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rejuvenate the bioactivity and/or extend the life span of
EPCs, can constitute such potential strategies.

We have recently shown for the first time that gene-
modified EPCs rescue impaired neovascularization in an
animal model of limb ischemia [57]. Transplantation of
heterologous EPCs transduced with adenovirus encoding
human VEGF165 not only improved neovascularization
and blood flow recovery, but also had meaningful bio-
logical consequences, i.e. limb necrosis and auto-amputa-
tion were reduced by 63.7% in comparison with controls.
Notably, the dose of EPCs needed to achieve limb salvage
in these in vivo experiments was 30 times less than that
required in the previous experiments involving unmodified
EPCs [25). Thus, combining EPC cell therapy with gene
(i.e. VEGF) therapy may be one option to address the
limited number and function of EPCs that can be isolated
from peripheral blood in patients.

5.4. BM-MNC transplantation

Nonselected total BM cells or BM-MNCs including
immature EPC population have also been investigated for
their potential to induce neovascularization. Several ex-
periments have reported that autologous BM administra-
tion into rabbit [58] or rat [59] hindlimb ischemic model,
and porcine myocardial ischemic model [60,61] could
augment neovascularization in ischemic tissue mainly
through the production of angiogenic growth factors and
less through the differentiation of a portion of the cells into
EPCs/ECs in situ. Although there are no long-term safety
and efficacy data for local delivery of such cell population
mostly composed of inflammatory leukocytes, these strate-
gies have already been applied to clinical patients in some
institutions and preliminary results are expected soon.

6. Other devices of EPCs for clinical application

EPCs have recently been applied to the field of tissue
engineering as a means of improving biocompatibility of
vascular grafts. Arificial grafts first seeded with autolog-
ous CD34+ cells from canine BM and then implanted into
the aortae were found to have increased surface endo-
thelialization and vascularization compared with controls
{62]. Similarly, when cultured autologous ovine EPCs
were sceded onto carotid interposition grafis, the EPC-
seeded grafts achieved physiological motility and remained
patent for 130 days versus 15 days in non-seeded grafis
[63]. Alternatively, as previously reported, the cell sheets
of cultured cardiomyocytes may be effective for the
improvement of cardiac function in the damaged hearts,
1.e. ischemic heart disease or cardiomyopathy [64,65]. The
cell sheets consisting of cardiomyocytes with EPCs ex-
pected to induce neovessels may be attractive, as bloed
supply is essential to maintain the homeostasis of im-
planted cardiomyocytes in such cell sheets.

EPCs have also been investigated in the cerebrovascular
field. Embolization of the middle cerebral artery in Tie2/
lacZ/BMT mice disclosed that the formation of new blood
vessels in the adult brain after stroke involves vas-
culogenesis/EPCs [66]. Similar data were reported using
gender-mismatched wild-type mice transplanted with BM
from Green Fluorescein Protein transgenic mice [67].
However, whether autologous EPC transplantation would
augment cerebral revascularization has yet to be examined.

To date, the role of EPCs in tumor angiogenesis has
been demonstrated by several groups. Davidoff et al.
showed that BM-derived EPCs contribute to tumor neovas-
culature and that BM cells transduced with an anti-an-
giogenic gene can restrict tumor growth in mice [45].
Lyden et al. recently used angiogenic defective, tumor
resistant Id-mutant mice and showed the restoration of
tumor angiogenesis with BM (donor)-derived EPCs
throughout the ncovessels following the transplantation of
wild-type BM into these mice [46]. These data demon-
strate that EPCs are not only important, but also critical, to
tumor neovascularization. Given the findings, ‘anti-tumor
EPC mediated gene therapy’ by transplantation of EPCs
transferred penes to inhibit tumor growth may be de-
veloped in the near future.

Orlic et al. recently demonstrated that lineage marker
negative (non-committed) and CDI117 positive BM cells
can regenerate de novo myocardium and ECs and improve
cardiac function when they were locally delivered into
murine myocardial infarction model [68]. They also re-
ported that mobilization of BM cells by G-CSF and stem
cell factor leads to a reduction in infarct size, improves
cardiac function and decreases the mortality in this animal
model [69]. Jackson et al. showed that BM-derived stem
cells (side population cells defined by dye exclusion) can
differentiate into cardiomyocytes and ECs at a very low
rate in murine cardiac reperfusion injury model following
BMT [70]. These studies suggest a clinical use of BM for
cardiovascular disecases other than EPCs/therapeutic vas-
culogenesis. Given the extensive plasticity of BM cells
differentiating into neural, hepatic and mesenchymal
lincages, BM-derived EPCs may also exhibit such a
potential, as seen in the report suggesting the transdifferen-
tiation of endothelial lineage cells into cardiomyocytes
[711.

7. Conclusion

As the concepts of BM-derived EPCs in adults and
postnatal vasculogenesis are further established, clinical
applications of EPCs to regenerative medicine are likely to
follow. To acquire the more optimized quality and quantity
of EPCs, several issues remain to be addressed, such as the
development of a more efficient method of EPC purifica-
tion and expansion, the methods of administration and
senescence in EPCs. Alternatively, in the case of im-
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possible utility of autologous BM-derived EPCs in the
patients with impaired BM function, an appreciable num-
ber of EPCs isolated from umbilical cord blood or dif-
ferentiated from tissue specific stem/progenitor or em-
bryonic stem cells need to be optimized -for EPC therapy.
However, the unlimited potential of EPCs along with the
emerging concepts of autologous cell therapy with gene
modification suggests that they may soon reach clinical
fruition.
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Stromal Cell-Derived Factor-1 Effects on Ex Vivo
Expanded Endothelial Progenitor Cell Recruitment for
Ischemic Neovascularization

Jun-ichi Yamaguchi, MD, PhD; Kengo Fukushima Kusano, MD, PhD; Osamu Masuo, MD;
Atsuhiko Kawamoto, MDD, PhD; Marcy Silver, BS; Satoshi Murasawa, MD, PhD;
Marta Bosch-Marce, PhD; Haruchika Masuda, MD, PhD; Douglas W. Losordo, MD;
Jeffrey M. Isner, MD¥; Takayuki Asahara, MD, PhD

Background—Stromal cell-derived factor-1(SDF-1) is a chemokine considered to play an important role in the trafficking
of hematopoietic stem cells. Given the close relationship between hematopoietic stem cells and endothelial progenitor
cells (EPCs), we investigated the effect of SDF-1 on EPC-mediated vasculogenesis.

Methods and Resuits—Flow cytometric analysis demonstrated expression of CXCR4, the receptor of SDF-1, by 66+x3%
of EPCs after 7 days in culture. In vitro modified Boyden chamber assay showed a dose-dependent EPC migration
toward SDF-1 (control versus 10 ng/mL SDF-1 versus 100 ng/mL SDF-1, 24+2 versus 71+3 versus 140+6 cells/mm?;
P<20.0001). SDF-1 attenuated EPC apoptosis (control versus SDF-1, 27+1 versus 7+ 1%; P<0.0001). To investigate
the effect of SDF-1 in vivo, we locally injected SDF-1 into athymic ischemic hindlimb muscle of nude mice combined
with human EPC transplantation to determine whether SDF-1 augmented EPC-induced vasculogenesis. Fluorescence
microscopic examination disclosed increased local accumulation of fluorescence-labeled EPCs in ischemic muscle in
the SDF-1 treatment group (control versus SDF-1=241%25 versus 445+24 cells/mm?, P<0.0001). At day 28 after
treatment, ischemic tissue perfusion was improved in the SDF-1 group and capillary density was also increased. (control
versus SDF-1, 355426 versus 551 %30 cells/mm?; P<0.0001).

Conclusion—These findings indicate that locally delivered SDF-1 augments vasculogenesis and subsequently contributes
to ischemic neovascularization in vivo by augmenting EPC recruitment in ischemic tissues. (Circulation. 2003;107:

1322-1328.)

Key Words: chemokines m angiogenesis m ischemia ® endothelium

S tromal cell-derived factor-1 (SDF-1) is 2 member of the
chemokine CXC subfamily originally isolated from mu-
rine bone marrow stromal cells.! It has a single substantial
open reading frame of 267 nucleotides encoding an 89-amino
acid polypeptide and expressed on stromal cells of various
tissues. On the other hand, CXCR4, a 7-transmembrane-
spanning G protein-coupled receptor, is the only known
receptor for SDF-1 and is also a coreceptor for HIV type |
infection.? SDF-1/CXCR#4 interaction is reported to play an
important physiological role during embryogenesis in hema-
topoiesis,* vascular development, cardiogenesis,* and cere-
bellar development.s

Recently, several investigators reported that CD34* cells,
classically considered to be hematopoietic stem cells, ex-
pressed CXCR4, and that SDF-1 could induce CD34* cell

migration in vitro.® Accordingly, SDF-1 is considered as one
of the key regulators of hematopoietic stem cell trafficking
between the peripheral circulation and bone marrow. SDF-1
has also been shown to effect CD34* cell proliferation? and
mobilization® and to induce angiogenesis in vivo.?

