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Circulating angiogenic cells (CACs), represent a poten-
tial new therapeutic tool for the treatment of cardio-
vascular diseases, but their regenerative function is
impaired in patients with coronary artery disease (CAD)
and cardiac risk factors. The objective of this study is to
assess the effect of lentiviral overexpression of endothe-
lial nitric oxide synthase (eNOS) on the activity of CACs
from patients with CAD and cardiac risk factors. In vitro
and in vivo assays were employed to evaluate the regen-
erative capacity of the cells compared to CACs derived
from healthy volunteers. Lentiviral eNOS transduc-
tion of cells from CAD patients significantly improved
chemotactic migration compared with sham transduc-
tion, and increased the ability of CACs to induce angio-
genic tube formation when cocultured with human
umbilical vein endothelial cells (HUVECs) on Matrigel.
In addition, eNOS transduction restored the ability of
patient-derived CACs to enhance neovascularization and
improve ischemic hind limb perfusion, approaching the
efficacy of cells from healthy donors. These data indicate
that CAC dysfunction seen in high-risk patients can be
partially reversed by eNOS overexpression, suggesting
that ex vivo gene delivery may improve the efficacy of
autologous cell therapy for cardiovascular disease.
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INTRODUCTION

Endothelial progenitor cells (EPCs), originally described by
Asahara et al.,' have generated considerable interest as important
mediators of endogenous vascular repair and regeneration, as well
as potential therapeutic agents. EPCs have been characterized by
various means, initially by surface markers such as CD34, and
vascular endothelial growth factor receptor 2 (VEGFR-2) and the
ability to take up Dil-labeled acetylated low-density lipoprotein.!
Subsequently, other determinants such as CD133, have been used
in an effort to enhance the specificity of their detection, however,

there is still no consensus regarding the most reliable method for
the identification of circulating EPCs.? An alternative approach
involves selection of highly angiogenic cells from the mononuclear
cell fraction based on their ability to adhere and survive under
defined endothelial culture conditions.® These so-called “early
growth” EPCs or circulating angiogenic cells (CACs)* have been
shown to potently stimulate neovascularization and endothelial
repair in preclinical models>® and improve cardiac function after a
myocardial infarction (MI) in otherwise healthy animals.”®

A number of randomized controlled trials and meta analy-
ses have demonstrated a significant improvement in myocar-
dial function post acute MI following intracoronary injection
of unselected, autologous bone marrow mononuclear cells or
blood-derived CACs.*'* While the degree of improvement in left
ventricular ejection fraction is generally quite small (2-3%),” host
factors, in addition to optimal cell selection, culture and timing
of delivery are implicated in the degree of benefit. In particular,
cardiac risk factors, including advanced age, hypertension, hyper-
cholesterolemia, cigarette smoking and diabetes, which are gener-
ally present in patients suffering an acute MI, have been shown
to reduce the number and function of CACs,”*"'® and may have
greatly reduced the efficacy of autologous cell therapy trials.

The regenerative activity of CACs has been linked to the bio-
availability of nitric oxide (NO), which is primarily produced by
endothelial NO synthase (eNOS) in the vasculature. In eNOS™~
mice, progenitor cell mobilization was reduced and CACs exhib-
ited impaired ability to stimulate angiogenesis in vivo."” eNOS
activity has been shown to be impaired in CACs from diabetic
patients, with reduced NO production and consequent impaired
function.”® Therefore, we hypothesized that increasing NO bio-
availability in human CACs, by direct overexpression of eNOS,
would improve their therapeutic potential.

We now show that lentiviral eNOS transduction of CACs
derived from subjects with coronary artery disease (CAD) and
cardiac risk factors significantly enhanced their regenerative activ-
ity in vitro, as well as in a xenotransplantation hind limb ischemia
model in vivo. Therefore, overexpression of eNOS may represent
an effective strategy to overcome the deleterious influence of host
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factors and enhance the efficacy of autologous cell therapy for
patients with cardiovascular diseases.

RESULTS

Subject characteristics

Demographic and medical information is summarized in Table 1.
The high-risk group (n = 176) had a mean age of 63 + 1 years com-
pared to 32 + 2 years in the low-risk group (n = 42). The age of our
patient population closely reflects the mean age typically reported
in post-MI trials.” We obtained data on measurable risk factors
in a subset® of the low-risk subjects. By design, most high-risk
subjects with a history of hypercholesterolemia and hypertension
were also on appropriate medical management and therefore their
mean cholesterol levels and blood pressures were only slightly
elevated compared with healthy controls. Again this is consistent
with the demographics of recent post-MI trials,” confirming the
relevance of this study population.

