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Abstract
It is unknown how to use hESC to effectively treat hearts with postinfarction LV remodeling.
Using a porcine model of postinfarction LV remodeling, this study examined the functional
improvement of enhanced delivery of combined transplantation of hESC-derived endothelial cells
(ECs) and hESC-derived smooth muscle cells (SMCs) with a fibrin 3D porous scaffold biomatrix.
To facilitate tracking the transplanted cells, the hESCs were genetically modified to stably express
green fluorescent protein and luciferase (GFP/Luc). Myocardial infarction (MI) was created by
ligating the 1st diagonal coronary artery for 60 min followed by reperfusion. Two million each of
GFP/Luc hESC-derived ECs and SMCs were seeded in the 3D porous biomatrix patch and applied
to the region of ischemia/reperfusion for cell group (MI+P+C, n=6), whereas biomatrix without
cell (MI+P, n=5), or saline only (MI, n=5) were applied to control group hearts with same
coronary artery ligation. Functional outcome (1 and 4 weeks follow-up) of stem cell
transplantation was assessed by cardiac magnetic resonance imaging (MRI). The transplantation
of hESC-derived vascular cells resulted in significant LV functional improvement. Significant
engraftment of hESC-derived cells was confirmed by both in vivo and ex vivo bioluminescent
imaging (BLI). The mechanism underlying the functional beneficial effects of cardiac progenitor
transplantation is attributed to the increased neovascularization. These findings demonstrate a
promising therapeutic potential of using these hESC-derived vascular cell types and the mode of
patch delivery.
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INTRODUCTION
Myocardial infarction (MI) often induces a period of left ventricular (LV) remodeling. When
LV remodeling occurs, an initial period of hemodynamic stability is followed by the
development of LV dysfunction that may eventuate in congestive heart failure (CHF). The
mechanisms that contribute to the transition from the compensated state to CHF remain
unclear, but may be related to progressive contractile dysfunction of the border zone (BZ)
region of viable myocardium that surrounds the infarct 1, 2.

Both experimental and clinical evidence demonstrate that cellular transplantation can
improve the LV contractile performance of failing hearts 3–67. The underlying mechanisms
remain unclear. Transplanted cells may regenerate myocytes and new vessels, and they may
also release cytokines that exert trophic effects on host cardiac cells. We hypothesize that
the beneficial effects of BZ stem cell engraftment result in increased neovascularization in
the ischemic zone (IZ) and possibly BZ, and paracrine effects on stressed native
cardiomyocytes in the BZ. This results in stabilization of BZ bioenergetic and contractile
function, which in turn is associated with attenuated myocyte apoptosis and expansion of the
BZ size.

Although it is a consistent observation in the literature that cellular transplantation improves
LV contractile function, the cell engraftment rate a few weeks after the transplantation is
usually very low 8–12. Therefore, it is clear that majority of cells transplanted to the heart do
not demonstrate durable engraftment. Further, the majority of transplanted cells that do
engraft do not differentiate into host cardiac myocytes cell phenotypes 6, 11–13.

We have recently developed a novel 3D porous fibrin biomaterial that can bind to growth
factors to create an optimal microenvironment for stem cells to reside 7, 14–16. The
biomaterial can also function to control prolonged release of growth factors (SDF-1α) to
mobilize the endogenous cardiac progenitors to the injury site enhancing the repair. Using
swine and mouse models of hearts with acute myocardial infarction, we have recently shown
that bone marrow derived mesenchymal stem cells (MSC) embedded in a novel 3D porous
biomaterial “patch” that attached to the surface of the myocardial infarction, resulted in a
remarkable increase of engraftment rate and significant functional improvements a few
weeks after transplantation 7, 14–16.

Additionally, we have recently developed a novel method in differentiating hESC into
endothelial (hESC-ECs) and smooth muscle (hESC-SMCs) cells, which can provide an
ample source for clinical cellular therapy application in patients with heart failure 17.

