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Figure 6. Administration of hEPCs feads to reduced limb loss
and increased limb salvage. A, Representative macroscopic
photographs of mice show two different outcomes observed in
the study. Left panel, Td/B-EPC-treated animals; right panel,
Td/V-EPC-treated animals at day 28. B, Percent distribution of
above outcomes among mice receiving Td/B-EPCs and Td/V-
EPCs. “P<0.01 vs Td/B-EPCs.

mice receiving Td/B-EPCs (42115 versus 230* 14/mm’,
P<0.05) or nontransduced mice EPCs (183*16/mm’,
P<0.05) (Figure 8). Similarly, the capillary/muscle fiber
ratios in the Ad/VEGF transplanted mice were significantly
higher than in Td/8-EPCs or non-Td/EPCs transplanted mice
(0.6220.02 versus 0.39+0.03 versus 0.35+0.05, P<0.01),
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Figure 7, LDPI performed at day 28. A, LDPI was used to rec-
ord serial blood flow measurements immediately before and 28
days after administration of transduced EPCs. In these digital,
color-coded images, red hue indicates regions with maximum
perfusion; medium perfusion values are shown in yellow; lowest
perfusion values are represented as blue. Upper panel, Animal
that received Td/B8-EPCs; lower panel, animal that received
Td/V-EPCs, Panel on right displays absolute values in readable
units {RU). B, Color-coded recordings were analyzed by calcu-
lating the average perfusion for each foot (ischemic and nonis-
chemic). To account for variations, including ambient light and
temperature, perfusion is expressed as ratio of left (ischemic)
and right (normal} hindlimbs. “P<0.05 vs Td/8-EPCs and
non-Td/EPCs.
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Figure 8. Histological evidence of neovascularization in ische-
mic hindlimb. Extent of neovascularization was assessed by
measuring cagillary density in light microscopic sections pre-
pared from muscles of ischemic hindlimbs 28 days after admin-
istration of Td/g-EPCs, TdNV-EPCs and non-Td/EPCs. *P<0.05
vs Td/B-EPCs and non-Td/EPCs. Similar findings were docu-
mented for capillary/myacyte ratio (see text).

Discussion

The finding that circulating EPCs may home to sites of
neovascularization and differentiate into ECs in situ is con-
sistent with “vasculogenesis,”®* a critical paradigm for estab-
lishment of the primordial vascular network in the embryo.
Although the proportional contributions of angiogenesis and
vasculogenesis to postnatal ncovascularization remain to be
clarified, our findings together with the recent reports from
other investigators™!3 suggest that growth and development
of new blood vessels in the adult are not restricted to
angiogenesis but encompass both embryonic mechanisms. As
a corollary, augmented or retarded neovascularization—
whether endogenous or iatrogenic—probably includes en-
hancement or impairment of vasculogenesis,

Therapeutic Vasculogenesis

We therefore considered a nove! strategy of EPC transplan-
tation to provide a source of robust ECs that might supple-
ment fully differentiated ECs thought to migrate and prolif-
erate from preexisting blood vessels according to the classic
paradigm of angiogenesis developed by Folkman and col-
leagues.’® Qur studics indicated that ex vivo cell therapy,
consisting of culture-expanded EPC transplantation, success-
fully promotes neovascularization of ischemic tissues, even
when administered as “sole therapy,” for example, in the
absence of angiogenic growth factors.

Such a “supply side” version of therapeutic neovascular-
ization in which the substrate rather than ligand comprises the
therapeutic agent was first demonstrated in a immune defi-
cient murine model of hindlimb ischemia, with the use of
donor cells from human volunteers.'4 These findings pro-
vided novel evidence that exogenously administered EPCs
augment naturally impaired neovascularization in an animal
model of experimentally induced critical limb ischemia. Not
only did heterologous cell transplantation improve neovascu-
larization and blood flow recovery, but important biological
consequences—notably limb necrosis and autoamputation—
were reduced by 50% in comparison with mice receiving
differentiated ECs or control mice receiving media in which
harvested cells were expanded ex vive before transplantation.

More recently, this same strategy has been used success-
fully to enhance myocardial function after myocardial infare-



tion in experimental animal models as well.!$ Peripheral
blood mononuclear cells obtained from healthy human adults
were cultured in EPC medium, harvested 7 days later, and
administered intravenously to Hsd:RH-rnu {(athymic nude)
rats with myocardial ischemia induced by ligation of the left
anterior descending coronary artery. Fluorescent microscopy
of Dil-labeled EPCs revealed that transplanted EPCs accu-
mulated to the ischemic area and incorporated into foci of
myocardial ncovascularization. Echocardiography disclosed
ventricular dimensions that were significantly smaller and
fractional shortening that was significantly greater in the EPC
versus control animals. Necropsy examination disclosed that
capillary density was significantly greater and the extent of
left ventricular scarring was significantly less in rats receiv-
ing EPCs versus control animals.

