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Fig. 5. Tube formation in collagen gel.
A: representative images captured af-
ter incubation for 2h, and 1, 4, and 7
days. On culture day 6, cells that had
been incubated under static conditions
{Static) or exposed to shear stress
(Flow, 0.1-2.5 dyn/cm? for 24 h) were
seeded onto collagen gels formed with
Biocoat Matrigel. Tubelike structures
appeared at 4 days in the static EPC
cultures but were observed after 1 day
in shear-stressed cells and became
more extensive with time. The bar in-
dicates 200 pm. B: quantification of
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duced to form capillary-like tubes in fibrin and collagen
gels, a monoclonal antibody against VE-cadherin in-
hibited the formation of capillary tubes, and, when the
antibody was added to preformed capillary tubes, it
disrupted the capillary network (8). The increase in
VE-cadherin induced by shear stress may, therefore,
contribute to tube formation and thereby lead to neo-
vascularization.

Vascular ECs can organize into tubular capillary-
like structures. An in vitro model in which ECs are
cultured in three-dimensional collagen gels in the pres-
ence of basic FGF and VEGF has been widely used to
study the processes involved in the formation of capil-
lary tubes (43). Use of this model revealed that precon-
ditioning EPCs with shear stress enhanced tube for-
mation. EPCs were exposed to shear stress for 24 h on
culture day 6 and assayed up to 1 wk later. The posi-
tive effect of shear stress on tube formation persisted
for an entire week. There may be a “memory” effect of
24-h exposure to shear stress that lasts for, at least, 1
wk, The enhanced tube formation appears to be related
to shear-stress-induced augmentation of cell growth,
VEGF receptor expression, and VE-cadherin expres-
sion, although their exact relationships were not as-
sessed in the present study.

In the present study, peripheral blood-derived mano-
nuclear cells that attach to fibronectin-coated dishes,
endacytose Dil-acLDL, and bind Ulex-lectin were used

Day 4 Day 7

as EPCs. EPCs have been shown to proliferate, differ-
entiate into mature ECs, form tubelike structures in
vitro, and contribute to postnatal neovascularization in
vivo (2, 7, 19, 20). Identification of EC precursors, how-
ever, has been a source of controversy (35, 36). EPCs
were initially isclated from enriched CD34 antigen-
positive (CD34%) cells from human peripheral blood
(6). CD34 has been used as an EPC marker, and other
markers such as AC133 and KDR were subsequently
proposed as additional tools to further purify EPCs (186,
44). Recent studies, however, have demonstrated that
not only CD34* cells but also CD34~ cells can function
as EPCs; bone marrow- or peripheral blood-derived
CD34~ mononuclear cells readily differentiate into EC-
like cells in culture and contribute to neovasculariza-
tion in vivo (17, 38). It has also been shown that EPCs
can develop from human peripheral blood CD14-posi-
tive monocytes (15, 37). To date, various criteria for EPC
selection have been used, including Dil-acLDL(+)-
Ulex-lectin(+), CD34™ (39), CD34*A133*KDR™* (34),
CD34-CD14* (17), Dil-acLDL(+ WWF* (29), and CD31*
(21). In this regard, the present data can be said to
have been derived from this population of EPCs; pe-
ripheral bloed derived Dil-acLDL{+)Ulex-lectin(+} ad-
herent mononuclear cells.

The results of this study may have clinical relevance.
Application of mechanical stress, such as shear stress
or cyclic strain, during the production of artificial vas-
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cular grafts from vascular cells grown on a polymer
matrix has recently been shown to enhance the devel-
opment and function of the grafts (31). These engi-
neered grafts exhibit superior mechanical strength and
good patency when implanted in miniature swine.
More recently, injection of muscles with EPCs isolated
from human cord bloed was shown to enhance neovas-
cularization in the ischemic legs of nude mice (30).
Thus manipulating EPCs by means of mechanical
stress may be useful in the development of highly
efficient tissue-engineered vessels or for the matura-
tion of EPC cultures outside the body for cell therapy in
ischemic vascular diseases.
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Hybrid Cell-Gene Therapy for Pulmonary Hypertension
Based on Phagocytosing Action of Endothelial
Progenitor Cells

Noritoshi Nagaya, MD; Kenji Kangawa, PhD; Munetake Kanda, MD; Masaaki Uematsu, MD;
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 endothelivm 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
nonvira!, 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 pulmenary 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 nonviral, 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 therapeutic strategy for the treatment of pulmonary hypertension.

(Circulation. 2003;108:889-895.)

Key Words: pulmonary heart discase ®m natriuretic peptides m gene therapy @ endothelium

he 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-
livm may play a role in the pathogenesis of pulmonary
hypertension, including primary pulmonary hypertension.?
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 1o sites of injured

endothelium, and differentiate into mature endothelial cells in
situ,4-6 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 macrophages.® 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 cell-gene
therapy for pulmonary hypertension.

AM is a potent vasodilator 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!3 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 investigated 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 pituitary extract, vascular endothelial growth
factor, basic fibroblast growth factor, heparin, and antibiotics, as
reported previously.*®' On days 4 and 8 of culture, nonadherent
cells were removed, and medium was replaced. All mothers gave
written informed consent, 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-acLDL, Biomedical Technologies) and fluo-
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.'16

Flow Cytometry

Adherent cells on day 8 of culture and green 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 CDI14 {(clone M5E2), CD3! (clone L133.1), CD68 (clone
Y1/82A), and CD83 (clone HB15¢; all from Becton Dickinson) and
mouse monoclonal antibodies against human KDR (clone KDR-1,
Sigma) and VE-cadherin (clone BV6, Chemicon), Isotype-identical
antibodies served as controls,

I Preparation of Bioﬂegradable Gelatin ;md
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 glutaraldehyde
cross-linking of gelatin. The microspheres were washed with acetone
and distilled water and then freeze-dried, We constructed the
pcDNAL.1-CMV vector (Invitrogen) encoding human AM cDNA or
GFP cDNA. The gelatin (5 to 30 um in diameter, 2 mg) was added

~738-

1o plasmid DNA (200 ug/f200 ul in PBS, pH 7.4). After 24-hour
incubation at 4°C, DNA-gelatin complexes were obtained.

Ex Vivo Gene Transfer Into EPCs

EPCs (5X10" were cultured with ionically linked GFP or AM
DNA-gelatin complexes (200 pg/2 mg)} for 72 hours. To examine
DNA localization, AM piasmid 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 mousc menoclonal antibody against human AM-
(46-52). Human AM level in culture mediem (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 radicimmunoassay kit (Shionogi).!?

In Vivo Experimental Protocol

Male immunodeficient (F344/N mu/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,
1X 10" 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 protocol resulted in the creation of 4 groups: MCT rats
given EPCs (EPC group, n=8), MCT rats given 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 inseried through the right
jugular vein into the pulmonary artery. Cardiac output was measured
in triplicate by the thermodilution method. Pulmonary vascular
resistance was calculated by dividing mean pulmonary arerial
pressure by cardiac output.