CAC characterization

More than 90% of cultured cells were positive for both incorpora-
tion of Dil-labeled acetylated low-density lipoprotein and fluores-
cein isothiocyanate-conjugated ulex europaeus agglutinin-1 lectin
staining (Supplementary Figure S1). Flow cytometric analysis
determined that most of these cells were positive for a variety of
endothelial markers such as VEGFR-2 (66%), and CD31 (95%),
and the mononuclear cell markers, CD14 (72%) and CD45 (99%)
(Figure 1), whereas only a small proportion were positive for

Table 1 Demographic and medical information

High risk Low risk
Subject demographics and clinical presentation
N 176 42
Age 63+1 32+2
Female gender (%) 48 (27) 15 (35)
Clinically significant CAD (%) 162 (92) 0(0)
Diabetes mellitus type I or II (%) 111 (63) 0(0)
Diagnosed/treated hypertension (%) 132 (75) 0(0)
Current smoker (%) 53 (30) 0(0)
Hypercholesterolemia (%) 137 (78) 0(0)
Statin (%) 102 (58) 0 (0)
ACE inhibitor (%) 86 (49) 0(0)
Angiotensin receptor blocker (%) 34 (19) 0(0)
Measured risk factors and FRS

n 176 20
Systolic pressure (mm Hg) 135+ 3 115+2
Diastolic pressure (mm Hg) 77 £ 1 723+1
Total cholesterol (mmol/l) 4.79 £0.11 4.63 £0.23
LDL (mmol/l) 2.75 £ 0.06 2.82+0.26
HDL (mmol/l) 1.13 £0.04 1.52£0.18
FRS (% 10-year risk of CHD) 246+ 1.6 2.3+0.2

Abbreviations: ACE, angiotensin-converting enzyme; CAD, coronary artery
disease; CHD, coronary heart disease; FRS, Framingham risk score; HDL, high-
density lipoprotein; LDL, low-density lipoprotein.
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CD34 (3%), which is typical for CACs (or “early EPCs” in earlier
literature).?!

eNOS overexpression

The expression of various endothelial growth factors, some of
which are associated with eNOS production such as VEGF and
PDGE were reduced in high-risk CAC’s (see Supplementary
Data, Supplementary Table S1 and Supplementary Figure S1).
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Figure 1 Flow cytometric characterization of day 7 circulating angio-
genic cells (CACs). (a) Flow cytometry was used to characterize the expres-
sion of various surface markers of day 7 cells, gated as shown. Monoclonal
antibodies to human (b) CD34, (c¢) CD14, (d) CD45, (e) CD31, and
(f) KDR conjugated to either fluorescein isothiocyanate or phycoerythrin
were used; isotype-matched antibodies were used as a negative control.
(g) Summary data are also shown (n = 3).
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Lentiviral transduction of CACs led to consistent overexpression of
eNOS mRNA relative to B-actin (0.578 + 0.217 versus 0.020 + 0.006;
P <0.05; Supplementary Figure S3a,b), although still significantly
lower than human umbilical vein endothelial cell (HUVEC) eNOS
expression (25.01 £ 10.51). There was an approximately sixfold
increase in eNOS protein compared to green fluorescent protein
(GFP) (sham) transduction, as assessed by Western Blot and den-
sitometry (Supplementary Figure S3c). There was no difference
in cell survival between eNOS and sham (GFP)-transduced cells
(1.4 £ 0.3 versus 1.5 + 0.3 x 10* cells/cm?, respectively).

NO production and cGMP

NO production was increased in eNOS-transduced cells, as assessed
by 4-amino-5-methylamino-2’,7’-difluorofluorescein (DAF-FM)
fluorescence (2.28 + 0.29 versus 1.81 + 0.17 fluorescence units;
n =38, P<0.05; Figure 2a). The addition of 2-phenyl-4,4,5,5-tetram-
ethylimidazoline-1-oxyl-3-oxide (PTIO) reduced the DAF-FM
signal to comparable levels in both cell groups, confirming the
specificity of DAF-FM. In addition, eNOS transduction increased
the intracellular cyclic guanosine monophosphate (cGMP) con-
tent compared with sham-transduced CACs (0.578 + 0.063 versus
0.475 £ 0.066 pg/mg, respectively; n = 8, P < 0.001; Figure 2b).
However, there was no difference in dihydroethidium (DHE) flu-
orescence, an indicator of superoxide (SO) production, between
eNOS- and sham-transduced cells (Figure 2c).