Logistics of Primary EPC Transplantation

Despite promising potential for regenerative applications, the
fundamental scarcity of EPC populations in the hematopoi-
etic system, combined with possible functional impairment of
EPCs associated with a variety of phenotypes such as aging,
diabetes, hypercholesterolemia, and homocysteinemia,!™-2¢
constitute important limitations of primary EPC transplanta-
tion, Ex vivo expansion of EPCs cultured from the peripheral
bloed of healthy human volunteers typically yields =~5.0x 108
cells per 100 mL of bloed. Qur animal studies!* suggest that
heterologous transplantation requires 0.5~2.0%10* human
EPCs/grams of weight (of the recipient mouse) to achieve
satisfactory reperfusion of the ischemic hindlimb.

Rough extrapolation of this experience to humans suggests
that a volume of as much as 12 L of peripheral blood may be
necessary to harvest the EPCs required to treat critical limb
ischemia. Even with the integration of certain technical
improvements, the adjustment of species compatibility by
autologous transplantation, and adjunctive strategies (eg,
cytokine supplements) to promote EPC mobilization,?# the
primary scarcity of a viable and functional EPC population
constitutes a potential liability of therapeutic vasculogenesis
based on the use of ex vivo expansion alone.

Advantage of VEGF EPC Gene Transfer

Our current findings provide the first evidence that exog-
enously administered, gene-modified EPCs augment natu-
rally impaired neovascularization in an animal model of
experimentally induced limb ischemia. Previous studies from
our laboratory2! established that ncovascularization is im-
paired in nude rodents; failure of a satisfactory endogenous
response to limb ischemia leads to extensive necrosis, includ-
ing limb autoamputation, in nearly all animals. Transplanta-
tion of heterelogous EPCs transduced with adenovirus encod-
ing VEGF improved not only neovascularization and blood
flow recovery but also had meaningful biological conse-
quences: Limb necrosis and autoamputation were reduced by
63.7% in comparison with control animals.

The dose of EPCs uscd in the current in vivo experiments
was subtherapeutic; that is, this dose of EPCs was 30 times
less than that required in previous experiments to improve the
rate of limb salvage above that seen in untreated control
animals. Adenoviral VEGF EPC gene transfer, however,
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accomplished a therapeutic effect, as evidenced by a func-
tional outcome, despite a subtherapeutic dose of EPCs. Thus,
VEGF EPC gene transfer constitutes one option to address
the limited number of EPCs that can be isolated from
peripheral blood before ex vivo expansion and subsequent
autologous readministration.

The results of our in vitro studies provide potential insights
into the mechanisms responsible for the in vivo cutcomes.
First, VEGF gene transfer augmented EPC proliferative
activity. Second, VEGF gene transfer enhanced adhesion and
incorporation of EPCs into a quiescent endothelial cell
monolayer as well as ECs activated by pretreatment with
TNF-a. These findings suggest that modulation of adhesion
molecule expression after VEGF gene transfer may promote
homing of EPCs to foci of ischemia and are consistent with
previous studies demonstrating VEGF-induced upregulation
of certain EC integrins and matrix proteins.2® Given that
EPCs by definition express VEGF receptors, the potential for
autocrine effects-—demonstrated previously by our labora-
tory for ECs?*—on proliferation, migration, and possibly
survival of EPCs probably contributed to the reduced require-
ment of harvested EPCs,

Given the ELISA results demonstrating increased levels of
VEGF protein in animals that received VEGF-transduced
EPCs, it is also likely that indirect effects of VEGF transduc-
tion contributed to improved limb neovascularity. Because ex
vivo—expanded EPCs are preferentially recruited to ischemic
foci for ncovascularization,!415 EPCs may opcrate as a Trojan
horse, promoting local overexpression of secreted VEGF that
may in turn promote migration, proliferation, and remodeling
of differentiated ECs resident in the target ischemic tissue.
The extent to which augmented neovascularity derives from
phenotypically modified EPCs versus enhanced proliferation
and migration of native ECs in response to VEGF secreted
from transduced EPCs is difficult to discern because of the
lack of valid methods available to quantify local VEGF
overexpression.

Furthermore, it must be acknowledged that the possibility
of similar outcomes achieved with non-EPC circulating cells
that overexpress VEGF (or a combination of VEGF-
expressing non-EPCs administered together with nontrans-
duced EPCs) has not been excluded by the current studies.
Testing such altermnative approaches, however, is currently
precluded by the lack of non-EPC cells that can (a) be ex
vivo-transduced with equal efficiency; (b) circulate in vivo
for some reasonable time period; and (c) be recruited to as
well as incorporate into foci of neovascularization.