Immunohistochemical and

Immunofluorescence Staining

Immunohistochemistry was performed on paraformaldehyde-fixed,
paraffin-embedded 5-um sections of the lungs. To discern human
endothelial cells from rat cells, we used mouse anti-human CD31
(DAKOQ) and mouse anti-rat CD31 (BD PharMingen) monoclonal
antibodies. 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 antbody (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 extermal diameter from 25 to 50 and from 51 to 100 um). The
medial wall thickness was expressed as follows: % wall
thickness=[(medial thicknessX2)/external diameter}x 100.

Survival Analysis

Seven days after MCT injection, 29 rats received intravenous
injection of 1X10° EPCs (EPC group, n=10), 1 X10" AM-expressing
EPCs (AM-EPC group, n=10), or culture medium (control group,
n="%). 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 spindls-shaped or cobblestone-like mor-
phology (a) and took up Dil-acLDL and FITC-labeled lectin in same field (b-d). &, 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
considered statistically significant.

Results

EPCs From Human Umbilical Cord Blood

After 8-day culture of mononuclear 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, c, and d). These cells
expressed endothelial cell-specific antigens (KDR, VE-
cadherin, and CD31; Figure le). 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 CD14, this marker has been shown to also be

expressed on activated endothelial cells and cultured EPCs.!"7

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 (76=3%, n=5) of GFP
expression in adherent cells. KDR/GFP double-positive cells
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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, cationic 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 particles 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 medium (10-fold increase compared with EPCs alone;
Figure 3b). AM overproduction 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 intravenousty 7
days after MCT injection. Three days after transplantation,
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Figure 2. Ex vivo gene transfer into EPCs based on phagocytosing action, a, EPCs were cultured with ionically linked GFP DNA-gelatin
complexes. b, GFP was highly expressed in EPCs {arows) in same field as Figure 2a. c. Flow cytometric analyses of EPCs cuttured
with GFP DNA-gelatin complexes. Negative controls (EPC isocontrol and gelatin background} are shown in left panels. d, Transmission
electron microscopy reveated that EPCs had phagocytosed GFP DNA-gelatin complexes (arrows). &, RITC-labaeled DNA particles wera
incorporated into gelatin. f, RITC-labeled ONA particles (red, arrows) were released from gelatin through its degradation. g, RITC-
labreled DNA particles released from gelatin (arrow) were distributed In cytoplasm of EPCs. Nuclei of EPCs were identified by DAPI

staining. Scale bars: 10 pm (a and b), 2 um (d and &e); 5 um {f and qg}.

GFP-expressing EPCs were incorporated into the walls of
pulmonary arterioles in MCT rats and composed pulmonary
vasculature (Figure 4a). Transplanted GFP-expressing EPCs
were distributed on lung tissues (Figure 4b). AM gene-
transduced EPCs were similarly incorporated into the pulmo-
nary vasculature (Figure 4¢). Immunchistochemical analyses
of rat and human CD31 demonstrated that the transplanted
EPCs were of endothelial lineage and comprised a vessel
structure similar to rat endothelial cells (Figure 4¢). However,
transplanted EPCs were rarely distributed to other tissues
such as cardiac ventricles, kidneys, aorta, and brain {data not
shown).

O epPcs

AM level (o1t celin

=740~

B EPCs+AM DNA/pelatin

Effects of Gene-Transduced EPC Transplantation
on Pulmonary Hypertension

Pulmonary hypertension developed 3 weeks after MCT in-
Jection. Mean pulmonary arterial pressure was not strikingly
decreased in the EPC group (—14%) but was significantly
lower in the AM-EPC group (—29%) than in the control
group (Figure 5a). Pulmonary vascular resistance was signif-
icantly lower in both the EPC group (—16%) and the
AM-EPC group (—39%) than in the control group (Figure
5b). Importantly, the AM-EPC group showed significantly
greater improvement in pulmonary vascular resistance than
the EPC group. Right ventricular weight and right ventricular

Figure 3. AM gene transter Into EPCs. a,
Immunchistochemical analysis of AM In
EFCs after gene transfer. Intense Immu-
nostaining for AM was observed in EPCs
(arrows). Scale bar: 10 um. b, Time
course of AM secretion from EPCs dur-
ing coculture with AM DNA-gelatin com-
plexes. Data are mean=SEM. *F<0.05,
1P<0.001 vs EPCs.

k L3 12 16
Time (days}
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systolic pressure were significantly lower in the AM-EPC
group than in the control and EPC groups (Table). AM levels
in plasma and lung tissues were significantly higher in the
AM-EPC group than in the other groups 2 weeks after
transplantation. Unlike EPCs, transplantation: of mature pul-
monary artery endothelial cells did not significantly influence
pulmonary hemodynamics in MCT rats.

Representative photomicrographs showed that hypertrophy
of the pulmonary vessel wall afier MCT injection was
attenuated in both the EPC and AM-EPC groups (Figure 5¢).
Quantitative analysis also demonstrated a significant increase
in percent wall thickness after MCT injection, but this change
was markedly attenuated in the AM-EPC group (Figure 5d).
Kaplan-Meier survival curves demonstrated that MCT rats
transplanted with AM-expressing EPCs (AM-EPC group)
had a significantly higher survival rate than those given
culture medium (control group) or EPCs alone (EPC group;
Figure 5e).

Discussion :
In the present study, we present a new concept for cell-based
gene delivery into the pulmonary vasculature that consists of
3 processes. First, cationic gelatin is readily complexed with
plasmid DNA. Second, EPCs phagocytose ionically linked
plasmid DNA-gelatin complexes in coculture, which allows

Human CD31/ Rat CD31
. R #??‘L ¥ :

O dn
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Figure 4. Distribution of EPCs in lungs of
MCT rats. a, Intravenousty administered
GFP-expressing EPCs were incorporated
Into walls of pulmonary artericles. b,
Transplanted GFP-expressing EPCs were
distributed on lung tissues. Puimonary
vasculature was detected by RITC-
conjugated anti-rat CD31 (red). ¢, Immu-
nohistochemistry for human CD31 (per-
oxidase, brown) and rat CD31 {alkaline
phosphatase, pink). Scale bars: 50 um.

1

nonviral gene transfer into EPCs with high efficiency. Third,
transplanted gene-modified EPCs are incorporated into pul-
monary vascular beds in MCT rats. This novel gene delivery
system has great advantages over conventional gene therapy:
nonviral, noninvasive, and highly efficient gene targeting into
the pulmonary vasculature, These benefits may be achieved
mainly by the ability of EPCs to phagocytose DNA-gelatin
complexes and to migrate to sites of injured endothelium.

