1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

NATIG,

O

Published in final edited form as:
Circulation. 2007 September 11; 116(11 0): 146-154. do0i:10.1161/CIRCULATIONAHA.106.680561.

Differentiation, Survival, and Function of Embryonic Stem Cell-
Derived Endothelial Cells for Ischemic Heart Disease

Zongjin Li, MD, PhD?, Jenny C Wu, PhD2, Ahmad Y Sheikh, MD3, Daniel Kraft, MD4, Feng
Cao, MD, PhD?, Xiaoyan Xie, PhD?, Robert C Robbins, MD3, John P Cooke, MD, PhD?, and
Joseph C Wu, MD, PhD12

1The Department of Radiology and Molecular Imaging Program at Stanford (MIPS), Stanford
University School of Medicine, Stanford, CA, USA

?Department of Medicine, Division of Cardiology, Stanford University School of Medicine,
Stanford, CA, USA

3The Department of Cardiothoracic Surgery, Stanford University School of Medicine, Stanford,
CA, USA

“Department of Pathology, Stanford University School of Medicine, Stanford, CA, USA

Abstract

Background—Embryonic stem (ES) cells are distinguished by their capacity for self-renewal
and pluripotency. Here we characterize the differentiation of ES cell-derived endothelial cells
(ESC-ECs), use novel molecular imaging techniques to examine their survival following
transplantation into the heart, and determine the therapeutic efficacy of ESC-ECs for restoration of
cardiac function following ischemic injury.

Methods and Results—Murine ES cells were transfected with vascular endothelial cadherin
promoter driving enhanced green fluorescence protein (pVE-cadherin-eGFP). Differentiation of
ES cells to ECs was performed by FACS analysis of both Flk-1 (early EC marker at day 4) and
VE-cadherin (late EC marker at day 8). After isolation, these ESC-ECs expressed endothelial cell
markers similar to adult mouse lung endothelial cells, formed vascular-like channels, and had high
metabolism of Dil-Ac-LDL. For /n vivoimaging, ES cells were transduced with an ubiquitin
promoter driving firefly luciferase and monomeric red fluorescence protein (pUb-Fluc-mRFP). A
robust correlation exists between Fluc signals and cell numbers by ex vivo imaging analysis
(R2=0.98) and by /n vitro enzyme assay (R?2=0.94). Afterwards, 5x10° ESC-ECs or PBS (as
control) was injected into the hearts of mice undergoing LAD ligation. (n=15 per group).
Bioluminescence imaging showed longitudinal survival of transplanted ESC-ECs for ~8 weeks.
Echocardiography demonstrated significant functional improvement in the ESC-EC group
compared to control (£<0.05). Finally, postmortem analysis confirmed increased presence of small
capillaries and venules in the infracted zones by CD31 staining.

Conclusion—This is the first study to track the fate and function of transplanted ESC-ECs in the
heart. With further validation, these ESC-ECs could become a valuable source of cell therapy for
induction of angiogenesis in the treatment of myocardial ischemia.
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INTRODUCTION

METHODS

Coronary artery disease (CAD) is the leading cause of morbidity and mortality in the US.
Current treatments fail to address the underlying cause of heart failure, which are cell loss
and tissue scarring 1. Stem cells may overcome these problems by promoting
neovascularization, inhibiting cardiomyocyte apoptosis, and recruiting resident stem cells 2.
Several elegant studies demonstrate that endothelial progenitor cells from bone marrow 34
or peripheral blood > can enhance angiogenesis and contribute to functional regeneration of
infarcted myocardium. These exciting results have led to a pilot clinical trial showing that
injection of endothelial progenitor cells can improve global left ventricular function in
patients with myocardial infarction 7. However, other studies have suggested that the
endothelial progenitor cells present in patients with CAD are both diminished in quantity 8
and angiogenic capacity °. These factors may limit the therapeutic usefulness of these cells
as shown in a recent clinical trial 10,

With their unlimited self-renewal and pluripotency capacity, ES cells represent a new and
exciting avenue of stem cell therapy. In cell culture, mouse and human ES cells can
differentiate to endothelial cells through successive maturation steps as manifest by
endothelial-specific markers such as fetal liver kinase 1 (FIk-1), platelet endothelial cell
adhesion molecule (PECAM), VE-cadherin, von Willebrand Factor (VWF), and endothelial
nitric oxide synthase (eNOS) 1112, In addition, these cells can participate in vasculogenesis
by matrigel assay 13 and incorporate Dil-ac-LDL 14, two hallmarks of mature endothelial
cell function. However, no study has addressed the behavior of these cells after
transplantation into the heart.