Chemotactic migration

CACs from high-risk subjects exhibited reduced migration to
both VEGF-A compared with cells from healthy controls (74 + 9
versus 121 + 15 cells/high power field; P < 0.05, Figure 3a) and
stromal cell-derived factor-1 (80 + 11 versus 119 * 13 cells/high
power field, respectively; P < 0.05, Figure 3c), and there was a
significant inverse relationship between the Framingham risk
score (FRS) and the migratory capacity toward both chemotac-
tic agents (Figure 3b,d). Transduction of high-risk CACs with
eNOS improved migration compared to non-, LacZ- and GFP-
transduced cells to both VEGF (48.1 + 7.0 versus 30.6 + 3.8,
31.5 + 3.8, and 33.0 + 5.0 cells/high-power field, respectively;
P < 0.05, Figure 3e) and stromal cell-derived factor-1 (55.5 + 9.3
versus 36.1 + 3.9, 33.3 + 4.2 and 35.6 + 4.4 cells/high-power field,
respectively; P < 0.05, Figure 3f). There was no significant differ-
ence between non-, LacZ- and GFP-transduced CAC groups.

Angiogenic tube formation

eNOS overexpression improved angiogenic activity of CACs in
coculture with HUVECs in the Matrigel assay (Figure 4a,b),
resulting in increased overall endothelial tube length compared
with sham-transduced cells (4.6 + 0.6 versus 3.5 + 0.6% of total
pixels per high power field, respectively; P < 0.05, Figure 4c)
and a greater number of branch points (8.5 + 1.1 versus 6.0 £ 1.3
nodes per high power field, respectively; P < 0.05, Figure 4d).
Also, there was a higher degree of association of eNOS versus
sham-transduced CACs with the endothelial tube-like networks,
which occurred mainly at the nodal junctions (77.4 + 3.7 versus
65.5 £ 3.6 % of total CACs per high power field, respectively;
P < 0.01, Figure 4e). This result was found despite no differ-
ence in the adhesion of eNOS- or sham-transduced to activated
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Figure 2 Production of nitric oxide (NO) or superoxide (SO). (a) We
quantified NO and SO 5 days following transduction in high-risk subject cells.
4-Amino-5-methylamino-2’,7’-difluorofluorescein (DAF-FM) was shown to
be higher in endothelial NO synthase (eNOS)-transduced cells compared
to control (n = 8). Human umbilical vein endothelial cells (HUVECs) were
used as positive controls for NO production and a NO scavenger, 2-phenyl-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide, was used to show specific-
ity of the reaction. (b) By enzyme-linked immunosorbent assay, we found
that cyclic guanosine monophosphate (cGMP) levels were consistently ele-
vated in eNOS-transduced circulating angiogenic cells (CACs) compared to
sham-transduced cells from the same subject (n = 8). (c) Dihydroethidium
(DHE), which indicates intracellular SO was not different between cell
groups (n = 8) but largely elevated following 24-hour exposure to 1 ng/ml
tumor necrosis factor-o. (TNF-o) (positive control; n = 2). *P < 0.05 between
cell groups (eNOS- versus sham/non-Td); *P < 0.05 + scavenger. PEG-SOD,
polyethylene glycol-SO dismutase; PTIO, 2-phenyl-4,4,5,5-tetramethylimi-
dazoline-1-oxyl-3-oxide; RFU, relative fluorescence unit.
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Figure 3 Chemotactic migration. A modified Boyden chamber assay was used to quantify the ability of circulating angiogenic cells (CACs) migration
toward (a,b) vascular endothelial growth factor (VEGF) or (c,d) stromal cell-derived factor-1 (SDF-1). (a,c) CACs from high-risk subjects had reduced
migration compared to cells from low-risk subjects. (b,d) Using regression analysis, we also observed a significant correlation between subjects’
Framingham risk score and migratory ability toward both chemotactic agents. Compared to sham transduction [LacZ and green fluorescent protein
(GFP)], endothelial nitric oxide synthase (eNOS) transduction led to increased migration toward both (e) VEGF and (f) SDF-1, which was abrogated
by pretreatment with NG-nitro-L-arginine methyl ester (.-NAME). *P < 0.05 compared to sham-transduced. #P < 0.05 compared to eNOS-transduced

only. HPF, high-power field.

endothelial cells (Supplementary Data and Supplementary
Figure S4).