Bone marrow—derived endothelial progeniter cells (EPCs)
have been isolated from the peripheral blood of adult spe-
cies.!!! These cells participate in not only physiological but
also pathological neovascularization in response to certain
cytokines and/or tissue ischemia.!2-14 More recently, ex vivo
expanded EPCs from peripheral blood, transplanted into
animal models of ischemic hindlimbs and acute myocardial
infarction, successfully augmented neovascularization result-
ing in physiological recovery documented as limb salvage
and improvement in myocardial function.'s6
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At present, however, enthusiasm for the therapeutic poten-
tial of strategies of EPC transplantation is limited by certain
practical considerations. For example, adjusting the number
of EPCs for injection according to body weight, ~6 L of
blood would be required for harvesting of EPCs in an
average-size patient to administer a dose equivalent to that
which yielded therapeutic effects in limb and myocardial
ischemia in small animal models. Accordingly, we investi-
gated the hypothesis that locally administered SDF-1 could
augment the local accumulation of transplanted EPCs,
thereby resulting in enhanced neovascularization. Here we
report that EPCs express CXCR4 and that the combination of
SDF-t local administration and EPC transplantation has
potential as a strategy for therapeutic neovascularization.

Methods

Cell Isolation and Culture
Ex vivo expansion of EPCs was performed as described.'® In brief,
total human peripheral blood mononuclear cells were isolated from
healthy human volunteers by density-gradient centrifugation with
Histopaque-1077 (Sigma) and plated on culture dishes coated with
human fibronectin (Sigma). The cells were cultured in endothelial
cell basal medium-2 (EBM-2, Clonetics) supplemented with 5%
FBS, human vascular endothelial growth factor (VEGF)-A, human
fibroblast growth factor-2, human epidermal growth factor, insulin-
like growth factor-1, ascerbic acid, and antibiotics. After 4 days in
culture, nonadherent cells were removed by washing with PBS, new
medium was applied, and the culture was maintained through day 7.
CD34* cells from isolated human peripheral blood mononuclear
cells were positively selected uvsing the MiniMACS immunomag-
netic separation system (Milteney Biotec) according to the manufac-
turer’s instructions as recently described.?

Fluorescence-Activated Cell Sorting
Fluorescence-activated cell sorting (FACS) detection of EPCs was
performed after 7 days in culture. The procedure of FACS staining
was described previously.I¢ In brief, a total of 2 to 3 10° cells were
resuspended with 200 pL of Dulbecco’s PBS (BioWhittaker) con-
taining 10% FBS and 0.01%% NaN, and incubated for 20 minutes at
4°C with phycoerythrin-conjugated monoclonal antibodies against
CXCR4 (PharMingen). After staining, the cells were fixed in 2%
paraformaldehyde. Quantitative FACS was performed on a FACStar
flow cytometer (Becton Dickinson). All groups were studied at least
in triplicate.

Migration Assay

To investigate EPC migration activity, a modified Boyden chamber
assay was performed using a 48-well microchemotaxis chamber
(NeuroProbe) as described.'”? In brief, SDF-1 (PharMingen) is
diluted to appropriate concentrations in EBM-2 supplemented with
0.1% BSA, and 30 pL of the final dilution was placed in the lower
compartment of a Boyden chamber. Human EPCs cultured for 7 days
were harvested, 3 10* cells were suspended in 50 uL of EBM-2
supplemented with (.1% BSA, and antibiotics were reseeded in the
upper compartment. After incubation for 5 hours at 37°C, the filter
was removed, and the cells on the filter were counted manually in
random high-power fields (X100} in each well. All groups were
studied at least in triplicate.

Apoptosis Assay

EPC apoptosis, induced by serum starvation, was quantified to
determine whether SDF-1 exerts a survival effect on EPCs. The
proportion of apoptotic EPCs after serum starvation was determined
by manually counting pyknotic nuclei after DAPI (Roche) staining.
In brief, day 7 EPCs were reseeded onto 4-chamber slides (1X10°
cells per well with 500 uL of EPC culture medium). After 24 hours
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of incubation, culture medium was removed and replaced with 500
pL of EBM-2 without any supplement. After 48 hours of serum
deprivation, the medium was supplemented with 100 ng/mL of
SDF-1 (versus medium alone) and incubated for 3 hours. DAPI-
stained pyknotic nuclei were counted as percentage of 100 cells in
each well. Each grovp was studied at least in triplicate.

Animal Model of Ischemic Hindlimb

All procedures were performed in accordance with the Institutional
Animal Care and Use Committee of St Elizabeth’s Medical Center,
Male athymic nude mice (CBy-Cg-Foxnl™, The Jackson Laborato-
ry), age 8 to 10 weeks and weighing 18 to 22 g, were anesthetized
with sodium pentobarbital (160 mg/kg IP) for operative resection of
one femoral artery as described.'® For euthanization, mice were
injected with an overdose of pentobarbital.

RNA Extraction and Reverse Transcriptase—
Polymerase Chain Reaction Analysis

Tissue RNA was extracted from frozen muscle samples (day 7 after
hindlimb ischemia) using TRIzol reagent {Invitrogen) according to
the manufacturer’s instructions. Reverse transcriptase-polymerase
chain reaction (RT-PCR) of the VEGF and GAPDH genes was
performed using 1 pg of total RNA. PCR was performed for 35
cycles for VEGF-A and 25 cycles for GAPDH, with each cycle
consisting of 94°C for 30 seconds and 64°C for 3 minutes. Ampli-
fication was carried out in 20-pL reaction mixtures containing 0.4 U
Tagq polymerase.

Transplantation of Ex Vivo Expanded EPCs

The impact of local administration of SDF-1 after EPC transplanta-
tion on therapeutic neovascularization was investigated in a murine
model of hindlimb ischemia.’s Just after operative excision of one
femoral artery, athymic nude mice, described above, in which
angiogenesis is characteristically impaired, received a local intra-
muscular injection of 1 ug SDF-1 versus PBS in the center of the
lower calf muscle followed immediately by an intravenous injection
of 1.5X10* culture-expanded EPCs. To evaluate EPC incorporation
into the vasculature in ischemic muscles, some mice were trans-
planted with EPCs labeled with the fluorescent carbocyanine 1,1°-
dioctadecyl-1 to 3,3,3'3'-tetramethylidocarboyanine perchlorate
(Dily dye (Molecular Probes). Before transplantation, EPCs in
suspension were washed with PBS and incubated with Dil at a
concentration of 2.3 pug/mL PBS for 5 minutes at 37°C and 15
minutes at 4°C. After 2 washing steps in PBS, the cells were
resuspended in EBM-2. Five mice in the placebo and SDF-1 groups
each received 1.5X10° Dil-labeled EPCs intravenously as described
above. Thirty minutes before euthanization at day 3 and day 7, 5
mice in each group received an intravenous injection of 50 pg of
Bandeiraea simplicifolia lectin 1 (BS-1 lectin, Vector Laboratories)
to identify the mouse vasculature.

Physiological Assessment of Transplanted Animals
Laser Doppler perfusion imaging (LDPI, Moor Instruments) was
used to record serial blood flow measurements over the course of 4
weeks postoperatively, as previously described.!® There were 8 mice
in the SDF-1 group and 9 in the PBS group. In these digital
color-coded images, a red hue indicates the region of maximum
perfusion, medium perfusion values are shown in yellow, and the
lowest perfusion vzlues are represented by blue. Figure 5B displays
absolute values in readable units.

Histological Assessment of Transplanted Animals
Tissue sections from the lower calf muscles of ischemic and healthy
limbs were harvested on days 3, 7, and 28. To examine EPC
incorporation at early time points after transplantation (at days 3 and
7) and SDF-1 effect on host endothelial cells, tissues from the mice
injected with Dil-labeled EPCs and BS-1 Iectin were embedded for
frozen section samples. A total of 20 different fields (4 cross sections
from each animal) were randomly selected, and the Dil-labeled EPCs
were counted (<40 magnification).
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The extent of neovascularization at day 28 was assessed by
measuring capillary density in light microscopic sections.!s Paraffin-
embedded sections of 5-um thickness were stained for the mouse
endothelial cell marker isolectin B4 (Vector Laboratories) and
counterstained with eosin to detect capillary endothelial cells as
previously described.'s A total of 20 different fields were randomly
selected (2 or 3 cross sections from each animal), and the capillaries
were counted (<40 magnification).

Statistical Analysis

All results are expressed as mean® SEM. Statistical significance was
evaluated using the unpaired Student ¢ test for comparisons between
2 means. Multiple comparisons between >3 groups were done by
ANOVA. Probability value of P<0.05 denoted statistical
significance.

Results

Fluorescence-Activated Cell Sorting

After 7 days of culture, ex vivo expanded EPCs derived from
peripheral blood of healthy human volunteers exhibited
spindle-shaped morphology. These progenitor cells have
qualitative properties of endothelial lineage cells.'s FACS
analysis elucidated that 66.0%3.1% of day 7 cultured EPCs

express CXCR4, whereas only 5.2+1.1% of freshly isolated
human peripheral blood CD34" cells showed CXCR4 expres-

sion (Figure 1). In addition, 50.6+4.7% of CD34" cells
cultured 24 hours with EPC culture medium expressed
CXCR4, which is consistent with previous reports.”

Migration Assay

To investigate the migratory response of ex vivo expanded
EPCs toward an SDF-1, we performed 2 modified Boyden
chamber assay in vitro. SDF-1 induced EPC migration in a
dose-dependent manner (Figure 2). The magnitude of migra-
tion was similar to that induced by VEGF (data not shown).
SDF-1 induced a small, statistically insignificant increase in
EPC proliferative activity (data not shown).