In the present study, we hypothesized that the trophic effects of cellular therapy are
associated with increased neovascularization and regional myocardial contractile function,
reduction of LV wall stresses and myocytes apoptosis, and possibly mobilization of the
endogenous cardiac progenitors to the injury site for repair. Using a well established
clinically relevant pig model of postinfarction LV remodeling, and an enhanced cell delivery
by the 3D porous fibrin biomatrix, we examined whether the transplantations of mixture of
hESC-ECs and hESC-SMCs can ameliorate LV dysfunction and hypertrophy in hearts with
post-infarction LV remodeling. Immuno-suppression was achieved by using the established
xeno-transplantation protocol. LV infarct size and chamber function was examined by
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magnetic resonance imaging (MRI). Additionally, we used an immunodeficient mouse
model of postinfarction LV remodeling to assess the time course of the in vivo cell
engraftment rate using molecular bioluminescent imaging (BLI). The results demonstrated
that the fibrin patch enhanced delivery of hESC-ECs and hESC-SMCs resulted in a
significant cell engraftment, which is accompanied by improvement of LV chamber
function, reduction of infarct size and increase of neovascularization at both infarct zone and
peri-infarct border zone, suggesting a promising novel cellular therapy using hESC-derived
vascular cells with the novel biomatrix delivery mode.

METHODS
All experiments were performed in accordance with the animal use guidelines of the
University of Minnesota, and the experimental protocols were approved by the University of
Minnesota Research Animal Resources Committee. The investigation conformed to the
Guide for the Care and Use of Laboratory Animals published by the National Institutes of
Health (NIH publication No. 85-23).

Embryonic Stem Cell Culture and Vascular Differentiation
Human embryonic stem cell line H9 (Wicell, Madison, WI) was maintained on mouse
embryonic fibroblasts and genetically modified to express green fluorescent protein and
firefly luciferase (GFP/Luc), as previously described 18. Endothelial cells (hESC-ECs) and
smooth muscle cells (hESC-SMCs) were derived from the H9 GFP/Luc cell line as
previously described and cultured under EC and SMC conditions, respectively 17. Briefly,
undifferentiated hESCs were co-cultured with M210 mouse stromal cells to induce
mesoderm differentiation. After 13–15 days, CD34+CD31+ hESC-derived vascular
progenitor cells were sorted by magnetic nano-particle selection system. Cells were cultured
on fibronectin-coated plates with cytokine containing media to support EC development.
Subsequently, to generate SMCs, these cells were cultured in media containing PDGFBB
and TGF-beta. Immediately prior to transplantation, cells were harvested using 0.05%
Trypsin-1mM EDTA (Invitrogen, Carlsbad, CA), counted, pelleted and resuspened in 30 μL
PBS solution (Hyclone/Thermo Scientific, Waltham, MA) for mouse studies or in 1 mL
fibrinogen solution (Sigma-Aldrich) for pig studies.

Mouse Studies
Immunodeficient NOD/SCID mice 12 weeks of age weighing 17–20 g were used for the
infarct model. Acute myocardial infarction (AMI) was induced by left coronary artery
ligation according to a previously described method 19. Fifteen minutes post ligation of left
anterior descending (LAD) coronary artery, mice were randomized into three groups that
received saline only (MI, n=13), hESC-derived ECs (MI+EC, n=8) or a mixture of hESC-
derived ECs and SMCs (MI+EC+SMC, n=13). Cell transplantation was achieved with 3
injections (total volume of 30 μL) into the peri-infarct regions with a 31-gauge needle. 1
×106 cells (100% hESC-EC or a 50/50 mixture of hESC-EC and hESC-SMC) were
delivered to MI+EC and MI+EC+SMC groups, respectively. The functional outcome of cell
transplantation was assessed by echocardiography 10 with 4-week follow-up while in vivo
cell engraftment rate was measured with BLI 20. Following the 4 week echocardiogram,
mice were sacrificed and the hearts excised. Mouse heart infarct size was measured by using
NIH Image J software and saved tissue was subject to cryosection and immunofluorescent
staining 10. Methods detailing mouse AMI surgery, cardiac echocardiography, in vivo BLI,
measurement of infarct size and immunohistochemistry are described in the Online
Supplemental Materials.
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Swine studies
Swine Model of Myocardial Ischemia/Reperfusion Model: Details of the animal model of
postinfarction LV remodeling secondary to myocardial ischemia/reperfusion have been
described previously 7, 11. Briefly, young Yorkshire female swine (~20kg; Manthei Hog
Farm, Elk River, MN) were anesthetized with pentobarbital (30 mg/kg, iv), intubated, and
ventilated with a respirator with supplemental oxygen. A left thoracotomy was performed.
The root of 1st diagonal coronary artery from left anterior descending coronary artery (LAD)
was ligated for 60 min followed by reperfusion to create MI, which resulted in 10% LV
mass damage. Other drugs administrated during open-chest surgery include Lidocaine (2
mg/kg iv bolus before ligation followed by 1 mg/(kg·min) iv for 70 minutes) and
nitroglycerine (0.5 g/(kg·min) iv for 70 minutes starting 10 minutes before ligation). If
ventricular fibrillation occurred, electrical defibrillation was performed immediately. Fifteen
minutes after reperfusion, surviving pigs were randomized to ligation only (MI, n=5), open
fibrin patch transplantation (MI+P, n=5) and cell seeded fibrin patch transplantation (MI+P
+C, n=6) groups. The chest was then closed. Animals received standard post-operative care
including analgesia until they ate normally and became active.