Nude mouse hind limb ischemia model

CACs from healthy subjects resulted in substantial overall
improvement in perfusion recovery in the ischemic hindlimb from
day 3 to day 28 postsurgery in the xenotransplantation, immune-
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deficient mouse model. In contrast, cells from the high-risk group
failed to enhance ischemic limb perfusion compared to the injec-
tion of Dulbecco’s phosphate buffered saline alone (P < 0.05,
Figure 5a). In a separate experimental series, transduction with
eNOS partially restored angiogenic activity of CACs from high-
risk patients, leading to a significant increase in perfusion resolu-
tion from 3 to 28 days postsurgery, compared to sham-transduced
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Figure 4 Circulating angiogenic cell (CAC) stimulation of tube formation with a human endothelial vein endothelial cell monolayer. The abil-
ity of CACs (stained with CMTMR, red) to stimulate angiogenic tube formation was assessed when cocultured with human umbilical vein endothelial
cells on Matrigel. Compared to (a) sham-transduced CACs, (b) endothelial nitric oxide synthase (eNOS)-transduced cells had an improved ability
to stimulate tube formation, as measured by several parameters: (c) tube length, (d) the number of nodes, and (e) the rate of CAC association with
endothelial cell tubes. *P < 0.05. Bar = 150 um. EPC, endothelial progenitor cell.

cells (P < 0.05, Figure 5b,c). Fluorescent microangiography con-
firmed that the ischemic limb gastrocnemius muscle had dramati-
cally reduced perfusion and microvessel branching compared to
the nonischemic limb (P < 0.01, Figure 6). Furthermore, animals
receiving eNOS-transduced CACs had improved muscle perfu-
sion (P < 0.05) and vessel branching (P < 0.05) compared to those
receiving sham-transduced cells.

DISCUSSION
In this study, we showed that eNOS gene transfer could restore
the in vitro and in vivo angiogenic activity of circulating cells
obtained from patients with established CAD or multiple cor-
onary risk factors; a population that is at high risk for cardiac
events and thus potentially eligible for post-MI cell therapy, yet
one that exhibits a profound progenitor cell dysfunction. It has
been previously well demonstrated that patients with individual
cardiac risk factors exhibited reductions in the number and func-
tion of EPCs (the term employed in earlier literature)'*-'* defined
by a variety of criteria including quantification of surface-marker
positive cells and colony forming units in vitro. However, this
is the first to include in vitro functional assays and quantifica-
tion of paracrine growth factors, as well as in vivo assessments
of neovascularization, to more fully characterize the function of
CACs derived from patients with risk profiles similar to those
that suffer MIs. Therefore, these findings may have direct clinical
relevance for autologous cell therapy for cardiovascular disease.
Unlike cells from healthy subjects, CACs from high-risk sub-
jects did not enhance the recovery of perfusion in the immune-
deficient mouse ischemic hindlimb over the 28-day study period.

Molecular Therapy vol. 19 no. 7 july 2011

The lack of efficacy is consistent with reports that showed reduced
in vivo angiogenic capacity of CACs from patients with diabetes,"”
ischemic cardiomyopathy? or advanced age.'* In our study, reduced
angiogenic activity was seen even though the patients were gener-
ally well treated for their hypertension and hypercholesterolemia,
two important modifiable risk factors. Therefore, it is likely that
unmodifiable, or difficult to control factors such as older age or
diabetes may be largely responsible for the observed dysfunction
of angiogenic cells in our study. Moreover, the persistence of pro-
genitor cell dysfunction despite good secondary prevention further
underscores the importance of identifying specific manipulations
to restore the angiogenic activity of cells from older patients in
order to maximize the potential benefits of cell therapy.