Apoptosis Assay

To examine the effect of SDF-1 on ex vivo expanded EPC
survival, we quantified apoptosis induced by serum starva-
tion. After 48 hours of serum starvation, ex vivo expanded
EPCs were treated with 100 ng/ml. of SDF-1 for 3 hours.
DAPI staining was performed to determine the proportion of
apoptotic cells by manually counting pyknoetic nuclei (Figure
3A). SDF-1 reduced apoptosis of EPCs from 26.6+1.0% to
7.1+0.9% (P<0.0001) (Figure 3B).

SDF-1 Upregulates Endogenous VEGF Expression

in Hindlimb Ischemic Mauscle

To investigate whether SDF-1 upregulates endogenous
VEGF expression, we examined the expression of VEGF-A
in the hindlimb ischemic muscle. Figure 4A shows temporal
expression of VEGF-A mRNA in hindlirb muscle from mice
treated with SDF-1 or PBS. Seven days after the treatment,
VEGF-A mRNA expression was increased in SDF-1—treated
muscle. Quantitative analysis of expression is shown in
Figure 4B.

EPC Incorporation Into Ischemic

Hindlimb Neovasculature

To elucidate the SDF-1 effect on local recruitment of trans-
planted EPCs from the systemic circulation and of host
endothelial cells, we quantified incorporation of transplanted
EPCs into the microvasculature of ischemic limbs and the
number of host endothelial cells after local SDF-1 adminis-
tration in mude mice hindlimbs. Transplanted human EPCs
labeled with Dil were identified in tissue sections by red
fluorescence, whereas the native mouse vasculature stained
by premortem BS-1 lectin administration was identified by

- green fluorescence in the same tissue sections (Figure 5A).

Histological examination disclosed increased local accumu-
lation of Dil-labeled EPCs in the SDF-1 group compared with
PBS controls (day 3, 445224 versus 241+25 cells/mm?,
P<0.0001; day 7, 446x31 versus 355+30 cells/mm?

200
150
100 |

50

o LETL

control SDF-1 SDF-1 SDF-1
Ing 10ng 100ng

Figure 2. SDF-1 induced EPC migration. Migratory response of
EPCs toward different dosages of SDF-1 stimulation was mea-
sured by modified Boyden chamber migration assay. Ex vivo
expanded EPCs demonstrated a potent dose-dependent activity
toward SDF-1. Control vs 10 ng/ml. SDF-1 vs 100 ng/mL
SDF-1, 242 vs 71+3 vs 140+6 cells/mm?; *P<0.0001.
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P<0.05) (Figure 5B). Moreover, increased numbers of host
endothelial cells were observed in the SDF-1 group compared
with the PBS group (day 3, 50019 versus 343+23 cells/
mm?, P<0.0001; day 7, 53119 versus 386+25 cells/mm>,
P<0.05) (Figure 5C).

Physiological Assessment of Transplanted Animals
After systemic human EPC transplantation with local intra-
muscular administration of SDF-1 or PBS, serial measure-
ments of hindlimb perfusion by LDPI were performed at days
7, 14, 21, and 28. LDPI disclosed profound differences in the
limb perfusion 28 days after induction of limb ischemia
(Figure 6A). By day 28, the ratio of ischemic/nonischemic
blood flow in the SDF-1 treatrment group improved to
0.50x0.08 versus 0.26+0.04 in the PBS group (P<0.05,
Figure 6B). Thus, the homing effect of local SDF-1 injection
documented above was accompanied by physiological evi-
dence for enhanced neovascularization, suggesting that the

A
VEGF-A

GAPDH
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Figure 3. SDF-1 attenuated EPCs apo-
ptosis. Serum starvation was used to
induce apoptosis in ex vivo expanded
EPCs. A, DAPI staining was performed to
determine the proportion of apoptotic
cells by manually counting pyknotic
nuclei (white condensed nuclei in fig-
ures}. Scale bars=100 pum. B, Quantifi-

* cation of percentage of pyknotic nuclei.
Control vs SDF-1, 27x1% vs 7+1%;
*P<0.0001.
SDF.|

EPCs that were attracted to the ischemic limb by SDF-1 were
subsequently incorporated into the developing vasculature.
To provide anatomic evidence of EPC-increased vasculature
in the SDF-l-treated limbs, histological examination for
capillary density was performed.'¢

Histological Assessment of Transplanted Animals
Staining with the endothelial cell marker isolectin B4 was
performed on skeletal muscle sections retrieved from the
ischemic hindlimbs of mice at day 28 to quantify capillary
density (Figure 7A). Capillary density, an index of neovas-
cularization, was significantly higher in the SDF-1 treatment
group (551430 cells/mm?) than in the PBS treatment group
(24125 cells/mm?, P<0.0001) (Figure 7B). .

Discussion
Our previous studies indicated that ex vivo cell therapy,
consisting of systemic implantation of culture-expanded hu-

4 V1{il 148
4— VGl

Figure 4. SDF-1 upregulated expression
of VEGF-A mRNA in ischemic hindlimb.
A, Expression of VEGF-A mRNA in SDF-
1-treated and untreated muscle. Each
panel shows RT-PCR products for
VEGF-A and GAPDH. Ao indicates mouse
aortic tissue as positive control. B, Densi-
tometric analysis was performed; ratio of
RT-PCR product of VEGF-A (VEGF,g,) to
that of GAPDH is shown. Data were
obtained from 3 separate experiments
and are presented as arbitrary units over
controls. *P<0.01 {unpaired t test) vs
SDF-1 (=) group.

SDF-1(+) SDF-1(-)Ao
-
B 08} *
05 |
o4t
02} -
0
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Figure 5. SDF-1 augmented EPC incorporation at an early time point. Fluorescence microscopic examination disclosed increased local
accumulation of EPCs in SDF-1 treatment group compared with PBS group. A, Representative microscopic photographs of double flu-
orescence in ischemic muscles at day 3. Transplanted human Dil-labeled EPC-derived cells were identified by red fluorescence in his-
tolegical sections retrieved from ischemic muscles. Host mouse vasculature was identified by green fluorescence In the same tissue
sections. Scale bars=100 pm. B, Quantitative analysis of incorporated EPCs. Densily of Dil-labeled EPCs (red fluorescence) in tissue
sections retrieved from ischemic muscles was greater in SDF-1 treatment group than in PBS group at both days 3 and 7 (day 3, con-
trol vs SDF-1, 241225 vs 445+24 cells/mm?, “P<0.0001; day 7, control vs SDF-1, 355+30 vs 44631 cells/mm?, *P<0.05). C, Quanti-
tative aralysis of host endothelial cells. Density of host endothelial cells (green fluorescence) in tissue sections retrieved from ischemic
muscles was greater in SDF-1 treatment group than in PBS group at both days 3 and 7 (day 3, control vs SDF-1, 343+23 vs 500+19
cells/mm?, “P<0.0001; day 7, control vs SDF-1, 386+25 vs 53118 cells/mm?, *P<0.05).

man EPCs, successfully promotes neovascularization of is-
chemic hindlimbs'¢ and acute myocardial infarction's in
immune-deficient animal models. In these studies, heteroge-
nous cell transplantation not only improved neovasculariza-
tion but also reduced adverse biological consequences such as
limb necrosis and autoamputation in the mouse ischemic
hindlimb model. These studies also disclosed that systemic
EPC transplantation improved myocardial neovascularization
and cardiac function corresponding to reduced left ventricular
scarring.

SDF-1 Effect on Vasculogenesis

Recent reportss7 indicated that SDF-1 was a strong chemoat-
tractant for CD34" cells, which express CXCR4, the receptor
for SDF-1, and played an important role in hematopoietic
stem cell trafficking between the peripheral circulation and
bone marrow. In addition, certain evidence suggests that
SDF-1 may have direct effects on vasculogenesis. Tachibana
et al* reported that mice lacking SDF-1 had defective forma-
tion of large vessels supplying the gastrointestinal tract, More
recently, Hattori et al® reported that plasma elevation of
SDF-1 induced mobilization of mature and immature hema-
topoietic progenitors and stem cells, including EPCs,

SDF-1 Contributes to Neovascularization by
Augmenting Local Accumulation of Transplanted
EPCs in Ischemic Tissues

Given the close relationship between hematopoietic stem
cells and EPCs, we focused on the chemoattractant properties
of SDF-1. We investigated the hypothesis that locally admin-
istered SDF-1 might augment the accumulation of EPCs to
the site of ischemia, resulting in enhancing the efficacy of
neovascularization after systemic EPC transplantation. The
factors mediating the recruitment of circulating progenitors to
ischemic tissue are not well characterized. Western analysis
detected no SDF-1 protein in ischemic muscles (data not
shown). We hypothesized that exogenous SDF-1, adminis-
tered into ischemic tissue, could exert a strong chemoattrac-
tant effect for circulating EPCs, augmenting the effect of
endogenous angiogenic/chemoattractant factors.

Our in vitro data verified the feasibility of this approach,
CXCR4, the receptor for SDF-1, is expressed by EPCs, and
the percentage of EPCs expressing CXCR4 was 13-fold
higher compared with that of freshly isolated peripheral
blood-derived CD)34* cells. SDF-1 induced EPC migration
and also exerted a survival effect on cultured EPCs.