Fibrin Patch-based Stem Cell Transplantation: A fibrin patch was employed as the
vehicle to deliver stem cell as described previously in detail 7 (Online Supplemental
Materials).

Immunosuppression: All pigs received clinical protocol of immunosuppression for xeno-
transplantation with Cyclosporine 30 mg/kg per day with food as previously described in
details 12.

MRI Methods: MRI was performed on a 1.5 Tesla clinical scanner (Siemens Sontata,
Siemens Medical Systems, Islen NJ) using a phased-array 4-channel surface coil and ECG
gating as previously described in details 21 (Online Supplemental Materials).

Tissue Preparation and Immunohistochemistry: After the MRI experiments were
completed, the animals were anesthetized, the thoracotomy incision was reopened.
Hemodynamics was measured. The heart was then explanted. The LV was sectioned in a
bread-loaf manner into 6 transverse sections (1 cm in thickness) from apex to base. Detailed
immunohistochemistry methods have been described previously 9, 10 (Online Supplemental
Materials).

Analysis of Myocardial Vascular Density: Vascular density was assessed using the
methods as previously described in details 11 (Online Supplemental Materials).

Statistics and Data Analysis: The repeated measures ANOVA was applied to compare the
measurements of systolic thickening fraction, ejection fraction and scar size across treatment
groups and different time points (before MI, 1 week, and 4 weeks after MI). The
significance level of type I error (p < 0.05) was used. The Bonferroni correction for the
significance level was used to take into account multiple comparisons 22. All values are
expressed as mean ± standard deviation (SD). All statistical analyses were performed in
Sigmastat version 3.5 (San Jose, CA).

RESULT
Endothelial and Smooth Muscle Cells Derived from Human Embryonic Stem Cells

As previously demonstrated, hESCs co-cultured with stromal cells gave rise to a population
of CD34+CD31+ cells 23. These hESC-derived CD34+CD31+ cells function as vascular
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progenitor cells that can be placed into secondary culture systems to produce homogeneous
populations of endothelial and smooth muscle cell types (hESC-ECs and hESC-SMCs),
respectively 17. Here, we derived hESC-ECs and hESC-SMCs from the H9 hESC line that
has stable expression of GFP and luciferase (GFP/Luc). These hESC-ECs exhibit classic
endothelial cell morphology, express endothelial surface markers, and form capillary
structures on Matrigel (Figure 1A). hESC-SMCs also assumed appropriate morphology,
expressed intracellular smooth muscle cell markers, and lacked expression of endothelial
surface marker CD31 (Figure 1B).