NO is a potent vasodilator which also plays a critical role in
EC repair and survival.? NO has been shown to be involved in
downstream VEGF signaling, and promotes EC proliferation,
migration,* and angiogenesis.” In addition, NO has been reported
to increase VEGF expression in vascular smooth muscle cells
whether administered exogenously or endogenously.* Moreover,
eNOS knockout mice exhibit defects in neovascularization and
functional blood flow reserve,'**” despite having similar levels of
ischemia and VEGF induction following femoral artery ligation.
NO production has also been shown to be critical to the activity
of EPCs, and cells derived from eNOS-deficient mice exhibit poor
migratory activity in vitro, impaired ability to stimulate hindlimb
neovascularization, and inadequate retinal neovessel formation.'*?
Also, it was recently reported that NO was required for EPC mobi-
lization and that impaired reperfusion of hindlimb ischemia in
eNOS™~ mice could be rescued by wild-type EPC delivery."
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Figure 5 Nude mouse model of hindlimb ischemia. (a) Using laser
Doppler perfusion imaging, we observed a significant reduction in the
ability of circulating angiogenic cells (CACs) from high Framingham risk
score (FRS) subjects (n = 9) to stimulate neovascularization and reperfu-
sion compared to cells from low FRS subjects (n = 8). (b,c) Endothelial
nitric oxide synthase (eNOS) overexpression increased the function
of CACs isolated from the same patient population (n = 12). Data are
expressed as the ischemic/nonischemic limb perfusion ratio. *P < 0.05
between (a) high and low FRS groups and (c) eNOS- and sham-Td.

Our results with eNOS gene transfer are consistent with a pre-
vious study that used a small molecule enhancer of eNOS tran-
scription, AVE9488 (Sanofi Aventis, Paris, France), to improve
the function of bone marrow cells from patients with ischemic
cardiomyopathy.”® Lentiviral gene transfer led to an apparently
greater degree of eNOS mRNA overexpression compared to
AVE9488 treatment (40-fold versus 2-fold), and may thus rep-
resent a more robust method of enhancing eNOS activity. Also,
an added advantage of this approach is stable transduction, and
unlike small molecule conditioning, would be expected to produce
more durable effects on eNOS expression following cell transplan-
tation. Moreover, the specificity for AVE9488 for enhancing eNOS
expression has not been clearly established. In contrast, gene deliv-
ery methods provide specific and robust levels of gene overexpres-
sion, and many have already been approved for clinical use.

Treatment of EPCs from elderly individuals with insulin
growth factor 1 has also been shown to increase eNOS expression,
and improve functional activity in a PI3K/Akt dependent man-
ner.* Similarly, pretreatment with statins resulted in upregulation
of GTP cyclohydrolase I, a key enzyme in the production of tetra-
hydrobiopterin, thereby improving eNOS activity and EPC func-
tion in a model of diabetes.* Kruppel-like factor-2 overexpression
was also shown to improve NO production and improve neo-
vascularization.” Statin pretreatment was able to reverse eNOS
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Figure 6 Fluorescent microangiography of gastrocnemius muscles.
(a) Confocal microscopy stacked sections (b) show a highly significant
reduction in gastrocnemius muscle perfusion and (c) microvessel branch-
ing in ischemic muscles compared to contralateral nonischemic muscles
(n=5). Micereceiving endothelial nitric oxide synthase (eNOS)-transduced
circulating angiogenic cells (CACs) showed significant improvement in
both parameters compared to those receiving sham-transduced CACs
(n=5).*P<0.01 compared to nonischemic limb. #P < 0.05 compared to
sham-transduced cells.

uncoupling, which has been shown to reduce NO bioavailability
in the context of diabetes.” Recently, NO has also been implicated
in CXCR4 signaling in CD34% progenitors, most likely by the
oxidation of intracellular protein thiols.* Reduced NO bioavail-
ability has also been implicated in the reduction in migration of
CD347 cells from diabetic patients compared to cells from healthy
donors;* diabetic cells were more rigid and less motile and this
was reversible with administration of exogenous NO. The same
group has recently suggested that NO is critical for elongation of
actin filaments by vasodilator-stimulated phosphoproteins at the
leading edge of migrating cells.* Therefore, these reports suggest
several mechanisms whereby enhancing eNOS expression and
activity of autologous progenitor cells from patients with CAD or
its risk factors can improve their regenerative activity.