In vivo, local SDF-1 administration augmented EPC accu-
mulation 3 days afier the treatment, which is consistent with
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a chemoattractant effect in excess of the native locally
expressed factors. The magnitude of EPC incorporation in the
SDF-1 treatment group at day 3 was 1.8-fold higher than in
the control group. The magnitude of EPC incorporation was
similar between days 3 and 7, suggesting that the homing of
exogenously administered EPCs occurs early after transplan-
tation. Subsequent physiological and histological evaluations
were performed to determine whether this increase in EPC
local accumulation culminated in an increase in neovascular-
ization. Serial LDPI measurements indicated significant dif-
ferences in limb perfusion 28 days after induction of ische-
mia, whereas histological analysis revealed that capillary
density, a direct anatomic reflection of neovascularization,
was significantly greater in the SDF-1 treatment group than in
the conirol group. These data provide evidence that the
ultimate degree of physiological improvement is critically
dependent on sufficient EPC recruitment at an early time
point.18.12

It seems likely that in addition to transplanted EPCs,
SDF-1 might stimulate host endothelial cells from preexisting
blood vessels and host EPCs derived from bone marrow.
Indeed, Salcedo et al® reported that subcutaneous serial
SDF-1 injections into mouse skin induced formation of local
small blood vessels and that SDF-1 treatment enhanced
VEGF release from human umbilical vein endothelial cells in
vitro. We have also observed enhanced VEGF release from
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Figure 6. SDF-1 improved tissue perfu-
sion, Hindlimb perfusion was measured
by LDP!L. A, Representative LDPI 28 days
after induction of limb ischemia. Boxes
indicate areas of interest. B, Quantitative
analysis of perfusion recovery measured
by LDPI. Ratios of ischemic/nonischemic
limbs at day 28 were as follows: for PBS,
0.26+0.04; for SDF-1, 0.50+0.08;
*P<0.05.

EPCs treated with SDF-1 in vitro (data not shown}.2? Taken
together with these observations, SDF-1 appears to have
effects on endogenous angiogenesis (direct or via certain
secondary cytokines) as well as vasculogenesis.

However, SDF-1 administered locally as the sole ther-
apy for hindlimb ischemia in the same animal model
resulted in autoamputation within 7 days in all animals
(n=35, data not shown). Accordingly, at least under the
experimental conditions used in this study, the effect of
SDF-1 on neovascularization appears to result primarily
from its ability to enhance the recruitment and incorpora-
tion of transplanted EPCs.

To the best of our knowledge, this study represents the first
experimental proof of principle for the feasibility and thera-
peutic effectiveness of augmenting local accumulation of
EPCs. EPCs widely express CXCR4, and local administration
of SDF-1 enhanced vasculogenesis and subsequently contrib-
uted to neovascularization in vivo inducing in situ recruit-
ment of transplanted EPCs in ischemic tissues, To apply
SDF-1 treatment in clinical ischemic patients, certain issues
will need to be considered, such as the effect of SDF-1 on
atherosclerosis. Additional experiments using atherosclerotic
animal models may shed light on this concern. Nevertheless,
we believe that the concept of augmenting local accumulation
of transplanted EPCs opens perspectives for the clinical
strategy of EPC therapies.

Figure 7. SDF-1 increased capillary density
* in ischemic tissue at day 28. Histological
skeletal muscle section retrieved from ische-
mic hindlimbs at day 28 was examined for
capillary density, an index of neovasculariza-
tion, using endothelial-specific chemical
staining of isolectin B4. A, Representative
microscopic photographs of isolectin B4 his-
tochemical staining in ischemic muscles at
day 28. Brown indicates isolectin B4-positive
vasculatures. Scale bars=100 pm. B, Quanti-
tative analysis of capillary density. PBS vs

Capillaries / mm?
- BESEE8Z

SDF-1 SDF-1, 35526 vs 55130 cells/mm?
- (*P<0.0001).
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Biodegradable Gelatin Hydrogel Potentiates
the Angiogenic Effect of Fibroblast Growth
Factor 4 Plasmid in Rabbit Hindlimb Ischemia
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OBJECTIVES

BACKGROUND

METHODS

RESULTS

CONCLUSIONS

We investigated the potentiation of gene therapy using fibroblast growth factor 4 (FGF4)-
gene by combining plasmid deoxyribonucleic acid (DNA) with biodegradable gelatin
hydrogel (GHG).

Virus vectors transfer genes efficiently but are biohazardous, whereas naked DNA is safer but
less efficient, Deoxyribonucleic acid charges negatively; GHG has a positively charged
structure and is biodegradable and implantable; FGF4 has an angiogenic ability.

The GHG-DNA complex was injected into the hindlimb muscle (63 mice and 55 rabbits),
Gene degradation was evaluated by using '*’I-labcled GHG-DNA complex in mice.
Transfection efficiency was evaluated with reverse-transcription nested polymerase chain
reaction and X-Gal histostaining. The therapeutic effects of GHG-FGF4-gene complex
(GHG-FGF4) were evaluated in rabbits with hindlimb ischemia.

Gelatin hydrogel maintained plasmid in its structure, extending gene degradation temporally
until 28 days after intramuscular delivery, and improving transfection efficiency. Four weeks
after gene transfer, hindlimb muscle necrosis was ameliorated more markedly in the
GHG-FGF4 group than in the naked FGF4-gene and GHG-beta-galactosidase (control)
groups (p < 0.05, Kruskal-Wallis test). Synchrotron radiation microangiography (spatial
resolution, 20 pm) and Aow determination with microspheres confirmed significant vascular
responsiveness to adenosine administration in the GHG-FGF4 group, but not in the naked
FGF4-gene and the control.

‘The GHG-FGF4 complex promoted angiogenesis and blood flow regutation of the newly
developed vessels possibly by extending gene degradation and improving transfection

efficiency without the bichazard associated with viral vectors.

{J Am Coll Cardiol 2003;41:

1056-62) © 2003 by the American College of Cardiology Foundation

Angiogenic gene therapy using growth factors is widely
studied to treat ischemic heart disease and severe limb
ischemia (1,2). Of the two major methods of gene transfer,
the use of virus vectors is efficient but bichazardous (3,4),
while naked deoxyribonucleic acid (DNA) is safer, but less
efficient (5). A highly efficient and safe drug delivery system
without using a virus vector is needed for gene therapy in
humans. We developed a new hydrogel consisting of amino
acids, being biodegradable and, therefore, implantable, from
gelatin (6). Hydrogel has been used to improve transfection
efficiency in a hydrogel-coated balloon catheter (7). How-
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ever, this hydrogel was not implantable because it consisted -
of carbohydrate and was not biodegradable. The purpose of
the present study is to assess whether biodegradable gelatin
hydrogel (GHG) improves the efficacy of gene therapy with
the fibroblast growth factor 4 (FGF4)/hst1 gene; FGF4 is a
growth factor discovered in human gastric cancer (8) and
has a secretion signal domain (9). Its angiogenic ability has
been confirmed both in vitro and in vivo (10).

METHODS

Experimental animals. All animal experiments were per-
formed in accordance under the Guidelines of Tokai Uni-
versity School of Medicine on Animal Use, which conform
to the National Institute of Health (NIH} Guide for the
Care and Use of Laboratory Animals, DHEW publication
No. (NIH) 86-23, revised 1985, Offices of Science and
Health Reports, DRR/NIH, Bethesda, Maryland. Fifty-five
Japanese white rabbits weighting 2.45 to 2.85 kg (Nihon
Nosan Co., Tokyo, Japan) of both genders were used. The
animals were anesthetized by intravenous injection of so-
dium pentobarbital (40 mg/kg), and hindlimb ischemia was
created by the method of Takeshita et al. (11). Sixty-three
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Abbreviations and Acronyms

ANOVA = analysis of variance

<DNA = complementary deoxyribonucleic acid

DNA = deoxyribenucleic acid

FGF4 = fibroblast growth factor 4

GHG = gelatin hydrogel

lacZ = beta-galactosidase

NIH = National Institute of Health

PBS = phosphate-buffered saline

pl = jsoelectric point

RNA = ribonucleic acid

RT-nested PCR = reverse transcription-nested
polymerase chain reaction

mice (male ddY mice, six to seven weeks old, Shizuoka
Animal Center, Shizuoka, Japan) were also used.

Preparation of GHG-DNA complex. DNA encoding
FGF4, beta-galactosidase (lacZ) with the cytomegalovirus
enhancer-chicken B-actin hybrid promoter comprising a
cytomegalovirus enhancer, and chicken beta-actin promoter
were constructed (12); GHG was prepared from bovine
bone (6). The GHG used in this study was characterized by
a spheroid shape with a diameter of approximately 200 um,
water content of 95%, and an isoelectric point (pl) of 11
after swelling in water, without special statement.

The efficiency of incorporation of DNA into positively
and negatively charged GHG was evaluated. Dried GHG
(4 mg, pI 11 or 5) was added to lacZ DNA solution (500
ugf100 ul in phosphate-buffered saline [PBS], pH 7.4),
mixed with a vortex mixer for 5 s, and allowed to stand at
37°C; the solution immediately settled. The absorbance
(260 nm) of the supernatant was measured. In a sham
control experiment, GHG was added to pure PBS solution,
Positively charged GHG (pI 11) was immediately impreg-
nated with naked DNA, and was stable at pH 7.4 for at least
120 h, whereas the negatively charged one (pl 5) was not.
Experimental protocols. PROTOCOL 1: DNA DEGRADA-
TION AND THE IMPROVEMENT OF TRANSFECTION EFFI-
CIENCY BY GHG. To examine the temporal extension of
gene degradation by GHG, the decay sequence of '*I-
labeled DNA impregnated into unlabeled GHG, *°I-
labeled GHG, and '“I-labeled DNA solution was com-
pared (63 mice). Plasmid DNA and GHG were
radioiodinated with *?°I, with TICI3 and Bolton and
Hunter reagent {Amersham Pharmacia Biotech Ltd., Buck-
inghamshire, United Kingdom) (13), respectively. To im-
pregnate GHG with DNA, dried GHG (2 mg) was added
to 100 pl of naked lacZ solution (50 pg/100 pl in PBS),
mixed for 5 s, and allowed to stand at 37°C for 2 h. Each
complex was injected into the hindlimb muscle. On days 1,
3,5 7,14, 21, or 28, the muscle was collected, and
radioactivity was measured with a gamma counter (ARC-
301B, Aloka Co., Ltd., Tckyo, Japan) in three mice each.