Tabata et al” and Fukunaka et al* demonstrated that gelatin
can hold negatively charged protein or plasmid DNA in its
positively charged lattice structure. In addition, Tabata et al
demonstrated that gelatin is promptly phagocytosed and
gradually degraded by macrophages. The present study first
demonstrated that EPCs phagocytosed ionically linked DNA-
gelatin complexes, dissolved gelatin, and freed the DNA.
Surprisingly, the transfection efficiency of this approach was
markedly high. FACS analysis demonstrated that EPCs, not
monocytes/macrophages, are the main contributors of GFP
expression. These findings suggest that the phagocytosing
action of EPCs allows nonviral, highly efficient gene transfer
into EPCs themselves.

Recently, intravenously administered hematopoietic cells
have been shown to be attracted to sites of cerebral injury.'®
Intravenously injected EPCs accumulate in ischemic myocar-

Figure 5. Effacts of AM DNA-transduced
EPC transplantation on mean pulmonary
arterial pressure (a) and pulmonary vas-
cular resistance {b) in MCT rats. ¢, Rep-
resertative photomicrographs of periph-
eral pulmonary arteries in rats. Scale
bars, 20 pm. d, Quantitative analysis of
percent wall thickness of peripheral pul-
monary arteries. e, Kaplan-Meier survival

% wall thickmesx (%) % wail thicknes (%)

curves of MCT rats transplanted with
AM-expressing EPCs {AM-EPC group,
@)}, EPCs alone (EPC group, ©), or cul-
ture medium {control group, ). Data are

AVLEFC mean+SEM. *P<0.05; 1P<0.001.
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Physiclogical Profiles of 4 Experimental Groups

Sham Contral £EPC AM-EPC
{n=8) {n=9) {n=8) n=9
Body weight, o 191 x4 17427 181+6 182x6
RV weight, g/kg body weight 0.59+0.02 1.04£0.05 0.91x0.03 0.77+0.04%t
Left ventricular weight, g/kg body weight 2.42+0.03 2.49+0.05 2.46+0.04 244008
Heart rate, bpm 398x10 39011 398>15 38711
Mean arterial gressure, mm Hg 112+4 1005 10423 98+4
RV systolic pressure, mm Hp 322 §3£3 S56+1* 48+2¢
Plasma human AM, fmaol/mL 0 0 0301 0.7+0.1*
Leng human AM, fmol/g tissue 0 0 11.9+0.6* 230234

Control indicates MCT rats piven cutture medium; EPC, MCT rats given EPCs; AM-EPC, MCT rats given
AM-expressing EPCs; and RV, right ventricutar, Data are mean+SEM.

*P<20.05 vs contral; 1£<0.05 vs EPC.

dium after acute myocardial infarction.® These findings sug-
gest that progenitor cells have the ability to sense injured
tissues. In fact, in the present study, intravenously adminis-
tered GFP-expressing EPCs were incorporated into pulmo-
nary arterioles and capillaries in MCT rats and differentiated
mature endothelial cells. MCT injures endothelial cells of
small arteries and capillaries in the lungs, resulting in pulmo-
nary hypertension.' Taking these findings together, trans-
planted EPCs may circulate in the blood and attach to injured
pulmonary endothelia in MCT rats. Thus, EPCs may serve
not only as a vehicle for gene delivery to injured pulmonary
endothelia but also as a tissue-engineering tool in restoring
intact pulmonary endothelium. Transplantation of EPCs with-
out gene modification slightly but significantly decreased
pulmonary vascular resistance in MCT rats. EPCs have been
shown to express endothelial nitric oxide synthase and
produce nitric oxide.'4 In the present study, we showed that
EPCs produce AM even when its gene is not transduced.
These results suggest that vasodilator substances secreted
from EPCs contribute to improvement in pulmonary
hypertension.

We also investigated whether transplantation of gene-
modified EPCs causes additional improvement in pulmonary
hemodynamics and survival in MCT rats. AM is one of the
most potent vasodilators synthesized by vascular endothelial
cells.! Interestingly, EPCs cultured with AM DNA-gelatin
complexes markedly secreted AM protein for more than 16
days. These results suggest relatively long-lasting AM secre-
tion from EPCs. The consequence of this synthesis in MCT
rats was a marked decrease in mean pulmonary arterial
pressure and pulmonary vascular resistance. Histological
examination revealed that transplantation of AM-expressing
EPCs inhibited an increase in medial wall thickness of
pulmonary arteries, Expectedly, transplantation of AM-
expressing EPCs caused significantly greater improvement in
pulmonary hypertension and vascular remodeling than trans-
plantation of EPCs alone. Given the known potent vasopro-
tective effects of AM, such as vasodilation and inhibition of
smooth muscle cell proliferation,'2® it is interesting to spec-
ulate that AM secreted from EPCs may act not only as a
circulating factor but also as an autocrine/paracrine factor in
the regulation of pulmonary vascular tone and vascular
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remodeling in MCT rats. Importantly, a single transplantation
of AM-expressed EPCs improved survival in MCT rats
compared with administration of EPCs alone or culture
medium. These results suggest that ex vivo gene transfer into
EPCs greatly enhances the therapeutic effects of EPC trans-
plantation. Additional studies are necessary 10 examine
whether repeated administration of EPCs produces an even
greater effect than single transplantation.

Conclusions

Human umbilical cord blood—derived EPCs have a phagocy-
tosing action that allows nonviral, highly efficient gene
transfer into EPCs. Transplantation of AM DNA-transduced
EPCs causes significantly greater irprovement in pulmonary
hypertension and better survival in MCT rats than transplan-
tation of EPCs alone. Thus, the novel hybrid cell-gene
therapy based on the phagocytosing action of EPCs may be a
new therapeutic strategy for the treatment of pulmonary
hypertension.
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Engineering the Response to Vascular Injury

Divergent Effects of Deregulated E2F1 Expression on Vascular Smooth
Muscle Cells and Endothelial Cells Result in Endothelial Recovery and
Inhibition of Neointimal Growth

David A. Goukassian, Raj Kishore, Kevin Krasinski, Christine Dolan, Corinne Luedemann,
Young-sup Yoon, Marianne Kearney, Allison Hanley, Hong Ma, Takayuki Asahara,
Jeffrey M. Isner,i Douglas W. Losordo

Abstract—Tumor necrosis factor-o (TNF-a) is expressed locally in the vessel wall after angioplasty and induces growth
arrest and apoptosis in endothelial cells (ECs), thereby delaying reendothelialization. Prior studies have shown that
direct antagonism of TNF-e, using a systemically administered soluble receptor, can enhance endothelial recovery and
reduce neointimal thickening. These studies have also shown that downregulation of the transcription factor E2F] was
a key mechanism of TNF's effect on ECs. We now show that Ad-E2F1 overexpression at sites of balloon injury
accelerates functional endothelial recovery, consistent with the prior in vitro findings. Moreover these studies also reveal
divergent effects of TNF-a and overexpression of E2F1 on ECs versus YSMCs. TNF-a exposure of VSMCs had no
affect on proliferation or apoptosis, in contrast to the effect seen in ECs. In Ad-E2F1-transduced VSMCs, however,
TNF-a—induced marked apoptosis in contrast to the survival effect seen in ECs. Finally, these studies suggest that
differential activation of NF-xkB may play a key role in mediating these opposing effects. Nuclear translocation and
transcriptional activity of NF-xB was markedly attenuated in Ad-E2F1-transduced VSMCs, whereas it remained active
in similarly treated ECs when the cells were exposed to TNF-a. These studies reveal that overexpression of Ad-E2F1
primes VSMCs to TNF-e-induced apoptosis. Furthermore, E2F1 potentiates VSMC death by blocking antiapoptotic
signaling pathway through inhibition of NF-xB activation. The divergent responses of VSMCs and ECs to E2F]
overexpression provide unique therapeutic possibilities: simultaneously targeting the cell cycle of two different cell

types, within same tissue microenvironment resulting in opposite and biologically complimentary effects. (Circ Res.
2003;93:162-169.)