Vector-Specific Issues

Transicnt gene expression is characteristic of adenoviral
vectors.?” For purposes of therapeutic neovascularization, this
feature is unlikely to constitute a lability, given the plethora
of previous preclinical and clinical studies suggesting that
VEGF overexpression for 4 weeks or less, whether achieved
by transfer of naked plasmid DNA28-3! or use of an adeno-
viral vector,3233 is sufficient to augment angiogenesis. In-
deed, previous work by others has demonstrated that pro-
tracted VEGF overexpression may result in hemangioma
formation in normal skeletal muscle?? as well as myocardi-
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um.3* This potential complication was not observed in the
experiments described herein.

The potential for immuneclogic complications remains a

concern attached to the use of adenoviral vectors, despite
certain reports to the contrary.3 In the current application,
however, the ex vivo transduction strategy used may preclude
exposure of the adenovirus te the immune system of the
transplant recipients. Thus, administration of the transgene by
ex vivo viral gene transfer may not deiract from the safety of
this application for clinical gene therapy.
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Intramyocardial Transplantation of Autologous Endothelial
Progenitor Cells for Therapeutic Neovascularization of
Myocardial Ischemia

Atsuhiko Kawamoto, MD; Tengis Tkebuchava, MD; Jun-Ichi Yamaguchi, MD;
Hiromi Nishimura, MD; Young-Sup Yoon, MD; Charles Milliken, BS; Shigeki Uchida, MD;
Osamu Masuo, MD; Hideki Iwaguro, MD; Hong Ma, BS; Allison Hanley, BS; Marcy Silver, BS;
Marianne Kearney, BS; Douglas W. Losordo, MD; Jeffrey M. Isner, MD¥; Takayuki Asahara, MD

Background—We investigated whether catheter-based, intramyocardial transplantation of autologous endothelial progen-
itor cells can enhance neovascularization in myocardial ischemia.

Methods and Results—Myocardial ischemia was induced by placement of an ameroid constrictor around swine Ieft
circumflex artery. Four weeks after constrictor placement, CD31+ mononuclear cells (MNCs) were freshly isolated
from the peripheral blood of each animal. After overnight incubation of CD31+ MNCs in noncoated plates,
nonadhesive cells (NA/CD31+ MNCs) were harvested as the endothelial progenitor cell—enriched fraction. Nonadhe-
sive CD31— cells (NA/CD31— MNCs) were also prepared. Autologous transplantation of 10" NA/CD31+ MNCs, 107
NA/CD31— MNCs, or PBS was performed with a NOGA mapping injection catheter to target ischemic myocardium.
In a parallel study, 10° human CD34+ MNCs, 10° human CD34— MNCs, or PBS was transplanted into ischemic
myocardium of nude rats 10 minutes after ligation of the left anterior descending coronary artery, In the swine study,
ischemic area by NOGA mapping, Rentrop grade angiographic collateral development, and echocardiographic left
ventricular ejection fraction improved significantly 4 weeks after transplantation of NA/CD31+ MNCs but not after
injection of NA/CD31—~ MNCs or PBS. Capillary density in ischemic myocardium 4 weeks after transplantation was
significantly greater in the NA/CD31+ MNC group than the control groups. In the rat study, echocardiographic left
ventricular systolic function and capillary density were significantly better preserved in the CD34+ MNC group than
in the control groups 4 weeks after myocardial ischemia.

Conclusions—These favorable outcomes encourage future clinical trials of catheter-based, intramyocardial transplantation
of autologous CD34+ MNCs in the setting of chronic myocardial ischemia. (Circulation. 2003;107:461-468.)

Key Words: transplantation m cells m catheters m ischemia m vasculogenesis

ization, differentiated into mature ECs in ischemic myocat-
dium, enhanced neovascularization, preserved left ventricular
(LV) function, and inhibited myocardial fibrosis.5 Recently,

Endothelial progenitor cells (EPCs) were first isolated as
CD34+ mononuclear cells (MNCs) from adult periph-
eral bleod.'? Tissue ischemia mobilizes EPCs from bone

marrow to peripheral blood, and mobilized EPCs home
specifically to sites of nascent neovascularization and differ-
entiate into mature endothelial cells (ECs).? The demon-
strated role of EPCs in the physiological response to ischemia
has led to the development of strategies of cell therapy for
neovascularization in ischemic diseases. Intravenous trans-
plantation of cultured human EPCs enhances neovasculariza-
tion and improves limb salvage in nude mice with hindlimb
ischernia.# A similar strategy applied in a model of myocai-
dial ischemia in the nude rat demonstrated that transplanted
human EPCs incorporated into rat myocardial neovascular-