The following experiment was performed in 16 rabbits to
assess spatial potentiation of gene expression by GHG.
Intramuscular gene transfer was performed 10 days after
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modeling hindlimb ischemia, The DNA solution (FGF4-
gene or lacZ 500 pg/100 pl PBS) mixed with GHG (4 mg;
GHG-FGF4 complex, n = 2; GHG-lacZ complex, n = 2)
and the original FGF4-gene solution (naked FGF4-gene,
n = 2) were diluted with 0.4 ml saline and slowly injected
through a 23-gauge needle at a single point in the adductor
muscle marked with a 4-0 nylon suture. Tissue samples
from the transfected left adductor muscle (the injection site
and the adjacent region 10 mm apart from the injection
site), the right adductor muscle, stomach, liver, spleen,
testes, kidneys, heart, lungs, and brain were retrieved and
immediately frozen in lquid nitrogen on day 17; FGF4-
gene expression was evaluated by reverse transcription-
nested polymerase chain reaction (RT-nested PCR). In the
remaining 10 rabbits, gene expression was evaluated with
lacZ gene; GHG-lacZ complex (n = 5) and naked lacZ
solution (n = 5) were injected at a single point in the
adductor muscle in the same way as the GHG-FGF4
injection on day 10. On day 17, a muscle sample at the
injection site was dissected out, and expression of lacZ was
determined by X-Gal histostaining (14).

PROTOQCOL 2: SALVAGE OF HINDLIMB ISCHEMIA WITH GHG-
PLASMID COMPLEX ENCODING FGF4. The angiogenic effect
of three sets of GHG-DNA complexes were compared in
39 rabbits with hindlimb ischemia: 1} GHG impregnated
with lacZ plasmid (GHG-lacZ: control); 2) naked FGF4-
plasmid (naked FGF4-gene); and 3) GHG impregnated
with FGF4 plasmid (GHG-FGF4). The amount of plas-
mid was 500 pg (1.0 ml) and that of GHG was 4 mg. On
day 10 of ischemia, the gene complex was injected at five
points 20 mm apart in the adductor muscle with a 23-gauge
needle.

In 18 rabbits, on days 10 and 38 of ischemia, calf systolic
blood pressure was measured by the Doppler flow signal
from the posterior tibial artery (ES-100V2, Hayashi Denki
Co., Kawasaki, Japan} with a 25-mm wide cuff. The calf
blood pressure ratio of each rabbit was defined as the ratio
of the systolic pressure of the ischemic limb to that of the
normal limb. Regional blood flow was measured by the
microsphere method (15) at baseline on days 0 and 38. On
day 38, adenosine (100 pg/kg/min) was administered 30
min after baseline flow measurement (vasodilatory condi-
tion). A 4F catheter was introduced into the ascending aorta
via the common carotid artery for microsphere injection and
adenosine administration. Microspheres (15-um diameter,
3 X 106} labeled with one of four sets of stable heavy
elements (In, I, Ba, or Ce, Sekisui Plastic, Osaka, Japan)
(15) were suspended in 0.05% sodium dodecyl sulfate at a
concentration of 5 X 106/ml and injected into the ascend-
ing aorta, After killing the animals, the adductor, semimem-
branous, and gastrocnemius muscles were dissected out and
weighed. The X-ray flucrescence of the labeled micro-
spheres was measured in 4 to 8 g of the dissected muscles to
calculate the regional blood flow (15) and expressed as the
ratio of flow in the ischemic limb to flow in the normal imb.
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Table 1. Morphologic Evaluation of Gene Therapy

Muscle Necrosis Naked
(Area) GHG-lacZ FGF4 GHG-FGF4*

Grade 0 {0 em?) o 0 0

Grade 1 (<1 cm?) ] ] 50% (3/6)
Grade 2 (<3 ecm?) 17% (1/6) 33% (2/6) 50% (3/6)
Grade 3 (<5 cm?) 0 67% (4/6) 0

Grade 4 (<10 cm® 50% (3/6) 0 0

Grade 5 (>10 ecm?) 33% (2/6) 0 0
Muscle weight ratio (%) 48 £ 67 (6) 62 = 14 (6) 79 £ 11° (6)

Morphologic indexes in 18 gene-transferred rabbits on day 38, The ischemic Limb was
macroscopically evaluated by using graded morphological scales for muscle necrosis
area (the adductor, semimembranous, medial largs, and gastrocnemius muscles)
(grade 0 to 5); GHG-FGF4 group had significantly less muscle necrosis compared
with naked FGF4 and GHG-lacZ groups. Muscle weight ratio was significan
different between GHG-FGF4 and GHG-{2cZ groups. p < 0.05 vs. *GHG-lacZ,
tnaked FGF4 (Kruskal-Wallis test, analysis of variance),

FGF4 = fibroblast growth factor 45 GHG = gelatin hydrogel; kicZ =
B-galactosidase.

Sufficient mixing of microspheres injected into the aorta
(not into the left atrium) was confirmed by 2 preliminary
study in which two different sets of microspheres were
simultaneously injected into the aorta. The liner regression
analysis on the two different sets of flows yielded 2n almost
identical regression line (y = 1.011x — 0.003, r = 0.98, Sy
*x = 0.032 ). The remaining muscle tissue was used for
histological analysis. An investigator blinded to the treat-
ment macroscopically evaluated the ischemic limb on
graded morphological scales for area of muscle necrosis (the
adductor, semimembranous, medial large, and gastrocne-
mius muscles; grade 0 to 5; Table 1).

Synchrotron radiation microangiography characterized by
high-resolution and high-sensitivity (16) was performed in
21 rabbits as previously described (15,17,18). The system is
capable of separating adjacent lead lines only 20 wm apart
on the resolution bar chart with 640X higher sensitivity
than charge-coupled device camera system. This system
allows detection and functional analysis of small vessels with
a diameter of 200 to 500 pum in situ (15,17,18). Contrast
material containing 37% nonionic iodine (Iopamidol, Ni-
hon Schering Co., Tokyo, Japan) was injected via a 4F
catheter placed immediately above the aortic bifurcation
under baseline condition and during adenosine administra-
tion (100 pg/kg/min) (vasodilatory condition) via the same
catheter. Vessel density in the midzone collateral was
evaluated as an angiographic score (11,15,18).

Plasmid. Complementary deoxyribonucleic acid (cDNA)
of human hst1/FGF4 (19), or bacterial B-galactosidase was
inserted into the expression vector pPRC/CMV (Invitrogen
Corp., Carlsbad, California) and designated as pRC/CMV-
HST1-10 (human stomach tumor) and pRC/CMV-lacZ,
respectively. Preparation and purification of the plasmid
from cultures of pRC/CMV-HST1-10-, or pRC/CMV-
lacZ-transformed Escherichia coli were performed by cen-
trifugation to equilibrium in cestum chloride-ethidium bro-
mide gradients.

RT-nested PCR. Ribonucleic acid (RNA) was extracted
from tissues with ISOGEN (Nippon Gene, Tokyo, Japan).
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The extracted RNA was treated with DNase twice to
eliminate DNA contamination. In each set of experiments,
0.5 pg of total RNA was denatured at 70°C for 5 min, and
reverse transcription was carried out at 37°C for 60 min;
RT-nested PCR was carried out in a thermal cycler
(GeneAmp PCR System 9600, Perkin Elmer, Wellesley,
Massachusetts) with primers designed to selectively amplify
the FGF4 ¢cDNA. The external primers EcoHST1f3 (for-
ward primer: GGA ATT CAC TGA CCG CCT GAC
CGA CGC ACG GCC CTC G) and SalHST 12 (reverse
primer: GCG TCG ACC CCG AGG CTG AGG CAA
GGG TCC TCT) were used for the first round (generating
a 704-base pair [bp] fragment). The sccond round of the
amplification {nested PCR) was performed with two inter-
nal primers HSTILGC1 (forward primer: AGC TCT
CGC CCG TGG AGC GG) and HST1AA-r (reverse
primer: CTC TGG AGG GTC ACA GCC TG) (gener-
ating a 282-bp fragment). The PCR reactions were per-
formed as follows. The thermal cycle conditions for the first
round were 30 cycles (95°C for 1 min, 59°C for 1 min, 72°C
for 1 min), and for the second round were 25 cycles (94°C
for 1 min, 72°C for 2 min), followed by incubation at 72°C
for 10 min, respectively. Amplification products were de-
tected after electrophoresis on 3.5% agarose gels by staining
with ethidium bromide. A primer set of beta-actin (gener-
ating a 506-bp fragment) was used as a positive control for
RT-PCR analysis.