Key Words: apoptosis m vascular smooth muscle cells m E2F! m turmnor necrosis factor-a ® nuclear factor-xB

Vascular injury stimulates proliferation and migration of
vascular smooth muscle cells (VSMCs), which accumu-
late in the intima of the injured site. In response to vascular
injury, proinflammatory cytokines, such as tumor necrosis
factor-a (TNF-a), are produced by activated macrophages as
well as by VSMCs themselves.! We have previously shown
that TNF-a induces apoptosis in proliferating endothelial
cells (ECs) via a mechanism involving repression of E2F1
activity. Adenovirus-mediated restoration of E2F1 activity
rescued ECs from TNF-a-induced cell cycle arrest and
apoptosis.? Recently, we also showed that in vivo blockade of
TNF-a accelerates functional endothelial recovery and inhib-
its neointimal lesion formation after balloon angioplasty.?
These findings indicate that TNF-a expressed locally at sites

of balloon arterial injury mediates, at least in part, a delay in
endothelial recovery and the associated neointimal lesion
formation. These findings also imply that repression of E2F]
activity is a crucial pathway in TNF-e—-induced inhibition of
endothelial recovery.

To determine if overexpression of E2F1 in vivo would
result in restoration of endothelial recovery similar to the
documented in vitro effect, we performed an investigation
using the rat carotid injury model in which E2F1 was
constitutively overexpressed using the same adenoviral vec-
tor used for the in vitro studies. These studies revealed
acceleration of endcthelial recovery consistent with the sur-
vival effect shown in vitro. Moreover, these studies also
showed attenvation of VSMCs in the neointima. Accordingly,
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we performed a series of in vitro studies to determine the
mechanism of the apparently divergent effect of deregulated
E2F1 expression on YSMCs and ECs in the setting of TNF-a
exposure. In the present study, we show that E2F1 induces
VSMCs apoptosis via activation of caspase-dependent path-
ways. In addition, we also show that E2F1 induces VSMCs
apoptosis via downregulation of NF-kB signaling pathway.

Materials and Methods

Rat Carotid Balloon Injury Model

Ballcon carotid injury was performed in Sprague-Dawley rats
{Charles River Labs, Wilmington, Mass) as previously described.
After denuding injury, Ad-E2F12 or Ad-§-gal was infused into the
isolated carotid segment as described® (see online data supplement).
All animal protocols were approved by the Institutional Animal Care
and Use Committee at the St Elizabeth's Medical Center.

Mouse Carotid Balloon Injury Model
To further examine the role of E2F1 in reendothelialization after
batloon injury, we also performed a series of experiments in a mouse
model of carotid injury. The mouse carotid injury model, modified in
our laboratory from previous methods® was used.

Evaluation of Reendothelialization

Reendothelialization was assessed by staining with 0.5% Evans blue
dye (Sigma Chemical Co).¢ To verify that the Evans blue stain
accurately depicted the presence or absence of endothelium, sections
of completely or partially reendothelialized carotid arteries (hased on
Evans blue appearance) were stained with antibodies to CD31, BS1
Lectin, B-gal, SM-a-Actin, and Factor VIIL4

Evaluation of Recovery of Endothelial Function

In order to determine if functional recovery of the endothelium was
accelerated by Ad-E2F1 treatment, the production of nitric oxide by
excised arterial segments was measured using the Greiss reaction.*

Evaluation of Intimal Hyperplasia

Neointimal thickening was evaluated by measuring the total area of
neointima in longitudinal sections of elastic-trichrome stained arter-
ies. The area of the media was also measured and the intima/media
ratio was calculated.*

Evaluation of Profiferation in Injured Arteries
Bromodeoxyuridine (Brdl) (30 mg/kg) (Amersham) was adminis-
tered by intraperitoneal injection every 12 hours for 48 hours before
animal euthanasia (4 injections total). Rat carotid artery segments to
be used for immunchistochemistry were perfusion fixed as previ-
ously described.* BrdU incorporation was evaluated after incubating
tissue sections in 2 mol/L HCI for 10 minutes at 37°C to denature
DNA,

Culture Conditions and Growth Curves

Human VSMCs, HUVECs, and BAECs were isolated and cultured
as previously described.” E19P cells (gift from C. Shanahan, Adden-
brooke’s Hospital, Cambridge, UK) were obtained from explant
cultures of embryonic day 19 acrta from Fisher rats. Human
recombinant TNF-a was purchased from R&D Systerns and, if not
otherwise stated, was used at the concentration of 40 ng/mL. This
dose was chosen based on cur previous studies,? which showed
efficient induction of apoptosis in ECs within one population
doubling (PD) time (usually 12 to 24 hours for ECs). Cell prolifer-
ation rates were measured by counting cells at various time points up
to 32 hours (usual PD time for VSMCs) using hemocytometer and
Coulter counter.
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Adenoviral Constructs and Infection

The construct of Ad-B-gal virus used in this study was previously
described. Viral stocks of Ad-E2F1, generously supplied by Dr J.R.
Nevins, Duke University, Durham, NC, were prepared as previously
described. VSMCs and ECs were infected at an MOI of 30 with
Ad-E2F1 and Ad-B-pal, if not otherwise stated. Cells were harvested
before and at various times after adenoviral infection and processed
for studies of proliferation, apoptosis, protein expression, and NF-xB
nuclear translocation and transcriptional activity. All adenovirus
experiments were done in triplicates and repeated a minimum of
three times.

FACS Analysis

Subconfluent VSMCs were synchrenized with medium containing
0.5% FBS for 48 hours. Cells were infected with Ad-E2F1 and
Ad-B-gal while they were serum-synchronized. Six hours after
transduction, cells were released from quiescence by replacing
medium with 10% serum containing or not 40 ng/mL TNF-a and
harvested at indicated times. Cells were then processed for labeling
with FITC-conjugated anti-active caspase 3 antibody (Transduction
Laboratories). A second set of similarly reated cells were processed
for the detection of apoptosis (annexin V) using commercially
available Vibrant Apoptosis Kit (Molecular Probes). Cells were
labeled and then fixed according to manufacturer recommendations
and analyzed using a FACScan (Becton Dickinson) flow cytometer.