Significant Improvement of Cardiac Function and Cell Engraftment in Infarcted Mouse
Hearts Treated with hESC-ECs and hESC-SMCs

We have previously demonstrated interaction between hESC-ECs and hESC-SMCs in
vitro 17. Data from present study demonstrated these cell populations significantly improved
LV chamber function and regional myocardial contractile performance in vivo while
transplantation of hESC-ECs alone showed moderate improvement when compared to hearts
that did not receive a cellular treatment and exposed to an identical LAD ligation protocol
(Figure 2a–b). Since the hESC-derived cells maintained stable Luc expression, we were able
to use bioluminescent imaging (BLI) to demonstrate persistence of the hESC-derived cells
up to 8 weeks post-treatment (Figure 2c–e). BLI illustrated persistence of luminescent
signal, indicating engraftment of human cells, in hearts that received hESC-EC injections
and co-injections of hESC-ECs and hESC-SMCs (Figure 2c). Measurable signal from
engrafted cells in the left ventricle was detected throughout the course of the 4 week study
and in excised hearts (Figure 2e). Some animals receiving both hESC-ECs and hESC-SMCs
were assessed for luciferase signal beyond the 4 week study. Remarkably, the luminescent
signal actually increases at later time points (8 weeks), demonstrating stable engraftment and
expansion of these cells (Figure 2d). Additional immunohistochemical studies demonstrated
development of GFP+ vascular cells at 4 weeks post transplant, again demonstrating survival
and function of these hESC-derived cells in hearts with postinfarction LV remodeling
(Figure 2f).

Because of the significant difference in heart rate between mouse and human (600 beats
compared to 70 beats per minute), and the arrhythmia concerns that associated with the
human cells engraftment in the mouse heart, we combined these novel cell types derived
from hESC in a 3D porous biodegradable fibrin patch to a clinical relevant pig model of
ischemia-reperfusion and post-infarction LV remodeling. To assess the therapeutic potential
of the cellularized patch, we examined LV chamber and regional myocardial contractile
function, LV wall thickness and systolic wall stresses, scar size and chamber function.

Swine studies
Anatomic Data: Cell transplantation resulted in a significant decrease in left ventricular
hypertrophy as reflected by a decrease in LVW/BW (Figure 3a, p<0.05) in the cell treated
hearts as compared to the hearts in both of the control groups. The myocardial infarct size
data measured by MRI are illustrated in Figure 3b. At week 1 post LAD ligation the infarct
size was about 9 percent of total LV, and was not significantly different among the 3 groups
(p=NS). However, at week 4 the infarct size was significantly smaller in cell treated group
than the MI group (p<0.05).

LV Contractile Functional Data: The temporal changes in ejection fraction (EF) as
measured by MRI are illustrated in Figure 4a. There was no significant difference among the
3 groups at baseline. However, the fibrin patch-based cell transplantation showed a
significant improvement in ejection fraction, which was seen as early as 7 days (MI+P+C
(45.2±3.1) vs. MI (39.2±3.0), p<0.05). The beneficial effect in LV chamber function
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persisted up to 4 weeks (Figure 4a, p<0.05). Similarly, the regional LV systolic thickening
fraction in the infarct zone was also significantly improved in cell treated group compared to
the other two control groups (Figure 4b, p<0.05). In addition, the cell treatment resulted in
reduction of the left ventricular thinning in the infarct zone seen at 4 weeks after MI, as
depicted by significantly lower across the LV wall thickness in the saline treated- or open
patch treated- groups (Figure 5a, p<0.05). This increased LV wall thickness in the infarct
zone was accompanied by a significant lower systolic LV wall stresses as compared to MI
control group (Figure 5b, p<0.05).

Vascular Density: To determine the mechanisms underlying the beneficial effects of cell
transplantation, we investigated the effects of cell transplantation on neovascularization and
angiogenesis in the post-MI hearts. At 4 weeks after cell transplantation,
immunofluorescence staining for vWF antibody indicated significant angiogenesis in stem
cell treated hearts, with more vWF expressing capillaries being present in both infarct and
peri-infarct regions of cell treated compared with the other two groups (Figure 6a).
Quantitative evaluation of vWF-positive capillary fractional area per high-power field (20×)
indicated that vascular density was significantly greater in the cell treated group than the
control groups of saline-treated and open patch-treated hearts (Figure 6b). In the peri-infarct
region of cell transplanted hearts, double vWF+/GFP+ cells were observed via co-staining of
vWF and GFP, however, few cells were stained positive for both the myocyte marker TnT
or MHC, and GFP (data not shown). These data suggested that transplanted hESC-derived
cells may rescue ischemia threatened myocytes from apoptosis, promote angiogenesis
through a paracrine effect.