Kocher et alé attempted intravenous infusion of freshly
isolated (nat cultured) human CD34+ MNCs (EPC-enriched
fraction) into nude rats with myocardial ischemia. This
strategy resulted in preservation of LV function associated
with inhibition of cardiomyocyte apoptosis. These experi-
mentai findings in immunodeficient animals suggest that both
cultured and freshly isolated human EPCs have therapeutic
potential in peripheral and coronary artery diseases.
Although these previous reports indicate a potential thera-
peutic role for EPCs in ischemic diseases, 2 major obstacles
exist that must be overcome before considering actual clinical
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applications: dosage and immunologic rejection. In the pre-
vious study by our laboratory,5 1X10% cultured EPCs were
used for each ~200-g rat, Kocher et al® transplanted 1X10°
freshly isolated EPCs/100-g rat, On a weight-adjusted basis,
this would translate into 3X10* to 6X10° cells for an
average-size human, requiring 8.5 to 120 L of peripheral
blood. Although it may be possible to obtain enough EPCs
from bone marrow in the clinical situation, it is a far from
realistic strategy to isolate EPCs from peripheral blood by the
previous methods. Moreover, these previous studies used an
immunedeficient rat model to circumvent issues of cell
rejection.

Accordingly, we designed a series of in vive investigations
to address the limitations of these previous approaches, First,
we tested the hypothesis that local transplantation of EPCs,
rather than systemic infusion, would permit a significant
reduction in the number of EPCs required, Second, we
developed a strategy that relies on freshly isolated, autolo-
gous EPCs that would allow us to evaluate the therapeutic
potential of autologous EPC transplantation. We therefore
performed catheter-based transplantation of a freshly isolated,
autologous EPC-enriched fraction in a swine chronic myo-
cardial ischemia model. To verify the therapeutic usefulness
of the freshly isolated, human EPC-enriched fraction, we also
performed intramyocardial transplantation in immunodefi-
cient rats with myocardial ischemia using freshly isolated
human CD34+ MNCs.

Methods

Animal Medels of Myocardial Ischemia
Acute myocardial ischemia was induced by ligating the left anterior
descending coronary artery (LAD) of male athymic nude rats (Hsd:
RH-mu rats, Harlan Sprague Dawley, Indianapolis, Ind) 6 to 8 weeks
old.s

Male Yorkshire swine (Pine Acre Rabbitry Farm, Norton, Mass)
weighing 20 to 25 kg were used to induce chronic myocardial
ischemia. After left thoracotomy, an ameroid constrictor (Research
Instruments SW) was placed around the proximal portion of the left
circumflex, (LCx) coronary artery.”

Isolatien and Autologous, Percutaneous,
Intramyocardial Transplantation of Swine EPCs
Four weeks after constrictor placement, 150 mL of peripheral blood
was obtained from the ear vein of each pig. Total peripheral blood
MNCs were isolated by density-gradient centrifugation. The MACS
bead selection method for CD31 (Miltenyi Biotec) was used to
isolate the EPC-enriched fraction from total MNCs {anti-swine
€34 antibody is not available). CD31+ MNCs resuspended in EC
basal medium-2 (EBM-2, Clonetics) were cultured overnight in
noncoated plastic plates at a density of 5x10° cells/10-cm plate. To
rernove macrophages, only nonadhesive CD31+4 (NA/CD314)
MNCs were collected as the EPC-enriched fraction. CD31— MNCs
were treated similarly, and nonadhesive CD31— MNCs (NA/
CD31~ MNCs) were obtained as a negative control.

To elucidate in vivo differentiation to endothelial lineage, 107
NA/CD31+ or the same number of NA/CD31— autologous MNCs
were labeled with fluorescent carbocyanine 1,1'-dioctadecyl-1-
3,3,3,3 -tetramethylindocarbocyanine perchlorate (Dil} dye (Molec-
ular Probes) and were injected via a 27-gauge needle to the LV
lateral wall 4 weeks after constrictor placement. Four weeks after
cell transplantation, 5 mg of Bandeiraea simplicifolia lectin I (BS-1
lectin) (Vector Laboratories), which is a murine- and porcine-
specific (not human) EC marker, was infused into the left coronary
artery, and the pigs were killed by an overdose of pentobarbital.

Fluorescence microscopy was performed to examine incorporation
of transplanted cells into foci of myocardial neovascularization.

After these preliminary studies, we examined the therapeutic
potential of autologous, percutaneous, intramyocardial transplanta-
tion of an EPC-enriched MINC fraction in the swine chronic
myocardial ischemia model. Four weeks after constrictor placement,
NOGA nonfluoroscopic LV electromechanical mapping was per-
formed to guide injections to foci of myocardial ischemia. The
NOGA system (Biosense-Webster) of catheter-based mapping and
navigation has been described in detail previously.®-10 Ischemic
myocardium was defined as a zone with unipolar voltage greater than
the automatically determined cutoff, signified by red color on the
unipolar voltage map and linear local shortening <3% on the linear
local shortening map. This definition was consistent in all examina-
tions throughout this study. Jmmediately after the ischemic territory
was identified by NOGA mapping, 107 NA/CD31+ MNCs in 1 mL
of PBS (n=7), 10’ NA/CD31— MNCs in 1 mL of PBS {n=8), or |
mL of PBS without cells (n=9) were injected into 5 sites within the
ischemic myocardium (200 pL to each site) with the NOGA
injection catheter (Biosense-Webster).