Western Blot Analysis

VSMCs synchronized for 2 days were stimulated with medium
containing [0% FBS. Six hours before serum stimulation and TNF-a
addition, BAECs and VSMCs were infected with 30 MOI of either
Ad-E2F1 or Ad-B-gal. Cells were harvested 0.5 and 2.5 hours after
serum/TNF-a stimulation (6.5 and 8.5 hours after AJE2F1 ransduc-
tion), and E2F] expression was assessed by Western blot analysis.
This experiment was repeated at least two times with similar resuls,
For evaluation of kB-a degradation, VSMCs and ECs were treated
as described above for FACS analysis. At designated time points,
cells were lysed and processed for Western blot analysis using
anti-IkB-a antibodies (both, 1:200 dilution).?

Confocal Microscopy

Six hours before TNF-a exposure, VSMCs were infected with 30
MO! of either Ad-E2F1 or Ad-B-gal. Forimmunofluorescent studies,
control and Ad-E2F1- or Ad-B-gal-transduced VSMCs and
HUVECs were serum stimulated in the presence or absence of
TNF-a for 30 minutes. Cell monolayers were washed twice with
1XPBS/1%BSA then fixed with ice-cold methanol-acetone (1:1) at
—20°C for 10 minutes and air-dried. Next, fixed cells on the chamber
slides were reacted with NF-kB (p65) rabbit polyclonal antibody
(1:50) for 1 hour at room temperature. After washing with PBS, cells
were incubated for 45 minutes with FITC-conjugated secondary
antibodies (1:100) (Santa Cruz). Chambers were then removed and
slides were mounted with glass cover slips containing 10 pL of
Vectashield (Vector, UK).

Transient Transfection Assays

Transient wansfection assays, using a luciferase reporter containing
the NF-«B cis-acting enhancer element (Clontech), were performed
to evaluate NF-kB—dependent transcriptional activation. BAECs and
E19P cells were co-transfected with NF-«xB reponer and control

" pSVAPAP alkaline phosphatase (AP) with Superfect reagent accord-

ing to the manufacturer guidelines (QIAGEN). After 16 hours of
incubation at 37°C, cells were washed with PBS, trypsinized, pooled,
and replated. After 24 hours, cells were serum-starvation synchro-
nized for 48 hours. Six hours before serum stimulation and TNF-«
addition, cells were infected with Ad-E2F! and Ad-g-gal. Cells were
harvested at indicated times, lysed with 100 pL reporter lysis buffer
(Promega) and processed for measurement of luciferase activity as
described. Luciferase activity was normalized relative to the level of
(AP) activity produced from co-transfected pSVAPAP plasmid as
described previously.
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Figure 1. Deregulated E2F1 expression accelerates endothelial
recovery after balloon angioplasty. A, Compared with control,
Ad-p-galtransduced arteries, at 1 week and 2 weeks after
injury, overexpression of E2F1 accelerates reendothelialization
(ReEndo) measured as absolute area reendothelialized. B, Nitric
oxide production was measured 1 week after injury. C, Wire
injury was performed in 20 E2F1~"~ and 20 wild-type 129 mice
{wenetic background of the E2F1~/") After 7 days, Evans Blue
solution was infused, and the arteries were harvested with care
taken to identify the injured vessel segment according to ana-
tomic¢ landmarks. Quantification of ReEndo by an investigator
blinded to the genctype of the animals revealed no difference in
ReEndo in animals with wlld-type or null expression of E2F1.

Statistical Analysis
To evaluate statistical significance of differences for cell prolifera-
tion and apoptosis studies between experimental groups, ANOVA
with Fisher PLSD analysis were performed using StatView statistical
program (SAS Inc). Statistical significance was assigned when
P<0.05.

An expanded Materials and Methods section is available in the
online data supplement at http://www.circresaha.org.

Results.

Ectopic E2F1 Overexpression Accelerates Functional
Endothelial Recovery After Balloon Injury
Quantification of endothelial recovery was performed by
measuring the Evans blue-stained region and comparing it to
the total area of injury based on standard anatomic landmarks
on the excised rat carotid arteries. At both 1 and 2 weeks after
injury, endothelial recovery was greater in arteries transduced
with Ad-E2F1 versus Ad-B-gal (% injured area reendotheli-
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alized at 1 week, E2F1=57.0x3.1% versus f-gal=36.9*
5.4%, P<0.03; at 2 weeks, E2F1 =86.2£2.6% versus B-gal=
68.6£3.4%, P<0.03) (Figure 1A). The improved anatomic
recovery of the endothelium was accompanied by functional
endothelial recovery as documented by increased NO produc-
tion in E2F1 versus control treated arteries; 2,07x0.17 versus
1.02+0.51 nmol/L per mm® per 15 minutes; P<0.0001
(Figure 1B). The role of E2F1 in endothelial recovery was
further explored by comparing endothelial recovery in wild-
type (WT) and E2F1™"" mice, revealing no difference in the
rate of reendothelialization (Figure 1C). This finding is
compatible with functional silencing of E2F1 in WT mice at
sites of arterial injury and is consistent with our hypothesis
that TNF represses E2F1 activity.

Deregulated E2F1 Expression Reduces Neointimal
Thickening and Decreases Neointimal VSMC
Proliferation After Balloon Injury

In contrast to the findings of increased endothelial recovery,?
VSMC proliferation was adversely affected at sites of balloon
injury by overexpression of E2F1. The intima/media ratio
was reduced significantly in arteries in which E2FI was
overexpressed (P<<0.0057) (Figure 2A), and this was associ-
ated with a decrease in medial cellularity noted at early time
points. BrdU labeling revealed evidence of decreased prolif-
erative activity in arteries in which E2F1 was overexpressed
(Figure 2B). Thus, in contrast to endothelial cells, in which
deregulated E2F1 expression in the setting of TNF-a expo-
sure rescued ECs from apoptosis and cell cycle arrest, in
VSMC E2F] overexpression appeared to have the opposite
effect. To further investigate this possibility, a series of in
vitro investigations were performed.