In this study, we hypothesize that ESC-ECs can be a viable source of stem cell therapy for
improving cardiac function after myocardial infarction. Importantly, fate of transplanted
cells can also be tracked longitudinally and quantitatively using novel molecular imaging
techniques.

Culture and maintenance of mouse ES cells

The murine ES-D3 cell line (CRL-1394) derived from SV129 mice was obtained from the
American Type Culture Collection (ATCC; Manassas, VA). The ES cells were
electroporated with linearized pVE-eGFP-IE plasmid carrying pVEcadherin-eGFP-5"Int1
enhancer (gift from S. Nishikawa, Kyoto, University) with neomycin resistant gene for
selection of stable clones 15,

Differentiation and isolation of ESC-ECs

ES cell differentiation was performed with minor modifications from previous

protocols 1112, Briefly, 3x104 cells/well were transferred to collagen IV-coated 6-well
plates (Becton-Dickinson, Mountain View, CA), cultured for 4 days, and sorted for F/k-1
(early EC marker). Flk-1* cells were re-plated in the same medium supplemented with 50
ng/mL of VEGF (R&D Systems). After another 4 days of culturing, FIk-1* cells were
stained with VE-cadherin antibody (BD Pharmingen, San Jose, CA). Next, VE-cadherin
(late EC marker) and eGFP double positive cells were isolated using FACS Vantage (Becton
Dickinson). The cells were maintained on EGM-2 medium (Clonetics, San Diego, CA) for
1-2 passages on fibronectin-coated plates (Invitrogen, Carlsbad CA) for subsequent
experiments. Control, untransfected ES cells were differentiated under same conditions.

Circulation. Author manuscript; available in PMC 2013 May 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Page 3

In vitro characterization of ESC-ECs

The Dill-labeled acetylated low-density lipoprotein (Dil-Ac-LDL) uptake assay, matrigel
assay, and RT-PCR were used to confirm endothelial cell phenotype of these Flk-1*/VE-
cadherin® purified cells. Briefly, ESC-ECs were incubated with 10 pg/ml of Dil-Ac-LDL
(Molecular Probes, Eugene, OR) at 37 °C for 6 hours prior to detection with fluorescence
microscopy as described 14. The formation of vascular-like structures was assessed by
seeding cells in 12-well plates coated with Matrigel (BD Pharmingen) and incubating them
at 37° for 24 hours as described 12, For RT-PCR analysis, total RNA was purified using
Trizol (Invitrogen) from undifferentiated ES cells at day 0, differentiated ES cells at day 4
(after FIk* sort), differentiated ES cells at day 8 (after VE-cadherin*/eGFP* double sort),
and adult mouse microvascular endothelial cells (obtained from lung lavage) as positive
control. Primer sequences for these specific genes (CD31, Flk-1, eNOS, vWF, Oct-4, p-
actin) are listed in Supplementary Table 1.

Transduction of ES cells with novel double fusion reporter gene

In order to track transplanted cells /n vivo, ES cells were also transduced with self-
inactivating lentiviral vector carrying an ubiquitin promoter driving Fluc and eGFP at
multiplicity of infection (MOI) of 10. Stable clones were isolated by FACS for eGFP
expression. Fluc reporter gene activity was confirmed ex vivo using the Xenogen VIS 200
system (Xenogen, Alameda, CA) and Jn vitro using Fluc enzyme assay as described 6. Fluc
enzyme activity was expressed as relative light unit per milligram protein (RLU/mg).

Animal surgery and ESC-EC transplantation

Ligation of the mid left anterior descending (LAD) artery was performed in adult female
SV129 mice (Charles River Laboratories, Wilmington, MA) by a single experienced
surgeon (AYS). Infarction was confirmed by myocardial blanching and EKG changes.
Animals were then injected with 5.0x10° ESC-ECs at the peri-infarct zone (n=15) or 25 pL
of PBS as control (n=15). Study protocols were approved by the StanfordAnimal Research
Committee.

