 0.37+0.01 corrected absorbance at 490 nm, P<0.01) and
nontransduced EPCs (non-Td=0.3220.02, P<<0.05) in vitro

(Figure 2).

In Vitro Incorpo¥ationi of Td-EPCs Into

HUVEC Monolayer

At 24 hours after transduction, EPCs were labeled with the
fluorescent marker Dil for cell tracking. Dil-labeled, VEGF-
transduced EPCs were incubated on a HUVEC monolayer
with or without TNF-a (1 ng/mL) pretreatment for 12 hours
(Figure 3A). After 3 hours of incubation, nonadherent cells
were removed by washing with PBS, and Dil-marked cells
adherent to the HUVEC monolayer were manually counted.
In the quiescent HUVEC monolayer, adhesion of Dil-labeled
EPCs was not significantly different between Td/V-EPCs and
Td/B-EPC (2.7+0.2 versus 2.2+0.3, P=NS) (Figure 3B). In
activated HUVECs, however, adhesion of Dil-labeled Td/V-
EPCs exceeded Td/B-EPCs (4.3x0.4 versus 2.9*+0.3,
P<0.01).

Alternatively, the same cells were incubated in new media
and maintained for 24 hours on the HUVEC monolayer to
confirm incorporation in vitro. In the quiescent HUVEC
monolayer, incorporation of Dil-labeled Td/V-EPCs ex-
ceeded Td/B-EPCs (7.0%0.5 versus 3.5%0.5, P<0.01) (Fig-
ure 3B). In activated HUVECS, incorporation of Dil-labeled
Td/V-EPCs also exceeded Td/B-EPCs (13.8*+0.8 versus
5.3*0.6, P<0.001).

Transgene Expression After
Td/V-EPC Transplantation
Ad/VEGF-mediated gene transfer and expression were con-
firmed by ELISA assay of plasma samples obtained from
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Figure 3. In vitro incorporation of Td-EPCs on HUVEC mono-
layer. A, Representative macroscopic photographs of Td/V-
EFCs and Td/B-EPCs aon HUVEG monolayer 24 hours after
transduction with AA/VEGF or Ad/Bgal, respectively. Left panel
shows Td/B-EPCs; right panel, Td/V-EPCs on HUVEC mono-
layer, in each case pretreated with TNF-a stimulation. White
bars indicate 50-um length. B, Quantitative analysis of EPC
adhesion observed 3 hours and incorporation observed 24
heours after transduction with {+) and without (—) pretreatment
of TNF-a. *P<0.01 vs Td/B3-EPCs.

mice after Td/V-EPC transplantation. Mice transplanted with
Td/V-EPCs disclosed significantly higher VEGF protein
levels {day 1, 828.18£8.84 versus 4.56+2.21 pg/mL; day 4,
421.27*12.60 versus 5.16+2.79 pg/mL; day 7, 65.65+3.20
versus 3.78%2.26 pg/mL; day 28, 17.40*1.99 versys
4.42x1.88 pg/mL; P<0.01) at each time point than did mice
transplanted with Td/B-EPCs (Figure 4).

(A)

(B

dag1 dayd day? day2a
Adffgal  456:221  NI6:179  ATE26 441138
AQVEGF 219)8:884 421.27:12.60 6565330  17.405199