Cell Engraftment: There was significant engraftment of hESC-derived endothelial cells
and smooth muscle cells observed at 4 weeks after transplantation in the cell treated animals
of both mouse (4 weeks, Figure 2c–e) and swine (day 9, 16 and 27, Figure 7) model of
postinfarction LV remodeling as confirmed by in vivo and ex vivo BLI.

DISCUSSION
The present study demonstrates that a fibrin patch-based hESC-derived vascular cell
transplantation leads to functional improvement in a clinically relevant porcine model of
postinfarction LV remodeling. Stem cell transplantation resulted in an overall improved LV
function and LV remodeling following MI with an amelioration of LV scar thinning. This
was associated with a reduction in scar size at 4 weeks. Cell transplantation also resulted in a
significant increase of neovascularization in both infarct and peri-infarct regions. These data
demonstrate that using a novel 3D porous fibrin patch-enhanced delivery, the transplantation
of the equal mixture of endothelial cell and smooth muscle cells derived from the hESCs can
promote the myocardial neovascularization of the recipient heart, reduce the ischemic
injured myocytes from apoptosis, and improve the LV contractile function. The findings
suggest a promising therapeutic potential of using this cell type and mode of delivery.

Translational Potential of hES-derived Endothelial and Smooth Muscle Cells
hESCs have been used to derive diverse cardio-vascular cell populations 24. RT-PCR and
immunohistochemical studies demonstrate that hESC-derived cardiomyocytes (hESC-CMs)
express early cardiac specific transcription factors, sarcomeric proteins and gap junction
proteins 19. Although, electrophysiologic studies showed that most of the hESC-CMs
resemble human fetal ventricular myocytes capable of propagating action potentials 25, a
recent study suggested that transplantation of hESC-CMs with serum free medium to hearts
with injuries resulted in a very low engraftment rate 19. On the other hand, there are reports
demonstrating that beneficial effects of LV chamber function in response to the bone
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marrow derived progenitors transplantation therapy, is associated with the increased
neovascularization 7, 9, 10, 12. Consequently, the present study was carried out to examine
whether hESC derived cardiac vascular cells can be utilized to prevent LV dysfunction and
postinfarction LV remodeling in hearts suffering from acute myocardial infarction. The data
from the present study demonstrate that these cell types can promote the myocardial
neovascularization of the recipient heart (Figure 6), which in turn, reduce the ischemic
injured myocyte from apoptosis, and improve the LV chamber function.

Engraftment of hESC-derived Cells
Using the novel fibrin patch-enhanced delivery, data from both the mouse model and pig
model demonstrated significant cell engraftment a few weeks after the transplantation,
which was accompanied by the functional and bioenergetic improvement. Recently, there
are reports suggesting that less than 50% of the cells remained in the myocardium a few
hours after the transplantation, which was caused by the pulsate intramyocardial pressure
changes during the continuous cardiac cycle 26. These data suggest that a significant fraction
of the acute loss of delivered cells is caused by the active contraction of the LV, but is
independent from the apoptosis or necrosis.

In the present study, the BLI data from both rodent and swine studies demonstrate the
persistence of hESC-derived cells (Figure 2 and 7), which is in agreement with our earlier
reports that applying this 3D porous biomaterials in stem cell delivery for myocardial repair
is accompanied by further increase of cell engraftment rate, reduction in apoptosis in
ischemia threatened myocytes, decrease of peri-infarct area fibrosis and prevention of LV
scar systolic bulging 7. The reduced LV dilatation and LV scar bulging, in turn, result in
significantly reduced myocardial wall stress and improved myocardial bioenergetics.