Statistical analysis. Data are presented as mean values +
SD. Differences were assessed by using the paired # test,
Kruskal-Wallis test, or analysis of variance (ANOVA) for
factorial or repeated measures with the Scheffé F test when
applicable. A value of p < 0.05 was considered statistically
significant.

RESULTS

_ Protacol 1: DNA degradation and the improvement of

transfection efficiency by GHG. The radioactivity of ra-
diolabeled DNA impregnated into GHG in the limb
muscle remained above the detection limit for four weeks
(solid line in Fig. 1). The radiolabeled DNA impregnated
into GHG had decay sequences almost identical to those of
the radiolabeled GHG (dotted line in Fig. 1). By contrast,
the radioactivity of naked DNA (dashed line in Fig. 1)
decreased to <<10% of the bascline within a day.

Gelatin hydrogel improved transfection efficiency in vivo;
RT nested-PCR analyses revealed FGF4 expression at all
injection sites in the left adductor muscle in the FGF4-
gene-treated animals {n = 4), as shown in lanes 1 (naked
FGF4-gene) and 4 (GHG-FGF4) in Figure 2; FGF4
expression was also detected in the adjacent region 10 mm
apart from the injection site in the left adductor muscle in
the GHG-FGF4-treated animals (lane 5), but not in the
naked FGF4-gene-treated animals (lane 2). No expression
was detected in any animal at remote sites, such as the right
adductor muscle (lanes 3 and 6), stomach, liver, spleen,
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Figure 1. Decay sequences of radiolabeled deoxyribonucleic acid (DNA),
gelatin hydrogel (GHG), and DNA combined with GHG in the hindlimb
muscles of mice. Unlabeled GHG impregnated with '*I-labeled DNA
(solid line), '*°I-labeled GHG (dashed line), and ?*I-labeled DNA
solution (dotted line} were injected into the hindlimb muscles.

testes, kidneys, heart, lungs, or brain (data not shown);
lacZ-treated animals showed no FGF4 expression at any
sites (lanes 7 and 8). Beta-actin expression was detected in
all samples (lower panel}, but neither beta-actin nor FGF4
expression was detected in any control samples that were not
treated with reverse transcriptase; lacZ expression of naked
DNA (500 prg) was localized to the injection site (Fig. 3A),
whereas GHG-DNA complex (DNA amount 500 pg)
showed a spatially expanded expression on day 17 (Fig. 3B).
The degree of gene expression in myocytes was also aug-
mented by GHG.

Protocol 2: salvage of hindlimb ischemia with GHG-
plasmid complex encoding FGF4. Functional evaluation
of ischemic hindlimbs showed amelioration of the ischemia

12345678910

FGF4 1 282bp

g-actinf 506 bp

Figure 2. Representative transgene expression demonstrated by reverse-
transcription nested polymerase chain reaction (RT-nested PCR). The left
adductor muscle of the rabbits was injected with naked fibroblast growth
factor 4 (FGF4) gene (lanes 1 to 3), gelatin hydrogel (GHG)-FGF4 (lanes
4 to 6), or GHG-lacZ (lanes 7 and 8). Each sample was obtained from the
injection site (lanes 1, 4, and 7) and the adjacent region 1) mm apart from
the injection site (fanes 2, 5 and 8) in the left adductor muscle, and from
the contralateral adductor muscle {lanes 3 and 6). The RT-nested PCR
products from ribonucleic acid of each sample were analyzed on agarose
gel; FGF4 expressed Cel/16 cells as a positive control (lane 9) and no
deoxyribonucleic acid (DNA) template as a negative control (lane 10). A
housekeeping beta-actin gene was amplified as a complementary DNA
loading control.
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Figure 3. Representative gene expression of tacZ in the ischemic adductor
muscle in rabbits on day 17. Naked decxyribonucleic acid (DNA) (A) or
gelatin hydrogel-DNA complex (B) was injected into the adductor muscle
10 days after the ischemic insult. X-Gal stain; original magnification X20;
bar = 200 pm.

by the FGF4-gene and potentiation of the amelioration
when GHG was used as a delivery device. The augmenta-
tion of regional blood flow with GHG was more evident
under vasodilatory conditions than at the baseline.
Regional blood flow analysis and angiographic analysis
further confirmed the background mechanism for amelio-
ration of hindlimb ischemia by GHG-FGF4 (Table 2). On
day 38, blood flow during adenosine administration (vaso-
dilatory condition) in the GHG-FGF4 group (105 *+ 13%
in terms of ischemi¢/normal flow ratio} was significantly
higher than in either the naked FGF4-gene group (68 =
18%, p < 0.05) or the GHG-lacZ group (50 + 12%, p <
0.05, ANOVA). The differences between the naked FGF4-
gene and GHG-lacZ groups were not significant
(ANOVA). The adenosine-dependent flow-augmentation
(responsiveness to vasedilatory stimulation; comparison be-
tween adenosine and baseline values on day 38} was noted
only in the GHG-FGF4 group (from 79 * 16% to 105 *
13%, p < 0.05, ANOVA), and not in the other two groups.
A similar tendency was noted in flow under baseline
conditions on day 38 in all three groups; however, the
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Table 2. Functional Evaluation of Gene Therapy
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GHG-lacZ Naked FGF4 GHG-FGF4

Blood flow ratio (36) (ischemic/normal)

Day 0 (BL) 33 % 8(6) 36 + 11{6} 37 £ 10{6)

Day 38 (BL) 47 = 124 (6) 58 + 16% (6) 79 * 16} (6)

Day 38 (Ad) 50 + 12+ (6) 68 = 18% (6) 105 * 13*$35§ (6)
Angiographic score

Day 38 (BL} 0.37 £ 012(7 0.39 £ 0.13 (7} 0.42 £ 0.11(7)

Day 38 (Ad) 0.36 = 0.10 (7) 0.41 £0.13(7) 0.56 * 0.15°t§ (7)
Blood pressure (%) (ischemic/normat}

Day 10 31 = 8(6) 33x5(6) 26 *7(6)

Day 38 56 * 4(8) 63 £ 6(6) 70 = 11* (6)

Angiographic score was cakulated on the synchrotren radiation microangiogram. p < 0,05 vs. *GHG-lacZ, tnaked FGF4, $day

0 (BL), and §day 38 (BL) (analysis of variance).

Ad = during 2denosine administration; BL = under baseline condition; FGF4 = fibroblast growth factor 4; GHG = gelatin

hydrogel; lacZ = f-galactosidase.

differences in baseline flow among the three groups were less
marked than during adenosine administration.

Synchrotron radiation microangiography revealed mi-
crovessel responsiveness to the vasodilatory stimulation in
the GHG-FGF4-treated rabbits (Figs. 4C and 4D),
whereas vascular density was somewhat decreased by aden-
osine treatment in some of the GHG-lacZ-treated rabbits
(Figs. 4A and 4B). Angiographic score analysis yielded
quantitative evidence (Table 2). The angiographic score
during adenosine administration (vasodilatory condition)
was significantly higher in the GHG-FGF4 group (0.56 *
0.15) than in ecither the naked FGF4-gene group (0.41 *
0.13, p < 0.05) or the GHG-lacZ group (0.36 + 0.10,p <
0.05, ANOVA). By contrast, under baseline conditions, the
angiographic scores of the three groups were not signifi-
cantly different.

On day 38, the GHG-FGF4 group had the highest
calf-blood pressure ratio (70 = 11%), and it was lower in the

T

Figure 4. Representative synchrotron radiation microangiograms of the
hindlimb ischemia in the rabbits. Synchrotron radiation microangiograms
were taken under baseline conditions (A and C) and after repeated
adenosine administration (B and D) on day 38. (A and B) Gelatin
hydrogel (GHG)-lacZ-treated rabbit; (C and D) GHG-fibroblast growth
factor 4-treated rabbit. Arrows indicate the same point in the vessels.
Asrowheads reference copper wires with a diameter of 130 pum; bar = 1 mm.

naked FGF4-gene group (63 * 6%), and even lower in the
GHG-lacZ group (56 * 4%, p < 0.05 vs. the GHG-lacZ
group, ANOVA, Table 2). On day 10 (the time of gene
transfer), the degrees of decrease in the three groups were
not significantly different (26% to 33% in the mean).
Tissue damage was least in the GHG-FGF4-treated
rabbits {Table 1). Limb muscle necrosis was <3 e¢m? and
grade 1 or 2 in all of the animals in the GHG-FGF4 group,
and significantly less than in the other two groups (p <
0.05, Kruskal-Wallis test). A similar difference was noted in
the degrees of toe necrosis' (data not shown). The muscle
weight ratio (ischemic/normal) on day 38 was highest in the
GHG-FGF4 group (79 = 119%), lower in the naked
FGF4-gene group (62 * 14%), and even lower in the
GHG-IacZ group (48 * 67%), and the difference between
the GHG-FGF4 group and GHG-lacZ, group was signif-
icant (p < 0.05, ANOVA). The muscle weight ratio values
(a morphological index) positively correlated with vascular
responsiveness to adenosine (adenosine/baseline blood flow
ratio [%]; a functional index) (r = 0.50,n = 18, Sy - x =
0.15, Sy - x/y = 0.23, p = 0.045). Thus, the blood flow,
micreangiographic, and morphologic analyses demonstrated
a greater ameliorative effect of the GHG-FGF4 complex
compared with the naked FGF4-gene (Tables 1 and 2).
Minimal inflammatory infiltrates, such as neutrophil and
lymphoplasmacytic cell infiltrates, were noted at the injec-
tion site, but histological analysis showed that the infiltrates
were localized. There was no evidence of fibrous prolifera-
tion or tumor formation in the transfected muscles or in
other organs (right adductor muscle, stomach, liver, spleen,
testes, kidneys, heart, lungs, and brain) in any of the groups.