Figure 4. VEGF plasma levels after administration of Td/V-EPCs
and Td/B-EPCs. A, Quantification of VEGF expression was mea-
sured by ELISA assay at each time point (days 1, 4, 7, and 28).
B, table of results. *P<0.01 vs Td/B-EPCs.
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Figure 5. Histclogical identification of EPC incorporation in vivo. Transplanted human Dil-labeled, EPC-derived cells were identified by
red fluorescence in histological sections retrieved from ischemic muscle. Host mouse vasculature was identified by green fluorescence
in the same tissue sections. Td/V-EPC—transplanted animals had increased numbers of EPC-derived vasculature as well as mouse vas-
cutature compared with control animals (Td/B-EPC and non-Td groups). White bars indicate 100-pm length, A, Transplanted EPC-
derived vasculature and mouse vasculature were quantified for the same light microscopic fields. Density of Dil-labeled EPCs in tissue
sections of skeletal muscle removed from ischemic limb was greater in the Td/V-EPCs group than either of the other two groups (B).
Density of BS-1 lectin-positive vasculature in tissue sections of skeletal muscles removed from the ischemic limb was also greater in
the Td/V/-EPCs group than either of the other 2 groups (C). *P<0.C01 vs non-Td and Td/B-EPCs, ™P<0.01 vs non-Td and Td/B-EPCs.

EPC Incorporation Into Ischemic Iindlimb
Transplanted human EPC derived cells marked with Dil were
identified in tissue sections by red fluorescence, In contrast, the
mouse vasculature, stained by premortem administration of
BS-1 lectin, was identified by green fluorescence in the same
tissue sections. Td/V-EPC—transplanted animals disclosed in-
creased numbers of Dil-labeled, red fluorescent EPC—derived
vasculature as well as mouse vasculature versus control groups
{Td/B-EPC and non-Td group) (Figure SA).

Both transplanted EPC-derived vasculature and mouse
vasculature were analyzed quantitatively in the same micro-
scopic field. The density of Dil-labeled EPCs in tissue
sections of hindlimb muscles was greater in the Td/V-EPC
group (38923 mm?®) than either of the other two groups
(non-Td/EPCs=241%18 mm?; Td/B-EPCs=236+20 mm®,
P<0.001) at day 7 (Figure 5 B). The density of BS-1
lectin—positive vasculature in sections of skeletal muscle
removed from the ischemic limb was also greater in the
Td/V-EPC group (39116 mm?) than the other two groups
(non-Td/EPCs=263£18 mm? Td/B-EPCs=292+26 mm?,
P<0.01) at day 7 (Figure 5C).

Physiological Assessment of Animals

Given Transplantation

The impact of human gene—modified EPC administration on
neovascularization was investigated in a murine model of
hindlimb ischemia. One day after operative excision of one
femoral artery, athymic nude mice (n=27), in which angio-
genesis is characteristically impaired,'*! received an intra-

venous injection of 1.5X10* transduced EPCs (Td/V-EPCs,
n=11} or Td/B-EPCs (n=11). As additional contro! animals,
5 mice with hindlimb ischemia were identically injected with
non-Td/EPCs. Enhanced neovascularization in mice trans-
planted with Td/V-EPCs led to important biological conse-
quences, compared with control animals.

After administration of Td/B-EPCs to 11 mice, 3 (27.2%)
had extensive toe necrosis, and the remaining § (72.7%)
underwent autoamputation of the ischemic limb (Figure 6A).
In contrast, Td/V-EPC transplantation was associated with
successful limb salvage in 7 (63.6%) of 11 animals; toe
necrosis was limited to 3 (27.2%) mice, and only 1 (9%) had
spontancous limb amputation (Figure 6B).

Serial examination of hindlimb perfusion by LDPI was
performed at days 0 and 28 (Figure 7A). The ratio of
ischemic¢/normal blood flow in mice transplanted with Td/V-
EPCs indicated significantly greater hindlimb perfusion com-
pared with those mice transplanted with Td/B-EPCs and
nontransduced EPCs at day 28 (0.71 *£0.15 versus 0.40£0.03
versus 0.34+0.04, P<<0.05) (Figure 7B).

Histological Assessment of Animals

Given Transplantation

To further evaluate the impact of EPC gene transfer on
revascularization of the ischemic hindlimb, histological ex-
amination of skeletal muscle sections retrieved from the
ischemic hindlimbs of mice killed at day 28 was performed as
described above. Capillary density observed in the mice
transplanted with Td/V-EPCs was significantly higher than in