This fibrin 3D porous biomatrix is useful for several reasons. First, it is tightly patched on
the surface of injured myocardium that had exposed to ischemia reperfusion. Therefore, the
active myocardial contraction will not squeeze the cells out of the site of the delivery.
Second, there are ample fibrinogen and thrombin proteins in the circulation that can be used
for the patch biomaterial. In principle, both components can be autologous. In the present
study, we try to use the autologous thrombin by scraping the surface of myocardial patch
area, which effectively make the patch tightly stick on the surface at 4 weeks post
transplantation. The scraping channels may also serve as routes for the stem cells get into
the myocardium. Third, the fibrin patch can be chemically modified to bind any peptides
such as HGF or SDF-1α, creating a progenitor cell friendly environment for the purposes
such as enhancing the engraftment or controlled differentiation 7, 14–16. Fourth, we have
previously demonstrated that the mesenchymal stem cell fibrin patch itself result in a
remarkable increase of neovascularization into the patch material 4 weeks after the
transplantation 7, 14–16, which was accompanied by a significant increase of engraftment rate
and improvement of systolic thickening fraction in the patched area of myocardium. In the
present study, we have found that this patch delivery is associated a significant engraftment
rate (Figure 7). In some cases, the BLI signals indeed increased. Most importantly, the data
from the present study demonstrate that both chamber function and regional systolic
thickening fraction improved significantly (Figure 4).

Improvement in Ventricular Function and Reduction in Regional Wall Stress
The present study demonstrates that transplantation of hESC-derived vascular cells leads to
improvement in ventricular function in a large animal model. We have previously reported
that LV bulging at infarct zone was accompanied by a significant increase of regional LV
wall stress at IZ and peri-infarct BZ 2. This particular increase of regional wall stresses and
its associated severe bioenergetic abnormality were significantly ameliorated by the
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autologous MSC transplantation 7, 11, 12. We reasoned that the decrease of LV bulging at LV
scar area (Figure 4b) resulted in reduction of the regional wall stress (Figure 5b) and energy
demand, which in turn, would otherwise cause severe bioenergetic abnormality 27. In the
present study, the engraftment of the hESC-derived vascular cells (Figure 7) was
accompanied by increase of LV wall thickness and thickening fraction in the IZ and BZ,
which in turn, resulted in a significant reduction of regional LV wall stresses (Figure 5b). By
necessity, these improvements will result in the myocardial bioenergetics that has been
observed using the same pig model of postinfarction LV remodeling.

During the 4 weeks follow up by cardiac MRI, we observed a significant reduction of infarct
size (Figure 3b) that occurred only in the MI+P+C group. The LV dysfunction of failing
hearts is associated with the oxidative stress caused by the excess of reactive oxygen species
(ROS) production in the cytoplasm and the electron transport chain of mitochondria in
myocytes 28. Using a similar animal model and bone marrow derived progenitor cells, we
also observed that cell transplantation associated improvement in myocardial contractile
function was accompanied by reduction of several different subunits of the respiratory chain
oxidative enzyme, which may in turn, result in the reduction of the oxidative stress, and
consequently reduce the infarct size associated with apoptosis 11.

Effect of Immunosuppression
In the current pig study, cyclosporine A was administered for immunosuppression. This
approach has been utilized previously in a similar pig study with bone marrow-derived
multipotent progenitor cell transplantation 12. In that study, there was no significant
difference in the LV postinfarction remodeling between the cell treated hearts with and
without cyclosporine A administration. From the same study, pigs (3 months of age) that
received myocardial infarction and no cyclosporine A had an average body weight of 29±7
kg and a mean LV/BW ratio of 3.57±0.27. In the current study, pigs that received similar
myocardial infarction and cyclosporine A had an average body weight of 35±3 kg at age 3.4
months, and mean LV/BW of 3.6±0.3. These data indicated that in pigs, the Cyclosporine A
does not have an obvious influence on the LV remodeling after myocardial infarction.