In recent clinical trials, the administration of autologous bone
marrow cells appears to result in modest improvement in myo-
cardial function post-MIL>!* despite the evidence that the activity
of these cells is profoundly impaired by the effect of host factors.

www.moleculartherapy.org vol. 19 no. 7 july 2011



© The American Society of Gene & Cell Therapy

Therefore, strategies to overcome the deleterious effects of age, as
well as other cardiac risk factors, on the regenerative activity of
angiogenic cells from patients suffering cardiovascular disease
will be critical in order to achieve more robust clinical benefit than
currently seen in the trials to date. Given that eNOS gene trans-
fer is already being used in a clinical trial for pulmonary arterial
hypertension patients (http://www.clinicaltrials.gov/), the present
results suggest that overexpression of eNOS by direct gene trans-
fer could be used to enhance the efficacy of progenitor cell therapy
for acute MI and other cardiovascular disorders.

MATERIALS AND METHODS

Patient selection and recruitment. Healthy volunteers and patients with
risk factors (advanced age, diabetes, hypertension, hypercholesterolemia,
and smoking) with or without diagnosed CAD were enrolled. The FRS
was used to confirm that volunteers were assigned to the “low-risk” group
(healthy control, <5% FRS, n = 42). The “high-risk” group refers to enrolled
patients (n = 176). The FRS was used to estimate the results of additive risk
factors in patients for certain analyses. All human studies were approved by
the research ethics board of St Michael's Hospital, Toronto, Ontario, Canada,
and conform to the principles outlined in the Declaration of Helsinki.

Isolation and characterization of CACs. Blood samples were obtained by
venipuncture or through the arterial sheath at the time of cardiac cath-
eterization. Peripheral blood mononuclear cells (PB-MNCs) were isolated
from 80ml of blood by Ficoll gradient centrifugation (CPT Vacutainer
Tubes; BD, Franklin Lakes, NJ) and plated at a density of 0.75 x 10° cells/
cm?” on human fibronectin-coated dishes. Adherent cells were maintained
in endothelial cell basal medium supplemented with 20% fetal bovine
serum and several endothelial growth factors (EGM-2MV SingleQuots;
Lonza, Basel, Switzerland), which was replaced every 48 hours.*® These
CACs were characterized by staining with Dil-labeled acetylated low-den-
sity lipoprotein and UEA-1 lectin and by flow cytometry using monoclo-
nal conjugated antibodies: anti-CD31 (Immunotech, Vaudreuil-Dorion,
Canada), anti-CD14 (Beckman Coulter, Wilmington, DE), pooled anti-
CD34 (Beckman Coulter), anti-CD45 (Beckman Coulter, Brea, CA), and
anti-VEGF-R2/KDR (R&D Systems, Minneapolis, MN). Corresponding
isotype control antibodies were used to establish negative control gating
parameters.

eNOS overexpression. Following 3 days in culture, cells were exposed
to lentivirus (LentiMax system; multiplicity of infection = 3; Lentigen,
Gaithersburg, MD) containing the coding sequence of eNOS, GFP (sham)
or LacZ (for migration assay). The LentiMax system includes a cytomega-
lovirus promoter and vesicular stomatitis virus G, which lead to consti-
tutive and robust transgene expression as well as very high transduction
efficiency (>98%).”” The CACs were incubated with the lentivirus for
5 hours in regular medium supplemented with 8 pg/ml polybrene. Cells
were maintained in full medium for an additional 5 days prior to use in
experiments (8 days after isolation).

Quantification of intracellular NO and SO. The intracellular content of
NO and O, were quantified using DAF-FM diacetate (Invitrogen) and
DHE (Invitrogen, Burlington, Canada), respectively. A subset of the cells
were exposed to NO and O, scavengers 2-(4-Carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide (carboxy-PTIO; 1 umol/l; Cayman
Chemical, Ann Arbor, MI) or polyethylene glycol-SO dismutase (100 U/l;
Sigma, St Louis, MO) for 30 minutes prior to exposure to DAF-FM or DHE
and maintained in the presence of the scavenger for the whole course of the
experiment. In phenol red-free medium (with 1% fetal bovine serum), cells
were exposed to DAF-FM (5 umol/l) for 45 minutes or DHE (25 pmol/l)
for 20 minutes, and the regular medium replaced for an additional hour
prior to processing for flow cytometry. FL1 and FL2 channels were used for
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DAF-FM and DHE, respectively, during flow cytometry (Beckman Coulter
FC500). HUVECs and HeLa cells were used as positive and negative con-
trols of eNOS-producing cells respectively, and tumor necrosis factor-o.
(1 ng/ml for 24 hours) was used to induce SO generation (positive control)
in DHE experiments.