Fresh Isolation and Intramyocardial
Transplantation of Human EPCs

Human total peripheral blood MNCs were isolated from healthy
volunteers by density-gradient centrifugation, and CD34+ MNCs
were isolated from total MNCs by the MACS bead selection method
(Miltenyi Biotec) as the EPC-enriched fraction.' After the isolation,
CD34— MNCs were also collected. CD34+ MNCs and CD34—
MNCs were labeled with Dil. Ten minutes after the LAD of nude
rats (n=2) had been ligated, 10° Dil-labeled CD34+ MNCs in 100
1L of PBS or 10° Dil-labeled CD34~ MNCs in 100 pL of PBS were
injected into 2 sites in the ischemic LAD territory with a 27-gauge
needle (50 pL to each site). The ischemic zone was macroscopically
identified by the pale color of the anterior and lateral walls after LAD
ligation, This subgroup of rats was killed 10 days after myocardial
ischemia. Thirty minutes before enthanization by overdose of pen-
tobarbital, 500 ug of BS-1 lectin was administered intravenously.
The hearts were fixed with 4% paraformaldehyde. The fixed tissues
were embedded in OCT compound (Miles Scientific) and snap-
frozen in liquid nitrogen for fluorescence microscopy. After this
preliminary study to evaluate the incorporation of the cells into
myocardial neovascularization, the therapeutic potential of CD34+
MNCs in myocardial ischernia was examined. Ten minutes after the
LATY had been ligated, 10* human CD34+ MNCs in 100 L of PBS
(n==6), 10* human CD34— MNCs in 100 uL of PBS (n=6), or 100
uL of PBS (n=7) were injected into the myocardium as described
above.

Physiological Assessment of L'V Function

and Ischemia

In the rat study, transthoracic echocardiography (SONQS 5500,
Agilent Technologies) was performed to evaluate LV function 2 days
before (baseling) and 4 weeks after myocardial ischemia, LV
dimensions in end diastole (LVDd) and end systole {LVDs), frac-
tional shortening (ES), and LV regional wall motion score'! were
examined,

In the swine study, transthoracic echocardiography (SONOS
5500), selective coronary angiography, and NOGA LV electrome-
chanical mapping were performed 4 weeks after constrictor place-
ment (just before injection of cells or PBS) and 4 weeks after the
injections. LV ejection fraction was quantified by a computerized
analysis system using a proprietary software package in the echo
unit!213 in the LV short-axis view at the mid-papillary muscle level,
Collateral flow to the LCx territory was graded angiographically in
2 blinded manner by use of the Rentrop scoring system.' The area
of ischemia was quantified by NOGA mapping as previously
described.

All data were evaluated by blinded observers {echocardiography
by Y.-8.Y., coronary angiography by JL-1.Y., and postprocessing
analysis of the NOGA mapping by C.M.).
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Figure 1, a, Representative findings of
NOGA electromechanical mapping
before (top) and 4 weeks after (bottom)
NA/CD31+ MNC transplantation. Brown
dots in pretreatment map show sites of
cell transplantation. Red area on pre-
treatment linear local shortening map

Change in % ischemic urea

{top right} indicates area of decreased
wall motion in lateral wall of left ventricle,
consistent with ischemia in territory of
L.Cx. Four weeks after local CD31+ cell
transplantation, this area of ischemia is
no longer evident (bottom right}. b, Rep-
resentative findings of NOGA electrome-
chanical mapping before and 4 weeks
after NA/CD31— MNCs tansplantation.
Area of ischemia on pretreatment map
{top right} is unchanged or slightly
Increased 4 weeks after local transplan-
tation of CD31— cells. ¢, Representative
findings of NOGA electromechanical

mapping before and 4 weeks after PBS

Histological Assessment of Animals

Receiving Transplants

Both the rats and swine were killed 4 weeks after treatment. At
necropsy, rat hearts were sliced in a bread-loaf manner into 8
transverse sections from apex to base and fixed with 100% methanol.
To elucidate the severity of myocardial fibrosis, elastic tissue—
trichrome staining was performed on paraffin-embedded sections
from each tissue block, and the percentage area of fibrosis was
calculated. Immunohistochemical staining with antibody prepared
against the EC marker isolectin B4 (Vector Laboratories) was
performed, and capillary density was evaluated by histological
examination of 5 randomly selected fields of tissue sections recov-
ered from segments of LV myocardium subserved by the occluded
LAD. Capillaries were recognized as tubular structures positive for
isolectin B4. Immunohistochemical staining for the human-specific
EC marker Ulex europaeus lectin type 1 (UEA-] lectin} (Vector
Laboratories) was also performed to identify transplanted human
MNCs that had differentiated into mature ECs in the ischemic
myocardium.