Optical bioluminescence imaging of transplanted cell survival

Cardiac bioluminescence imaging was performed using the Xenogen IVIS 200 system. After
intraperitoneal injection of reporter probe D-Luciferin (150 mg luciferin/kg), animals were
imaged for 1-10 minutes. The same mice were imaged for up to 8 weeks. Imaging signals
were quantified in units of maximum photons per second per centimeter square per steridian
(photons/sec/cm?/sr) as described 16,

Left ventricular functional analysis with echocardiogram

Echocardiography was performed by a blinded investigator (AYS) using the Siemens-
Acuson Sequioa C512 system equipped with a multi-frequency (8-14 MHz) 15L8
transducer. Analysis of M-mode images was performed using Siemens built-in software.
Left ventricular end diastolic diameter (EDD) and end-systolic diameter (ESD) were
measured and used to calculate fractional shortening (FS) by the following formula: FS=
[EDD-ESD]/EDD 17,

Histological examination

Explanted hearts from study and control groups were embedded into OCT compound (Miles
Scientific, Elkhart, IN). Frozen sections (5 um thick) were processed for immunostaining.
To detect microvascular density (MVD) in the peri-infart area, a rat anti-CD31 (BD
Pharmingen) was used. The number of capillary vessels was counted by a blinded
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investigator (FC) in ten randomly selected areas using a light microscope (x200
magnification).

Statistical analysis

Unless specified, data are expressed as mean * standard deviation. For statistical analysis,
ANOVA and repeated measures ANOVA with post-hoc testing as well as the two-tailed
Student’s t—test was used. Differences were considered significant at P-values of <0.05.

RESULTS

Differentiation of embryonic stem cells to endothelial cells (ESC-ECs)

In mouse ES cells, there is a distinct expression pattern of endothelial specific genes: Flk-1
starting at day 2-3, PECAM at day 4, and VE-cadherin at day 5 1218, To develop a reliable
system of purifying mature ECs from ES cells, we used the VE-cadhern promoter driving
eGFP construct for selection marker as shown in Figure 1a 15. After 4 days of culturing on
collagen IV-coated plates and in differentiation medium, ~20% of ES cells expressed early
EC marker (FIk-1) but not late EC marker (VE-cadherin). The outgrowth from Flk-1* cells
exhibited predominantly two morphologies: cobblestone-like endothelial colony and striated
smooth muscle-like structures (Figure 1b). The FIk-1" positive cells were subcultured with
VEGF supplementation for another 4 days. Afterwards, ~36% cells were isolated by FACS
using both VE-cadherin surface antibody as well as intracellular eGFP expression driven by
the VE-cadherin promoter. After expansion in cell culture, these VE-cadherin®/eGFP* cells
have a morphology typical of mature endothelial cells (Figure 1c).

In vitro characterization of ES cell-derived endothelial cells

To further characterize these differentiated cells, flow cytometry was performed to analyze
endothelial markers including VE-cadherin, FlIk-1, CD31, and CD34 (Figure 2a). Isolated
cells at day 8 typically express robust levels of VE-cadherin and modest levels of FIk-1,
CD31, and CD34. By contrast, undifferentiated ES cells typically express low levels of VE-
cadherin, Flk-1, and CD34 but high levels of CD31. Uptake of Lil-ac-LDL has been used to
characterize mature endothelial cells 14. As shown in Figure 2b, these VE-cadherin*/eGFP*
cells have avid metabolism of Dil-ac-LDL. The characteristics of ESC-ECs were also
assessed by culturing on matrigel, an extracellular matrix basement membrane that can be
used to promote vascular morphogenesis of endothelial cells 13. In contrast to
undifferentiated ES cells, ESC-ECs were able to spontaneously reorganize into cord-like
structures (Figure 2c¢). To understand the temporal kinetics of endothelial marker expression
in these cells, we performed RT-PCR analysis of common endothelial markers. As shown in
Figure 2d, the levels of Flk-1, eNOS, and vVWF increased during ES cell differentiation from
day 0 to day 4 (Flk-1* sort) to day 8 (VE-cadherin*/eGFP* sort). The ES cell marker Oct-4
was expressed in high levels at day 0, but progressively decreased upon ES cell
differentiation into ESC-ECs at days 4 and 8. Adult mouse microvascular endothelial cells
showed robust endothelial marker expression but no Oct 4 expression as expected. Finally,
for both FACS and RT-PCR analysis, the CD31 expression was present in both
undifferentiated mouse ES cells and their differentiated derivatives, a pattern described by
others 18, Thus, CD31 alone can not be used as a marker for distinguishing mouse ES cells
from ECs.

Expression of novel double fusion (DF) reporter genes

To develop an imaging assay for tracking transplanted ESC-ECs, we used a DF reporter
gene consisting of Fluc-mRFP (Figure 3a). The efficiency of lentiviral transduction of
mouse ES cell was ~21% (Figure 3b). These cells retained their ability to differentiate into
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Flk-1* (on day 4) and VE-cadherin*/eGFP* (day 8) endothelial-like cells (data not shown).
In addition, previous studies also documented that these reporter genes do not adversely
affect ES cell survival, proliferation, and differentiation 16:1°, To confirm that level of Fluc
expression correlated with cell numbers, ES cells were assayed ex vivo using the Xenogen
IVIS system, producing a strong linear correlation (r?=0.98) (Figure 2c). Similarly, there
was also a strong correlation between Fluc activity and cell numbers (r2=0.94) based on /n
vitro enzyme assays measured by luminometer (Figure 2d).