E2F1 Cooperates With TNF-a to Inhibit VSMC
Cell Cycle

Ad-E2F! transduction of BAECs and VSMCs led to the
time-dependent increase in the level of E2F1 protein that was
confirmed by Western blot analysis (Figure 3A). More
importantly, exogenous E2F1 protein levels were comparable
in both cell types 6.5 and 8.5 hours after transduction. We
first examined the effect of TNF-a either alone or in
combination with overexpression of E2F1 on the proliferation
kinetics of cultured VSMCs. Compared with quiescent cells,
serum-stimulated cells showed markedly increased prolifera-
tive activity (Figure 3B). TNF-a alone or TNF-o/Ad-B-gal
treatment revealed a similar pattern of growth kinetics. In
contrast, TNF-a/Ad-E2F1 treatment showed statistically in-
significant increases in cell number. Thus compared with all
other treatment groups, TNF-a/Ad-E2F1 treatment decreased
the number of VSMCs. To assess the distribution of cells at
different phases of the cell cycle, FACS analysis of VSMCs
stained with propidium iodide was used, No significant
difference in the cell cycle distribution of cells was observed
in serum-stimulated, TNF-a—, and combined TNF-o/Ad-B-
gal-treated cells (Figure 3C). In contrast, compared with
TNF-q treatment alone, the number of cells in sub-G/G, in
combined TNF-a/Ad-E2F]1-treated cells rose to 8%, a more
than 3-fold increase (P<0.03). In addition, Ad-E2F] treat-
ment significantly inhibited entry of cells into G,/M phase of
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Figure 2. E2F1 inhibits necintimal thickening. A, Compuierized
planimetric analysis of the total inttmal area measured in longiu-
dinally sectioned arterles 4 weeks after balicon injury. Intima/
media ratic was calculated by dividing necintimal area by total
media area. B, BrdU labeling of proliferating cells in Ad-S-gal-
(A) and Ad-E2F1-infected rat arteries 1 week after balloon injury.
Foci of proliferating cells were evident In the intima in Ad-g-gal-
infected arteries. Ad-E2F1-treated arteries had [Imited profifera-
tive activity in the VSMC layers (E and F). Proliferating ECs
{arrows) were found in the Ad-E2F1-infected arteries (B and C)
but could not be Identified in Ad-B-gal-infected arteries. Section
adjacent to B was stained for CD31 to posttively identify endo-
thetlal cells (D). Intestines were stained as positive control (G).
C, Ad-g-gal and BS1 lectin staining Is shown to confirm suc-
cessful transduction of ECs adjacent to site of balloon injury
{see online data suppliement).
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cell cycle (17% versus 25%, 27.2% and 23% in TNF-a/Ad-
E2F1 versus control, TNF-& and TNF-o/Ad-B-gal, respec-
tively; P<0.05) (Figure 3C). In addition to regulation of
proliferation, the E2F family of transcription factors is also
known to regulate pathways leading to apoptosis.** Accord-
ingly, we examined the rate of apoptosis in VSMCs in which
E2F1 was overexpressed in the setting of TNF-a exposure.

Overexpression of E2F1 Induces Apoptosis in
TNF-a-Exposed VSMCs

Flow cytometric analysis using antibodies to active caspase 3
revealed a marked increase in apoptosis in VSMCs in which
E2F1 was overexpressed. Eighteen hours after treatment,
39+9% of cells treated with TNF-o/Ad-E2F1 were stained
positively for active caspase 3 (Figures 4A and 4B). In
comparison, only 13+8%, 3.5+2%, and 6x3.8% of serum-,
TNF-a—-, and TNF-o/Ad-B-gal-treated cells, respectively,
were stained positive with active caspase 3 (P<0.02, TNF-
a/Ad-E2F1 versus all other treatments). These findings sug-
gest that the reduction in cell number documented in vivo and
in vitro was not solely due to the inhibition of proliferation
but was also the result of E2F1-mediated effects on VSMC
viability. These findings were further substantiated by an-
nexin V staining for apoptotic cells. Compared with TNF-a—
and TNF-a/Ad-B-gal-treated cells, annexin V positivity was
markedly increased in VSMCs that were treated with TNF-
a/Ad-E2F1 (P<<0.001 at 18 hours; Figure 4C). The decrease
in VSMC viability resulting from E2F1 overexpression was
in sharp contrast to the enhanced survival seen in similarly
treated ECs.2 To better understand the potential mechanisms
responsible for this effect, we examined the activity of
NF-kB, a transcription factor known to play an essential role
in TNF-a—mediated cell survival pathways.!™!'! TUNEL
staining for apoptosis in vivo yielded very low rates of
positivity in both Ad-E2F1- and Ad-S-gal-treated animals.
Others have documented dramatic onset and rapid decrease of
apoptosis within the first few hours after balloon injury.'? In
our studies, we concentrated on later time points and could
detect in vivo a significant rate of apoptosis. Indeed, given the
transient nature of apoptosis in vivo, a significant rate
sustained for any period of time would ultimately emaciate
the medial layer. This suggests that the effects of TNF-a and
E2F1 on preliferation may predominate in vivo.

Overexpression of E2F1 Abrogates NF-xB Nuclear
Translocation in TNF-a-Exposed VSMCs

Nuclear translocation of NF-xkB (p65) was studied at a
single-cell level by confocal microscopy in VSMCs and ECs.
In quiescent HUVECs and VSMCs, distribution of NF-«B
was predominantly cytoplasmic (Figures 5a and 5f, respec-
tively). Serum stimulation did not alter NF-«B cellular
localization in HUVECs, whereas in serum-stimulated
VSMCs (30 minutes after serum addition), localization of
NF-kB was predominantly nuclear (95%5%) (Figures 5b and
5g). Stimulation of HUVECs and VSMCs with TNF-a for 30
minutes resulted in a marked nuclear translocation of NF-«xB
in 100*=0% of both cell types (Figures 5c and Sh). After
combined TNF-a/Ad-E2F] treatment of HUVECs for 30
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Figure 3. Overexpression of Ad-E2F1 inhibits proliferation and induces apoptosis In VSMCs treated with TNF-a. A, Westem blotting shows
similar transduction of ECs and VSMCs after infection with Ad-E2F1. B, ADE2F1 overexpression attenuates growth kinetics of cultured
VSMCs exposed to TNF-a. Cells were transduced with adenovirus 6 hours before addition of serum=+TNF-a. Quiescent cells (norizontal bars)
and 8, 16, 24, and 32 hours after serum stimulation (black bars} and addition of TNF-a {40 ng/mL} {gray bars), TNF-e (40 ng/mLVAd-E2F1 (30
MO {diagonal bars), and TNF-a (40 ng/mL)VAd-8-gal (30 MOI) (clear bars). C, Before (Q) and 18 hours after serum stimulation, cells were
harvested, stained with propidium iodide, and processed for flow cytometric analysis. Representative histograms of FACS analysis are shown
revealing an increase In sub-G;, fraction and a decrease in G,/M in Ad-E2F1-transduced VSMCs exposed to TNF.

minutes, NF-xB remained translocated to the nucleus in
100% of cells (Figure 5d). In contrast, nuclear translocation
of NF-«kB was completely abrogated when E2F1 was over-
expressed in TNF-a exposed VSMCs (Figure 5i). In both cell
types, TNF-a/Ad-3-gal-treated cells manifested similar de-
grees of NF-kB nuclear translocation to serum only and/or
serum/TNF-a-treated cells (Figures Se and 5j).