Quantification of intracellular cGMP. An E1A cGMP ELISA kit (Cayman
Chemical) was used to measure intracellular cGMP 5 days following trans-
duction. Briefly, pelleted CACs were frozen at —80°C until needed, then
lysed using 0.1 mol/l HCI and processed according to the manufacturer’s
instructions. The total protein content was measured using the Bradford
Reagent (Sigma).

Chemotactic migration assay. CAC migration was measured using a stan-
dard modified Boyden chamber assay, with VEGF,, (50 ng/ml) or human
stromal cell-derived factor-1(100ng/ml) as chemotactic agents, as previ-
ously described (Supplementary Materials and Methods).** NG-nitro-L-
arginine methyl ester (L-NAME) pretreatment (30 minutes; 100 mmol/l)
was used to competitively inhibit eNOS activity immediately prior to the
migration assay.

CAC and HUVEC coculture tube formation assay. The ability of sham-
or eNOS-transduced CACs to stimulate EC angiogenic tube formation
was quantified by coculture with HUVECs on Matrigel (BD Biosciences,
Franklin Lakes, NJ). CACs were prelabeled using CMTMR fluorescent
dye (Invitrogen; 1pmol/l). In 48-well plates coated with Matrigel (200
ul per well), 4 x 10* HUVECs and 2 x 10* CACs were cultured together
(in EGM-2MV + 5% fetal bovine serum) for 16 hours at 37 °C. Confocal
microscopy (Leica, Wetzlar, Germany) was used to capture five random
fields per well, using both bright field and fluorescence. Endothelial tubes
were skeletonized and various parameters quantified in a blinded manner
in silico: total tube length (based on the total pixel % taken by skeleton-
ized tubes), number of nodes (branch points), total number of CACs, and
number of CACs associated with tubes (directly adjacent to or superim-
posed over tubes).

Nude mouse hind limb ischemia model. For xenotransplantation experi-
ments using human cells, 8-10-week-old male Balb/c nude mice were
used (BALB/cAnNCrl-nuBR, Charles River, Wilmington, MA). Following
anesthesia with ketamine/xylazine (200/10 mg/kg), the proximal and distal
ends of the left femoral artery, as well as all side branches, were ligated and
the femoral artery cut at two points to induce limb ischemia. Analgesia
was maintained for 48 hours using Ketoprofen (subcutaneous injections).
On day 3, 5 x 10° human CACs were injected into the medial thigh and
gastrocnemius muscles of the ischemic limb (total volume of 0.1 ml). At
day 3 (prior to cell injection) and at regular intervals up to day 28, limb
flow measurements were made using laser Doppler perfusion imaging
(LDPI, Moor Instruments, Wilmington, DE). The ischemic/nonischemic
limb perfusion ratio was used for analysis. All investigators were blinded
as to animal allocation to each treatment group. The investigations were
approved by the Animal Care Committee of St Michael's Hospital, and
conform to the Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH Publication No. 85-23,
revised 1996).

Fluorescent microangiography. Prior to killing, mice were anesthetized
and the abdominal aorta cannulated distal to the renal arteries. A 1%
agarose solution containing 10% fluorescent microbeads (Sigma; 0.2 um
diameter) was infused at 45°C and allowed to cool following euthaniza-
tion. Hindlimb gastrocnemius muscles were removed and placed in 10%
formalin and sectioned (200 um). Using confocal microscopy, a series of
stacked images (4 pm slices) was taken and the middle 25 slices (100 pm
total thickness) were projected to quantify the amount of perfusion in the
muscle and the vessel architecture, as described previously.*®
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Statistics. Results of in vitro assays comparing high- and low-risk groups
were analyzed using the Mann-Whitney nonparametric test. Results of
in vitro assays comparing sham- and eNOS-transduced CACs were ana-
lyzed using the Students’ paired -test. Linear regression analysis was used
to correlate FRS to in vitro migration. In vivo hind limb perfusion data
were analyzed using repeated measures analysis of variance. All data are
represented as mean + SEM. Data were considered statistically significant
if P < 0.05.

SUPPLEMENTARY MATERIAL

Figure S1. Double staining for Dil-AcLDL and FITC-conjugated ulex
uropaeus agglutinin-1 lectin.

Figure $2. Comparison of angiogenic gene expression and protein
secretion.

Figure $3. Overexpression of eNOS.

Figure $4. Adhesion to Activated HUVECs.

Table S1. Primers used for quantitative PCR.

Materials and Methods.

Data.
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