DISCUSSION

We demonstrated that GHG potentiated the angiogenic
effect of the FGF4-gene (protocol 2) by prolonging DNA
degradation and improving transfection efficiency {protocol
1). Thus, GHG might facilitate the gene therapy of
intractable circulatory disorders with genes for angiogenic
growth factors.

Gelatin hydrogel augmented the effect of the FGF4-gene
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therapy by improving gene biodegradation and transfection
efficiency. We demonstrated that GHG rapidly absorbed
plasmid DNA and did not release it in vitro (see Methods
section). In the radioiodine experiment, the radioactivity of
naked DNA was reduced to less than 10% of the baseline
within a day, whereas the radioactivity of DNA impreg-
nated into GHG remained for four weeks (Fig. 1). In the
experiment using the rabbit hindlimb ischemia model, the
PCR analysis suggested that GHG expanded the gene
transfer spatially (lanes 2 and 5 in Fig. 2). The maker gene
experiment (protocol 1) confirmed that the use of GHG
augmented both the number of transfected myocytes and
the degree of gene expression in these cells, and also
supported the spatially expanded gene expression (Fig. 3).
The superiority of the therapeutic effects of the GHG-
FGF4-gene complex on hindlimb ischemia compared with
naked FGF4-gene treatment was confirmed in the rabbit
experiments in protocol 2 (Fig. 4, Tables 1 and 2); GHG-
FGF4-treated rabbits were characterized by less severe
tissue damage in the ischemic limb (Table 2) and more
marked vascular responsiveness to adenosine than either the
naked FGF4-treated or GHG-lacZ-treated rabbits (Fig. 4,
Table 2, Protocol 2 in the Results section). Under the
baseline conditions, blood flow in normal muscle tissue is set
at a relatively low level in preparation for an abrupt increase
in flow demand (approximately 5X and 30X in the heart
and in the skeletal muscle, respectively) during exercise, etc.
(responsiveness to the vasodilatory stimulation). In other
words, normal muscle tissue has a sufficient flow reserve
(20,21), and, thus, the presence or absence of vascular
responsiveness to adenosine administration can be used as
an index of fundamental vascular function in angiogenic
vascular segments. The demonstration of a positive corre-
lation between flow responsiveness to adenosine and the
muscle weight ratio further supports our hypothesis. Base-
line flow may reflect the total number of angiogenic vessels,
if it does not respond to vasodilatory stimulation. However,
if the vasodilatory mechanism is present, baseline flow alone
does not necessarily reflect the quality and/or quantity of
angiogenic vascular segments. The amelioration of the
ischemic tissue in the GHG-FGF4 group may be related to
an adequate flow reserve (20,21) of so-called “well-tempered
angiogenic vessels” (22).

Consequently, GHG offers several advantages as a new
gene delivery system: 1) it has a positively charged structure,
so it holds negatively charged nucleic acids, proteins, and
drugs within its structure; 2} GHG is biodegradable and
implantable; the biodegradable nature is from the gelatin
itself but not from the hydrogel state. The substance bound
to the GHG is gradually released as the gelatin degrades in
situ. The degradation period can be adjusted to two to four
weeks by varying the water content. Thus, the prolonged
release of the DNA held in GHG was presumably respon-
sible for the augmentation of gene therapy. The use of
hydrogel-coated balloon-angioplasty-catheter has been re-
ported (7). However, this gel is much different from our

Kasahara et al. 1061

Therapeutic Angiogenesis With GHG

hydrogel. The present GHG consists of amino acids and is
biodegradable and implantable, whereas their hydrogel con-
sists of carbohydrate and is not biodegradable nor implant-
able. 3) The isoelectric point and the shape of the GHG can
be modified. Negatively charged GHG holds positively
charged substances such as basic-FGF protein (6,23), and
disk-shaped GHG has been found to be effective for
reconstruction of bone defects (23); 4) GHG is less biochaz-
ardous than adenovirus vectors. Gelatin is already used in
the clinical field, and its safety is established. Thus, the use
of GHG with naked DNA improves its transfection effi-
ciency without causing serious cytotoxicity or biohazards,
which are inconvenient side effects of virus vectors (24).
Therefore, the nonvirus vector GHG is useful for various
gene therapies including the treatment of cardiovascular
disorders,
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Hybrid Cell-Gene Therapy for Pulmonary Hypertension
Based on Phagocytosing Action of Endothelial
Progenitor Cells
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Takeshi Horio, MD; Naoto Fukuyama, MD; Jun Hino, PhD; Mariko Harada-Shiba, MD;
Hiroyuki Okumura, MD; Yasuhiko Tabata, PhD; Naoki Mochizuki, MD; Yoshihide Chiba, MD;
Keisuke Nishioka, MD; Kunio Miyatake, MD; Takayuki Asahara, MD;

Hiroshi Hara, MD; Hidezo Mori, MD

Background—Circulating endothelial progenitor cells (EPCs) migrate to injured vascular endothelium and differentiate
into mature endothelial cells, We investigated whether transplantation of vasodilator gene-transduced EPCs ameliorates
monocrotaline (MCT)-induced pulmonary hypertension in rats.

Methods and Results—We obtained EPCs from cultured human umbilical cord blood mononuclear cells and constructed
plasmid DNA of adrenomedullin (AM), a potent vasodilator peptide. We used cationic gelatin to produce ionically
linked DNA-gelatin complexes. Interestingly, EPCs phagocytosed plasmid DNA-gelatin complexes, which allowed
nonviral, highly efficient gene transfer into EPCs. Intravenously administered EPCs were incorporated into the
pulmonary vasculature of immunodeficient nude rats given MCT. Transplantation of EPCs alone modestly attenuated
MCT-induced pulmonary hypertension (16% decrease in pulmonary vascular resistance). Furthermore, transplantation
of AM DNA-transduced EPCs markedly ameliorated pulmonary hypertension in MCT rats (39% decrease in pulmonary
vascular resistance). MCT rats transplanted with AM-expressing EPCs had a significantly higher survival rate than those

given culture medium or EPCs alone.

Conclusions—Umbilical cord blood—derived EPCs had a phagocytosing action that allowed nonvira), highly efficient gene
transfer into EPCs. Transplantation of AM gene-transduced EPCs caused significantly greater improvement in
pulmonary hypertension in MCT rats than transplantation of EPCs alone, Thus, a novel hybrid cell-gene therapy based

on the phagocytosing action of EPCs may be a new thera

{Circulation. 2003;103:889-895.)

peutic strategy for the treatment of pulmonary hypertension.

Key Words: pulmonary heart disease m natn‘ﬁretic peptides m gene therapy m endothelium

The pulmonary endothelium plays an important role in the
regulation of pulmonary vascular tone through the re-
lease of vasoactive substances such as nitric oxide, prostacy-
clin, and adrenomedullin (AM).! Dysfunction of the endothe-
lium may play a role in the pathogenesis of pulmonary
hypertension, including primary pulmonary hypertension.2
Thus, pulmonary endothelial cells may be a therapeutic target
for the treatment of pulmonary hypertension. Recently, en-
dothelial progenitor cells (EPCs) have been discovered in
adult peripheral blood.? EPCs are mobilized from bone
marrow into the peripheral blood in response to tissue
ischemia or traumatic injury, migrate to sites of injured

endothelium, and differentiate into mature endothelial cells in
situ.#-¢ These findings raise the possibility that transplanted
EPCs may serve not only as a tissue-engineering tool to
reconstruct the pulmonary vasculature but also as a vehicle
for gene delivery to injured pulmonary endothelium.

We prepared biodegradable gelatin that could hold nega-
tively charged protein or plasmid DNA in its positively
charged lattice structure.” We have shown that the gelatin is
promptly phagocytosed and then gradually degraded by
phagocytes, including mactophages.® However, whether
EPCs phagocytose ionically linked plasmid DNA-gelatin
complexes remains unknown. If this is the case, the phago-
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cytic activity of EPCs would allow nonviral gene transfer into
EPCs. Here we provide rationale of a novel hybrid celi-gene
therapy for pulmonary hypertension.

AM is a potent vascdilator peptide that was originally
isolated from human pheochromocytoma.! There are abun-
dant binding sites for AM in the pulmonary vasculature,!?
The plasma AM level increases in proportion to the severity
of pulmonary hypertension, and circulating AM is partially
metabolized in the lungs."' Recently, we have shown that
intravenous administration of AM significantly decreases
pulmonary vascular resistance in patients with heart failure or
primary pulmonary hypertension,'2!? These findings suggest
that AM plays an important role in the regulation of pulmo-
nary vascular tone. Thus, we hypothesized that transplanta-
tion of AM DNA-transduced EPCs would improve monocro-
taline (MCT)-induced pulmonary hypertension. To test this
hypothesis, we investipated whether EPCs phagocytose
DNA-gelatin complexes, which would allow nonviral gene
transfer into EPCs; whether intravenously administered EPCs
are incorporated into the pulmonary vasculature; and whether
transplantation of AM DNA-transduced EPCs ameliorates
MCT-induced pulmonary hypertension and improves sur-
vival in MCT rats.