Overexpression of E2F1 Inhibits IkB-c
Degradation in TNF-a-Exposed VSMCs

IkB-or degradation was studied by Western blot analysis in
BAECs versus VSMCs in the setting of combined TNF-of
AdE2F! treatment. Serum stimulation led to rapid degrada-
tion of IkB-a in VSMCs (15 minutes), whereas in serum-
stimulated BAECs, IkB-a levels were comparable to levels of
quiescent cells (Figure 6). Treatment with TNF-a alone or in
combination with Ad-B-gal led to comparable IkB-a degra-
dation in VSMCs, as well as in ECs; however, IkB-a
" degradation was more prominent in VSMCs. Interestingly,
these two cell types responded differently to the combined
TNF-a/AdE2F1 treatment. In VSMCs, E2F] overexpression
inhibited IkB-a degradation, thereby preventing NF-«B acti-
vation in VSMCs, whereas E2F1 overexpression led to the
rapid IkB-o degradation (TNF-a and/or TNF-a/Ad-8-gal
treatments) in ECs (Figure 6), suggesting a possible mecha-
nism of divergent effects of E2F1 overexpression in VSMCs
versus ECs.
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Qverexpression of E2F1 Abrogates NF-xB
Transcriptional Activity in VSMCs but Remains
Intact in ECs

To verify that the alterations in NF-«B translocation were
associated with a functional change in NF-xB-mediated
transcriptional activity, we performed a series of transient
transfection assays using a leciferase reporter construct con-
taining the NF-kB cis-acting enhancer element. VSMCs and
ECs were co-transfected with the reporter construct and
alkaline phosphatase control plasmid (pSVAPAP). As ex-
pected the lowest NF-kB activity was detected in serum-
starved ECs and VSMCs (Figures 7A and 7B). Compared
with quiescent, in serum-stimulated VSMCs, the NF-xB
reporter activity increased 4-fold, whereas NF-kB activity
was not changed in ECs on serum stimulation. In contrast,
TNF-a exposure of proliferating ECs and VSMCs led to 6-
and 4.5-fold increases (versus quiescent), respectively, in
NF-«B transcriptional activity (Figures 7A and 7B). How-
ever, in VSMCs overexpressing E2F1, NF-«B activation was
completely abolished (Figure 7A), whereas NE-«B transcrip-
tional activities were preserved in ECs under similar condi-
tions (Figure 7B). These findings suggest a divergence in the
signaling pathways triggered by overexpression of E2F1 in
VSMCs versus ECs.

Discussion
Radiation therapy is currently available for inhibition of

restenosis in stented arteries.’* Although effective in reducing
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the incidence of recurrent neointimal proliferation, this strat-
egy is compromised by delayed reendothelialization,'* which
results in a significant incidence of late stent thrombosis. -1
More recently, a great deal of enthusiasm has been generated
by reports that rapamycin and other cell cycle inhibitors are
capable of eliminating restenosis.'® Because this chemother-
apy strategy shares with radiation therapy an approach that is
not designed to enhance endothelial recovery, it would come
as no surprise to learn of late events due to endothelial
dysfunction. Indeed, recent reports indicate a distinct antien-
dothelial action of rapamycin.’? In contrast to these prior
strategies, the present studies suggest that, by exploiting
certain signaling pathways in ECs and VSMCs, it may be
possible to develop an approach to restenosis that is capable
of inhibiting neointimal thickening while simultanecusly
encouraging recovery of a functional endethelium.

HUVEC

hVSMC

TNFIAL-E2F1

of this method or features the ability of this assay to detect apoptotic processes
before DNA fragmentation occurs,

In response to vascular injury, proinflammatory cytokines,
such as TNF-a, are produced by activated macrophages as
well as by VSMCs themselves.! Locally released TNF-a can
regulate gene expression, differentiation, growth, and apopto-
sis of ECs and VSMCs at sites of vascular injury,’!® The
clinical relevance of TNF-a expressed at sites of balloon
injury was documented in our earlier studies showing accel-
eration of reendothelialization in injured vessels after TNF-a
soluble receptor-mediated blocking of TNF-ce.* We have also
previously shown that TNF-a inhibited E2F1 expression and
activity in vitro, accompanied by cell cycle arrest and
enhanced apoptosis in proliferating ECs.2 Overexpression of
E2F1 restored EC proliferation and inhibited apoptosis de-
spite TNF-a exposure.? The present studies reveal that the in
vitro survival effect of E2F1 on ECs translates in vivo into
enhanced endothelial recovery at sites of balloon injury.

Figure 5. Immunofluorescent staining
demonstrating nuctear translocation of
NF-«B (p65) in VSMCs and HUVECs.
VSMCs and HUVECs were subjected to
identical treatments described in legend
to Figure 3. Localization of NF-xB {p65) -
was determined by confocal microscopy.
Cells were visualized using magnification
of X40. Similar results were obtained in
two independent experiments.

TNF/Ad-Bgal

Sernm sttmulation 30 min
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Moreover, and perhaps more important, they document a
divergence in the TNF-o/E2F1 signaling pathways of ECs
and VSMCs under similar external cues, Instead of augment-
ing VSMC survival and proliferation as it did in ECs, E2F1
overexpression induces apoptosis and inhibits VSMC cell

cycle progression. These findings thus identify a unique

therapeutic approach: simultaneously targeting the cell cycle
of two different cell types, within the same tissue microen-
vironment, via a pathway which results in opposite and
biologically complimentary effects.

E2F1, a member of the E2F family of transcription factors
plays 2 major tole in regulating a diverse amay of cellular
functions including gene expression, proliferation, differenti-
ation, and apoptosis.'” These differential effects of E2F1,
however, appear to be cell and stimulus specific.? Differen-
tial regulation of cell proliferation and apoptosis by deregu-
lated E2F1 in ECs and VSMCs shown in this study is
supported by other studies reporting similar desperate effects
of E2F1 on these cellular functions in different cell types.
Overexpression of E2F1 either promoted S-phase entry and
proliferation?' or apoptosis.®2* Our finding that overexpres-
sion of E2F1 enhances VSMC apoptosis is also in agreement
with a recent study in which E2F1 induced caspase 3-like
activity and initiated apoptosis in coronary VSMCs.2¢ This
study, however, differs from ours in the unique context of
TNF-a exposure that mimics the in vivo arterial injury
environment. Thus, our study demonstrates a negative, coop-
erative effect of TNF-o and E2F1 overexpression on VSMC
proliferation and survival, because within the time frame of
our experiments, TNF-a alone did not have a significant
effect on VSMC survival. Additionally, no previous study has
documented a biclogically different response to TNF-of
E2F-1 by two neighboring cell types within the same tissue.

Transmembrane signaling after TNF-g receptor binding
triggers cellular apoptosis in some cancer cells?"-2% and
endothelial cells?? yet induces proliferation in normal diploid

BAEC

fibroblasts.* Unresponsiveness of VSMCs to TNF-« seen in
our study is supported by the evidence from other studies
showing that TNF-« itself has little effect on the growth or
apoptosis of VSMCs.2* The conclusion that E2F] overexpres-
sion~mediated apoptosis in VSMCs results from a synergistic
effect of E2F1/TNF-a is further strengthened by the data
showing a significant increase in the activation of caspase 3,
a marker for apoptotic cells, in Ad-E2F1-transduced VSMCs
exposed to TNF-a (Figures 4A and 4B).