At necropsy, swine hearts were also sliced in a bread-loaf manner
into 4 transverse sections from apex to base, and each section was
separated into anterior, lateral, and posterior LV free wall; interven-
tricular septum; and right ventricular free wall. All tissues obtained
from each portion were fixed with 100% methanol. Immunchisto-
chemistry for isolectin B4 was also performed to evaluate capillary
density in the ischemic myocardium identified by NOGA mapping.

All morphometric studies were performed by 2 examiners (H.M.
and A.H.) who were blinded to treatment.

** ™ injection reveal findings similar to those
T in CD31 ~ transplant anirmals, with no
improvement in ischemic area. d,
Change in percentage ischemic area
,j——| during 4 weeks after treatment.
NA/CD31+, swine receiving NA/CD31+
MNCs; NA/CD31—, swine receiving
NA/CD31- MNCs. *P<0.05; “P<0.01.
l s
NA/IC3 L+ NA/CIAL- s

Statistical Analysis

All values were expressed as mean*SEM. Student’s paired ¢ test
was petformed for comparison of data befere and after treatment.
ANOVA was performed to compare data among 3 groups. A
probability value of P<<0.05 was considered to denote statistical
significance.

Results

Transplanted Autologous Swine EPCs Attennate
Chronic Myocardial Ischemia

Ischemic area determined by NOGA mapping before trans-
plantation was not significantly different between the NA/
CD31+, NA/CD31—, and PBS groups. A decrease in the size
of the ischemic area was observed only after NA/CD31+
transplantation (before, 27.3%8.5%; after, 12.3%£6.3%;
P=0.0034), whereas the zone of ischemia increased in size after
NA/CD31— or PBS injection. Similarly, the change in percent-
age ischemic area after transplantation was significantly im-
proved only in the CD31+ group (P=0.0017 versus NA/
CD31~ group and P=0.038 versus PBS group) (Figure 1).

Transplanted Autologous Swine EPCs

Enhance Neovascularization

Selective left coronary angiography was performed to eval-
uate collateral development before and after transplantation
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in the swine study. The mean value of the Rentrop score of
collateral development to the LCx tetritory at baseline was
0.6+0.4 in the NA/CD31+ group, 1.1*0.4 in the NA/
CD31— group, and 1.1>0.3 in the PBS group (P=NS).
Rentrop scoring was improved significantly only afier NA/
CD31+ transplantation (0.6£0.4 versus 2.0+0.4, P=0.02)
and not after NA/CD31— or PBS injection. Similarly, the
change in the Rentrop score was significantly greater in the
NA/CD31+ group than in either the NA/CD31— or PBS
groups (P=0.002 versus NA/CD31— MNCs and P=0.006
versus PBS) (Figure 2).

Histochemical staining of isolectin B4 was performed to
identify capillaries in ischemic myocardium 4 weeks after
cell transplantation. Capillary density was significantly
greater in the NA/CD31+ group than in the NA/CD31— and
PBS groups (P=0.0033 versus NA/CD31— MNCs and
£=0.,0004 versus PBS). Capillary density in the NA/CD31—
group was similar to that in the PBS group (Figure 3, a and b).

Transplanted Autologous Swine EPCs Improve
LV Function

LV ejection fraction measured by echocardiography in the
NA/CD31+ group was similar to that in the NA/CD31— and
PBS groups 4 wecks after constrictor placement (Figure 3c).
However, LV ejection fraction improved significantly only
after NA/CD31+ transplantation (P=0.0037) and not after
NA/CD31— or PBS injection. LV ejection fraction 4 weeks
after transplantation was significantly greater in the NA/
CD31+ group than in the NA/CD31— and PBS groups

Figure 2. a, Representative left coronary
angiographic findings in swine before and 4
weeks after cell transplantation. Well-
developed collaterals {arrows) to LCx were
observed in NA/CD31+ MNGC group, resulting
in complete opacification of LCx and its
branches. b, Improvement of Rentrop angio-
graphic score of collateral developrment after
transplantation of NA/CD31+ MNCs,
NA/CD31- MNCs, or PBS. **P<0.01.

(P=0.0018 versus NA/CD31— and P=0.0017 versus PBS)
(Figure 3c).