Effect of Cell Transplantation on Infarct Size
Sequential MRI functional assessment allowed us to conclude that the infarct size in swine
treated with hESCs decreased from 1 week to 4 weeks interval, while the scar sizes in swine
without hESC treatment was maintained throughout the follow-up (Figure 3b). This
reduction in scar size with stem cell treatment has been seen previously in other
reports 6, 29, 30. The beneficial effects of cell transplantation could be related to the
mobilization of endogenous cardiac progenitors to the injury site by paracrine effects as we
and others have observed previously 6, 30. As we did not observe significant myocytes
transdifferentiation at 4 weeks, the functional and structural improvements of decrease of
infarct size and improved vascular density, are likely secondary to paracrine effects that
include sparing of native cardiomyocytes from apoptosis as we observed recently 31. It was
also observed recently that cell transplantation is accompanied by an up-regulation of
MEF2A, the predominant MEF2 gene product expressed in postnatal cardiac muscle. MEFs
play an important role in myogenesis 32. We postulate that cell transplantation may cause an
activation of endogenous cardiac progenitor cells 6, 33, and MEF2A may play a role in their
differentiation into cardiomyocytes.

In summary, the present study demonstrates that a fibrin patch based transplantation of
hESC-derived vascular cells (ECs and SMCs) leads to a significant engraftment of vascular
cells derived from the hESCs that is accompanied by a significant increase of
neovascularization and LV contractile functional improvement, which in turn, results in a
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significant reduction of regional wall stress and infarct size. Taken together, these findings
suggest a promising therapeutic potential of this combined approach using these vascular
cell populations derived from hESC and the novel mode of delivery.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Endothelial and Smooth Muscle Cells Derived from Human Embryonic Stem Cells.
Using GFP/Luc expressing H9 human embryonic stem cells, distinct populations of
endothelial and smooth muscle cells were derived from a common CD34+CD31+ vascular
progenitor cell population. Panel A (left to right) hESC-ECs showed classic cobblestone
morphology, expressed CD31 (PECAM), CD144 (VE-Cadherin), and formed capillary
structures on Matrigel. Original magnification: 40×. Panel B (left to right) hESC-SMCs
assumed appropriate filamentous morphology, lacked expression of endothelial marker
CD31, and expressed smooth muscle makers SM22 and alpha-smooth muscle actin (alpha
SMA). Original magnification: 40× (alpha-smooth muscle actin, CD31) and 80× (phase,
SM22). Panel a–f and h were acquired from GFP− cells to avoid overlapping of
immunofluorescence (Alexa Fluor 488) and GFP expression.
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Figure 2.
Significant Improvement of Cardiac Function and Cell Engraftment in Infarcted Mouse
Hearts Treated with hESC-ECs and SMCs.
Cell therapy was delivered to the ischemic region of the LV after LAD coronary artery
ligation. Ejection fraction (panel a) and shortening fraction (panel b) were measured 4 weeks
post-infarction in mice receiving no injection (MI), 106 hESC-ECs (MI+EC), and 5×105

each hESC-EC and SMC (MI+EC+SMC). Significant improvement in LV function was
achieved in mice that received combined cellular therapy (p<0.05). Transplanted GFP/Luc
cells were tracked in vivo via bioluminescent imaging (BLI, panel d–e) and cell engraftment
was confirmed post mortem by immunofluorescent staining against GFP (panel f). Panel d,
quantification of luciferase signal from mouse hearts receiving cellular injection throughout
the course of the experiment. The BLI intensity curves corresponding to panel d and e are
highlighted in bold.
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Figure 3.
a, heart weight to body weight ratio (g/kg) at 4 weeks after MI. b, scar size as measured by
delayed contrast-enhanced cardiac MRI at 1 week and 4 weeks after MI.
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Figure 4.
Temporal change of LV contractile function in terms of ejection fraction (a) and thickening
fraction (b) as measured by cine cardiac MRI. The cell transplanted group showed
significant LV functional improvement as compared to the control groups.
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Figure 5.
Alleviation of LV wall stress by increased LV thickness from stem cell transplantation. a,
end-systolic LV wall thickness at 4 weeks after MI. b, end-systolic LV wall stress at 4
weeks after MI.
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Figure 6.
Increased capillary density from stem cell transplantation. a, immuno-fluorescent staining of
vWF at 4 weeks after MI. b, quantification of vWF-positive capillary density.
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Figure 7.
Ex vivo bioluminescent imaging of excised pig heart showing substantial cell engraftments
at Day 9 (panel a), 16 (panel b) and 27 (panel c) after MI.
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