TNF-« signaling involves activation of various secondary
messengers® that in turn directly or indirectly lead to the
activation of NF-kB, which then transcriptionally induces
many genes.2® NF-kB has been also implicated in atheroscle-
rosis because activated NF-xB is present in atherosclerotic
Jesions® but not in normal tissues. In addition, in the rat
model of arterial injury, NF-«B activity was induced at the
time of rapid proliferation of YSMCs and necintima forma-
tion after balloon angioplasty.3 It is therefore conceivable
that E2F1 overexpression-mediated inhibition of VSMC
proliferation might reflect modulations in the NF-«B activity.
Indeed, there is ample evidence suggesting E2F1-mediated
inhibition of NF-«B and a consequential increase in apoptosis
in various cell types.2* Mechanisms proposed for this inhibi-
tion, however, remain unclear. Tanaka et al?* showed that
endogenous E2F1 competes with p50 for binding to p65
subunit of NF-xB and that this physical interaction of
E2F1/p65 inhibits NF-xB transcriptional activities. 1t is
noteworthy that VSMCs used in this study express almost
undetectable level of endogenous E2F1 (Figure 3A). I is
therefore not surprising that in TNF-a exposed, serum-
stimulated VSMCs, we found no apparent apoptosis. Simi-
larly E2F1 has also been shown to interact with p50 subunit
of NF-«B in Jurkat cells.’® Additionally, Phillips et al® have
shown that in Saos2 cells, E2F1-induced inhibition of NF-kB
activity was mediated by the abrogation of TRAF-2 protein
and inhibition of 1kB kinase. And finally, Yoshimura et al*

Figure 7. Overexpression of AJ-E2F1 inhib-
its NF-«B transcriptional activities n VSMCs.
A, NF-xB activity was reduced by 68% 1o

* poos

Relative NFKB nctiviy

{Lacierms/Al phosphatare)

cwBaBREeRE

. 78% (P<0.04) in combined TNF-a/AJE2F1-
: treated cells (open bars). Results represert -
o mean=SD of triplicate dishes. Similar resutts
were obtained in three independent experi-
ments. B, After serum stimulation with or
without TNF-o, BAECs were harvested at 12
hours after stimulation. In contrast to
VSMCs, overexpression of E2F1 did not

THR-a q
Ad-pgad

TNF- a
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abrogate NF-«B transcriptional activity {open
bars), which remained similar to TNF-a (gray
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treated BAECs (P<0.05). Results represent
mean=S0 of triplicats dishes.
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have recently shown that NF-xB decoy inhibits neointimal
formation in an animal model.

In the present study, we show that divergent E2F1 effects
on TNF-a-expoesed ECs and VSMCs exposed to TNF-« are,
at least in part, dependent on cell-specific inhibition of
NF-kB nuclear translocation and transcriptional activities in
VSMCs. Inhibition of IkB-« degradation in VSMCs suggests
that NF-«xB remains sequestered in the cytoplasm; an obser-
vation that parallels the results obtained in nuclear transloca-
tion and promoter activity studies. However, signaling events
upstream of 1kB-« in E2F1/TNF-a-treated ECs and VSMCs
leading to differential cellular response remain to be eluci-
dated and are beyond the scope of this study. More detailed
understanding of the mechanisms driving the cell cycle
machinery in ECs versus VSMCs may yield important
insights permitting the development of comprehensive ther-
apies for restenosis prevention.
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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;
Atsunhiko Kawamoto, MD, PhD; Marcy Silver, BS; Satoshi Murasawa, MD, PhD;
Marta Bosch-Marce, PhD; Haruchika Masuda, MD, PhD; Douglas W, Losordo, MD;
Jeffrey M. Isner, MDt; 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 Results—Flow cytometric analysis demonstrated expression of CXCR4, the receptor of SDF-1, by 66*3%
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 713 versus 1406 cells/mm®
P<0.0001). SDF-1 attenuated EPC apoptosis (control versus SDF-1, 271 versus 7x1%; 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, 355+26 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 m endothelium

S tromal cell-derived factor-1 (SDF-1) is a 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 §9-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 1
infection.? SDF-1/CXCR4 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.5 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 progenitor celis (EPCs)
have been isolated from the peripheral blood of adult spe-
cies.!o!1 These cells participate in not only physiological but
also pathological neovascularization in response to certain
cytokines and/or tissue ischemia.!?-'4 More recently, ex vivo
expanded EPCs from peripheral blood, transplanted into
animal moedels of ischemic hindlimbs and acute myocardial
infarction, successfully augmented neovascularization result-
ing in physiciogical recovery documented as limb salvage
and improvement in myocardial function.!s1s
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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-1 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, ascorbic 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 using 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.’s In brief, a total of 2 to 3X10° cells were
resuspended with 200 uL. 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 mriplicate.

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 10 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, 3X10* cells were suspended in 50 puL of EBM-2
supplemented with 0.1% 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
stedied 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 nuctei after DAPI (Roche) staining.
In brief, day 7 EPCs were reseeded onto 4-chamber slides (1%x10*
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 nuclet were counted as percentage of 100 cells in
each well. Each group 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 5t Elizabeth’s Medical Center.
Male athymic nude mice (CBy-Cg-Foxnl™, The Jackson Laborato-
ry), age 8 10 10 weeks and weighing 18 to 22 g, were anesthetized
with sodium pentobarbital (160 mg/kg 1P) 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
Tugq 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
maodel of hindlimb ischemia.!® Just after operative excision of one
fermoral artery, athymic nude mice, described above, in which
angiogenesis is characteristically impaired, received a local intra-
muscular injection of 1 pg 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
(Dil}) dye (Molecular Probes). Before transplantation, EPCs in
suspension were washed with PBS and incubated with Dil at a
concentration of 2.5 pg/mL PBS for § 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 euthanizanon at day 3 and day 7, 5
mice in each group received an intravenous injection of 50 pg of
Bundeiruea simplicifolia lectin 1 (BS-1 lectin, Vector Laboratories)
to identify the mouse vasculature,

Physiological Assessment of Transplanted Animals
Laser Doppler perfusion imaging (LDPI, Moor Insruments) was
used to record serial blood flow measurements over the course of 4
weeks postoperatively, as previcusly 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 values are represented by blue. Figure 5B displays
absolute values in readable units. .

Histological Assessment of Transplanted Animals

Tissue sections from the lower calf muscies 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
7y and SDF-1 effect on host endothelial cells, tissues from the mice
injected with Dil-labeled EPCs and BS-1 lectin were embedded for
frozen section samples. A total of 20 different fields (4 cross sections
from each animal) were randomly selected, and the Dil-labeted EPCs
were counted (X40 magnification).