Swine EPCs Differentiate Into Endothelial Lineage
After Catheter-Based Injection in Vivo

To examine in vivo differentiation of swine autologous EPCs
after transplantation into ischemic myocardium, Dil-labeled
NA/CD31+ or NA/CD31— MNCs were injected into the
lateral LV wall 4 weeks after constrictor placement. Four
weeks after transplantation, the majority of NA/CD31+
MNCs were positive for BS-1 lectin in the ischemic myocar-
dium. In contrast, transplanted NA/CD31— MNCs positive
for BS-1 lectin were rarely cbserved in the ischemic myocar-
dium (Figure 3d).

Transplanted Human EPCs Enhance
Neovascularization and Inhibit

Myocardial Fibrosis

In the rat study, capillary density was significantly greater in
the CD34+ group than in the CD34— and PBS groups
(P=0.003 versus CD34— MNCs and P=0.003 versus PBS).
Capillary density in the CD34— group was not significantly
different from that in the PBS group (Figure 4, a and b).
Elastic tissue-trichrome staining was performed to identify
LV fibrosis after myocardial ischemia. The fibrotic area was
significantly smaller in the CD34+ group than in either the
CD34~ or PBS group (P=0.001 versus CD34— and P=0.01
versus PBS) (Figure 5, a through d).
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Transplanted Human EPCs Preserve LV Function
In the rat study, baseline LVDd, LVDs, FS, and regional wall
motion score were similar between rats receiving human
CD34+ MNCs, rats receiving CD34— MNCs, and rats
receiving PBS. In all groups, all echocardiographic parame-
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Figure 3. a, Representative immunohis-
tochemical findings for isolectin B4 in
swine ischemic myacardium 4 weeks
after cell fransplantation. b, Capillary
density in swine ischemic myocardium 4
weeks after transplantation. **P<0.01;
*"*P<0.001. ¢, Echocardiographic LV
gjection fraction {EF) before and 4 weeks
after intramyocardial cell transplantation
in swine with chronic myocardial ische-
mia. Gircle, pigs receiving NA/CD31+
MNCs; square, pigs receiving NA/CD31—
MNCs; triangle, pigs receiving PBS. d,
Representative fluorescence microscopic
findings of swine ischemic myocardium
28 days after cell transplantation. Red
{Dil) fluorescence marks all autclogously
transplanted cells; green flucrescence
indicates BS-1 lectin binding, identifying
ECs. Therefore, yellow fluorescence
marks double-positive cells, ie, cells har-
vested from systemic circulation, that
were autelogously transplanted into
myocardium and now express a marker
of endothelial phenotype, A majority of
transplanted NA/CD31+ MNCs differen-
tiated into EC lineage in vivo, indicated
by high percentage of double-positive
(yellow) cells (arrows) in 2 left panels. In
contrast, most of transplanted
NA/CD31— MNCs are positive only for
ex vivo Dil label and negative for endo-
thelial phenotype (arrowheads). Double-
positive cells were rarely observed in
CD31- transplanted animals.

ters worsened significantly 4 weeks after induction of myo-

cardial ischemia (P<<0.01 in all groups). Echocardiography
performed 4 weeks after treatment revealed that LVDd was
similar among the 3 treatment groups (Figure Se). However,
LVDs 4 weeks after ischemia was significantly smaller

Figure 4. a, Representative immunchis-
tochemical findings for isolectin B4 in
ischemic myocardium of nude rats 4
weeks after cell transplantation. b, Capil-
lary density in rat ischemic myocardium
4 weeks after cell transplantation,
*P<0.01.
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Figure 5. a through ¢, Representative elastic tis-
sue-trichrome-stained sections from nude rats 4
weeks after receiving CD34+ MNCs (a), CD34—

MNCs (b}, and PBS (). d, LV fibrosis was signifi-
cantly reduced in CD34+ MNC—-treated group

Ch+ CD34-  PRS compared with CD34 - MNCs ("FP<0.05) or PBS
group (™P<0.01). e through h, Echocardiographic
€ f parameters 4 weeks after cell transplantation in
| 2Em LvDd cm LVDs nude rats with myocardial ischemia, LV dilatation
. 2 ] was reduced (f), and fractional shortening (g) and
08 I_ 1 —_— regional wall motion scores (h) are significantly
08 ) improved in CD34+ group compared with CD34—
‘ 0.4 and PBS-treated animals. *P<0.05; *"P<0Q.01.
04 .
_ 0
CD34+  CD34 PBS CD34+ CDXM4- PBS
g Fractional shortening h Regional wall motion score
TF f =33
40 = » 40 — 7 I
30 _l 30 — ==
20 —= = = 20
10 - 10 ‘
0 N 0 '
CD34+ Cb34. PBS CD34+ CD34. PBS

{P=0.013 versus CD34— MNCs and P=0.005 versus PBS)
(Figure 5f), FS was significantly greater (P=0.007 versus
CD34— MNCs and P=0.001 versus PBS) (Figure 5g), and
regional wall motion score was significantly better (P=0.005
versus CD34— MNCs and P=0.0002 versus PBS) (Figure
5h) in rats receiving CD34+ MNCs compared with those
treated with CD34— MNCs or PBS. LVDs, F§, and regional
wall motion score 4 weeks after transplantation in the
CD34— MNCs group were not significantly different from
those in the PBS group (Figure 5, f through h).