Methods
Culture of EPCs

Human umbilical cord blood mononuclear cells were plated on
fibronectin-coated dishes and cultured in Medium 199 supplemented
with 20% FBS, bovine pitnitary extract, vascular endothelial growth
factor, basic fibroblast growth factor, heparin, and antibiotics, as
reported previously. 264 On days 4 and 8 of culture, nonadherent
cells were removed, and medium was replaced. All mothers gave
written informed censent, and the study was approved by the ethics
committee.

Fluorescent Staining for EPCs

Adherent cells on day 8 of culture were stained by acetylated LDL
labeled with Dil (Dil-acl.DL, Biomedical Technologies) and flzo-
rescein isothiocyanate (FITC)-labeled lectin from ulex europaeus
(Sigma). Double-positive cells for Dil-acLDL and FITC-labeled
lectin were identified as EPCs, as reported previously.!5.16

Flow Cytometry

Adherent cells on day 8 of culture and preen fluorescent protein
(GFP) gene-transduced cells were analyzed by fluorescence-acti-
vated cell sorting (FACS; FACS SCAN flow cytometer, Becton
Dickinson). Cells were incubated for 30 minutes at 4°C with
phycoerythrin-conjugated mouse monoclonal antibodies against hu-
man CD14 {clone M5SE2), CD31 {clone L133.1), CD68 (clone
Y1/82A), and CD383 (clone HB15¢; all from Becton Dickinson) and
mouse monecclonal antibodies against human KDR (clone KDR-1,
Sigma) and VE-cadherin (clone BV, Chemicon). Isotype-identical
antibodies served as controls.

Preparation of Biodegradable Gelatin and

Plasmid DNA

We prepared bicdegradable cationic gelatin, as a matrix to hold
plasmid DNA, as reported previously.” In brief, a gelatin sample with
an isoelectric point of 9.0 was isolated from bovine bone collagen.
Gelatin microspheres were prepared through the ghutaraldehyde
cross-linking of gelatin. The microspheres were washed with acetone
and distilled water and then freeze-dried. We constructed the
pcDNAL.1-CMYV vector (Invitrogen) encoding human AM ¢cDNA or
GFP ¢DNA. The gelatin (5 to 30 um in diameter, 2 mg) was added

to plasmid DNA (200 pg/200 pL in PBS, pH 7.4). After 24-hour
incubation at 4°C, DNA-gelatin complexes were obtained,

Ex Vivo Gene Transfer Into EPCs

EPCs (5%10%) were cultured with ionically linked GFP or AM
DNA-gelatin complexes (200 ug/2 mg) for 72 hours. To examine
DNA localization, AM plasmid DNA was labeled by rhodamine B
isothiocyanate (RITC), as reported previously.® The nuclei of EPCs
were stained by DAPI (Sigma). Immunocytochemistry for AM was
performed with a mouse monoclonal antibody against human AM-
{46-52). Human AM level in culture medium (n=>5) was measured
by radioimmunoassay.

Assay for AM .

The culture medium and lung tissues were acidified with acetic acid,
boiled to inactivate intrinsic proteases, and lyophilized. Human AM
levels in culture medium, lung tissues, and plasma were measured
with a radioimmunoassay kit (Shionogi).'2

In Vivo Experimental Protocol

Male immurodeficient (F344/N rmu/mu) nude rats weighing 100 to
120 g were randomly assigned to receive a subcutaneous injection of
60 mg/kg MCT or 0.9% saline. Seven days after MCT injection,
1x10° EPCs, 1X10® AM-expressing EPCs, or culture medium (500
pL each) was administered intravenously via the left jugular vein.
Sham rats also received intravenous administration of 500 pL of
culture medium. We used 1X10° cells per rat to obtain maximal
effects of transplanted EPCs on the basis of dose-response experi-
ments. This protoco! resulted in the creation of 4 groups: MCT rats
given EPCs (EPC group, n==8), MCT rats piven AM-expressing
EPCs (AM-EPC group, n=9%), MCT rats given culture medium
(control group, n=9), and sham rats given culture medium (sham
group, n=8). Human mature pulmonary artery endothelial cells
served as control cells.

Hemodynamic studies were performed 3 weeks after MCT injec-
tion. A polyethylene catheter was inserted into the right femoral
artery. An umbilical vessel catheter was inserted through the right
Jjugular vein into the pulmonary artery, Cardiac output was measured
in triplicate by the thermedilution method. Pulmonary vascular
resistance was calculated by dividing mean pulmonary arterial
pressure by cardiac output.

Immunohistochemical and

Immunofluorescence Staining

Immunohistochemistry was performed on paraformaldehyde-fixed,
paraffin-embedded 5-pm sections of the lungs. To discern human
endothelial cells from rat cells, we used mouse anti-human CD31
(DAKO) and mouse anti-rat CD31 (BD PharMingen) monoclonal
antibedies. The sections were sequentially developed for the perox-
idase and alkaline phosphatase substrates. Immunofluorescence
staining for rat CD31 was performed on frozen sections with mouse
anti-rat CD31 monoclonal antibody (BD PharMingen) and RITC-
conjugated anti-mouse IgG antibody (DAKO).

Morphometric Analysis of Pulmonary Arteries

We analyzed the medial wall thickness of the pulmonary arteries in
the middle region of the right lung (20 muscular arteries/rat, ranging
in external diarneter from 25 to 50 and from 51 to 100 um). The
medial wall thickness was expressed as follows: % wall
thickness=[(medial thicknessx2)/external diameter]x100.

Survival Analysis

Seven days after MCT injection, 29 rats received intravenous
injection of 1X 10° EPCs (EPC group, n=10), 1 X10° AM-expressing
EPCs (AM-EPC group, n=10), or culture medium (control group,
n=9). Survival was estimated from the date of MCT injection to the
death of the rat or 10 weeks after transplantation.
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Figure 1. Characterization of EPCs derived from human umbilical cord blood. EPCs exhibited spindle-shaped or ¢cobblestone-like mor-
phology (a) and took up Dil-acLDL and FITC-labeted lectin in same field (b-d). e, Flow cytometric analysis of adherent cells on day 8.
Most of adherent cells expressed endothelial lineage markers (KDR, VE-cadherin, and CD31), whereas they were negative for CD68

and CD83,

Statistical Analysis

Data were expressed as mean*SEM. Comparisons of parameters
among the 4 groups were made by 1-way ANOVA, followed by the
Scheffe multiple comparison test. Comparisons of the time course of
parameters between the 2 groups were made by 2-way ANOVA for
repeated measures, followed by the Scheffe multiple comparison
test. Survival curves were derived by the Kaplan-Meier method and
compared with log-rank tests. A probability value <0.05 was
constdered statistically significant.

Results

EPCs From Human Umbilical Cord Blood

After 8-day culture of moenonuclear cells, spindle-shaped or
cobblestone-like adherent cells were observed (Figure 1a).
Most of the adherent cells were double stained by Dil-acLDL
and FITC-labeled lectin (Figure 1b, ¢, and d). These cells
expressed endothelial cell-specific antigens (KDR, VE-
cadherin, and CD31; Figure 1¢). In contrast, the majority of
adherent cells were negative for monocyte/macrophage
marker CD68 and dendritic cell marker CD83. Although a
small fraction of the adherent cells expressed monocyte
marker CDI14, this marker has been shown to also be
expressed on activated endothelial cells and cultured EPCs."?
Thus, we confirmed that the major population of the adherent
cells were EPCs.

Phagocytosis of DNA-Gelatin Complex by EPCs

EPCs were cultured with GFP DNA-gelatin complexes (Fig-
ure 2a). Interestingly, GFP was expressed in EPCs after
72-hour incubation (Figure 2b). Quantitative analyses by
FACS confirmed a high incidence (76x3%, n=35) of GFP
expression in adherent cells. KDR/GFP double-positive cells

made up 70+2% of the adherent cells, whereas CD68/GFP
double-positive cells accounted for 2+ 1% (Figure 2¢). Trans-
mission electron microscopy demonstrated that EPCs were
phagocytosing DNA-gelatin complexes (Figure 2d). These
results suggest that EPCs phagocytose DNA-gelatin com-
plexes in coculture, which allows nonviral, highly efficient
gene transfer into EPCs. Unlike gelatin, caticnic liposome-
mediated transfection efficiency was low (24+3%).

A number of DNA particles labeled by RITC were incor-
porated into gelatin (Figure 2e). RITC-labeled DNA particles
were gradually released from gelatin within EPCs through
gelatin degradation (Figure 2f). After 72-hour incubation,
RITC-labeled DNA partticles released from gelatin were
distributed in the cytoplasm of EPCs (Figure 2g). These
results suggest the ability of EPCs to take up DNA-gelatin
complexes and dissolve the gelatin, freeing the DNA into
EPCs. Unlike EPCs, human mature pulmonary artery endo-
thelial cells did not phagocytose DNA-gelatin complexes.

When EPCs were cultured with AM DNA-gelatin com-
plexes, intense immunostaining for AM was observed in
EPCs impregnated with AM DNA-gelatin (Figure 3a). After
72-hour incubation, EPCs markedly secreted AM into the
culture mediuvm (10-fold increase compared with EPCs alone;
Figure 3b}. AM overpreduction lasted for more than 16 days
after gene transfer. AM secretion from EPCs was not influ-
enced by the presence of gelatin (data not shown).

. Incorporation of EPCs Into the

Pulmonary Vasculature
GFP-expressing EPCs were administered intravenously 7
days after MCT injection. Three days after transplantation,
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