Transplanted Human EPCs Incorporate Into Foci
of Myocardial Neovascularization and
Differentiate Into Mature ECs

Both Di-I labeled human CD34+ MNCs (EPC-enriched
fraction) and CD34— MNCs (EPC-poor fraction) were dis-
tributed principally in the ischemic area of the rat myocardi-
um. However, the number of cells incorporated into tubular
structures consistent with neovasculature was much greater in
rats receiving CD34+ MNCs than in those in which CD34—
MNCs were transplanted (Figure 6a).

Differentiated human ECs derived from transplanted
MNCs were frequently identified by UEA-1 lectin staining in
the vasculature of the ischemic myocardium in rats receiving
CD34+ MNCs. In contrast, mature human ECs were rarely
identified in the ischemic myocardium of rats receiving

CD34— MNCs (Figure 6b). Thus, locally transplanted human
EPCs were incorporated into foci of neovascularization and
differentiated into mature ECs in ischemic myocardium.

Discussion

In the present study, we demonstrate the therapeutic potential
and technical feasibility of percutaneous, intramyocardial
transplantation of autologous EPCs in the setting of chronic
myocardial ischemia. This strategy was designed to overcome
the 2 inherent limitations of previous approaches that would
prevent application in humans. First, the requirement for a
large number of EPCs was avoided by delivering the cells
directly to the ischemic myocardium with the use of a novel,
real-time ischemia mapping system. Second, the issue of
immunologic compatibility was resolved by the use of autol-
ogous cells. Although transplantation of autologous cells,
such as bone marrow MNCs'é or skeletal myoblasts,'? has
been reported, the present study is the first to elucidate the
therapeutic potential of autologous EPC transplantation.

Catheter-based, percutaneous intramyocardial transplanta-
tion of swine EPCs resulted in histological, angiographic, and
functional evidence of enhanced neovascularization of ische-
mic myocardium. The incorporation of transplanted EPCs
into the neovasculature was documented in pilot studies using
labeled NA/CD31+ cells. Increased vascularity of the myo-
cardium was observed only in animals in which EPCs were



Kawamoto et al

a

Intramyecardial EPC Transplantation 467

Figure 8. a, Representative flucrescence micro-
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delivered. The notion that inflammation is induced either by
needle injury or trauma resulting from injection of cells is
completely dispelled by these data.

The porcine model of chronic myocardial ischemia was
chosen for these preclinical studies to evaluate the strategy of
local delivery via the NOGA injection catheter, Although
CD34+ MNCs would be used in future clinical situations,
anti-swine CD34 antibody is not available. Therefore, we
performed cell selection with anti-swine CD31 antibody
instead. To complement these studies and verify that selected
CD34 cells could also yield similar clinical benefit, we
transplanted freshly isolated human CD34+ cells into the
myocardium in a nude rat model of myocardial ischemia. The
locally transplanted CD34+ cells incorporated into foci of
myocardial neovascularization, differentiated into mature
ECs, enhanced vascularity in the ischemic myocardium,
preserved LV systolic function, and inhibited LV fibrosis.
Once again, these benefits were absent after injection of
negatively selected cells or PBS, providing further evidence
against the “injury hypothesis” of neovascularization. These
positive outcomes are similar to those in previous studies
involving intravenous EPC transplantation.5¢ However, the
number of transplanted human CD34+ MNCs in this study
was 20 times less than that in these previous studies of
intravenous transplantation,s providing a practical solution to
the requirement for large numbers of cells in these previous
investigations.

scopic findings of ischemic myocardium of nude
rats 10 days after cell transplantation. Red fluores-
cence indicates Dil labeling of transplanted human
cells, and green fluorescence indicates BS-1 lectin,
a marker for rat ECs. Transplanted cells with tube-
like structures {arrows) were observed frequently in
CD34+ MNCs group (left) and were rarely seen in
CD34~ MNCs group {right). b, Representative find-
ings of immunohistochemical staining for UEA-1
lectin (human-specific EC marker} in ischemic
myocardium of nude rats 28 days after cell trans-
. plantation. UEA-1 lectin-positive mature ECs
{arrows) were observed more frequently in CD34+
S group than in CD34- group.

These data suggest that percutaneous delivery of autolo-
gous, freshly isolated EPCs targeted to sites of ischemia may
represent a practical strategy for revascularization of patients
with chronic myocardial ischemia.
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