Molecular imaging of ESC-EC survival in living animals

To non-invasively assess the engraftment of ESC-ECs, bioluminescence imaging was
performed for 8 weeks (Figure 4a). Cell signal was most robust immediately after
transplantation, which gradually decreased from day 2 (2.95x106+1.21x10° photons/sec/
cm?/sr) to day 7 (3.56x10°+2.36x10%) to week 2 (1.45x10°+4.94x10%) to week 4
(3.87x10%+4.50x102) to week 6 (3.68x10%+3.65x102) and to week 8 (3.60x10%+2.57x103)
(P<0.01 vs. control for all time points) (Figure 4b). Control animals injected with PBS
showed no imaging signals as expected. When cell signals were normalized to day 2, the
quantified cell survival activity was 12.2+0.8% at day 7, 5.1+1.6% at week 2, 1.3+0.1% at
week 4, 1.2+0.1% at week 6, and 1.1+0.1% at week 8 (Figure 4c).

Transplanted ESC-ECs can improve left ventricular function

Echocardiography performed 2 days before and 2 days after the LAD ligation showed
comparable FS and LVEF between the two groups. However, 8 weeks after LAD ligation,
the ESC-EC group had significantly higher FS compared to the control group (~/<0.05)
(Figure 5a). At week 8, myocardial neovascularization as assessed by capillary density was
also enhanced significantly in mice receiving ESC-EC transplantation compared to PBS
(Figure 5b). But relatively few surviving cells surrounding existing vasculature in the
myocardium were identified, consistent with the /n vivoimaging data showing weak cell
signal activity at week 8.

DISCUSSION

In this study, we describe the differentiation, survival, and function of ES cell-derived
endothelial cells for cardiovascular applications. The major findings can be summarized as
follows: (1) ES cells can be differentiated into endothelial-like cells using a sequential
combination of FIk-1* (early EC marker) and VE-cadherin®* (late EC marker) sorting; (2)
these ESC-ECs express typical endothelial markers (Flk-1, eNOS, vVWF) and can uptake Dil-
ac-LDL as well as participate in vasculogenesis on matrigel assay; (3) transplanted ESC-
ECs can improve ventricular function and enhance neoangiogenesis in a mouse model of
myocardial infarction; (4) importantly, transplanted cell fate can be monitored noninvasively
within the same animals for up to 8 weeks using bioluminescence imaging; (5) however,
drastic decrease of cell signal activity was observed within this time period, indicating
significant donor cell loss.

In recent years, several animal studies have shown that transplantation of endothelial
progenitor cells isolated from the peripheral blood or bone marrow can improve cardiac
function 3-6. But whether these cells will ultimately play a role in human application
requires further evaluation. For example, initial results from the TOPCARE-AMI trial
showed that patients who received circulating endothelial progenitor cells had improvement
in LVEF from 51+10% to 59+10% at 4 months (A<0.001) /. However, a recent larger study
from the same group showed that patients who received circulating endothelial progenitor
cells had no improvement in LVEF at 3 months (-0.4%2.2; P=0.60) 10. Although the study
design and patient population are different between the two trials, the discrepancy suggests
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that a detailed mechanistic understanding of how these transplanted cells can improve
cardiac function is still lacking. It is possible that patients who have CAD as well as other
comorbidities such as diabetes, hypertension, and hypercholesterolemia may posses poorly
functioning endothelial cells to begin with, which may not elicit much long-term functional
improvement 8. In this regard, positive beneficial results shown in pre-clinical studies that
are based predominantly on transplanting stem cells from young healthy adult animals may
not be representative of the routine clinical scenario involving older patients 689, Therefore,
therapies utilizing alternative sources of cells possessing limitless potential for self-renewal
may be an attractive option.

Compared to adult stem cells, ES cells are unique in their ability to differentiate into
virtually all cell types, including neurons, cardiomyocytes, hepatocytes, islet cells, skeletal
muscle cells, and endothelial cells 2. To date, however, the main obstacle remains a lack of
reliable methodology to purify cells of interest from other unwanted cell populations. One
common approach is to use cell lineage-specific promoters driving GFP or drug-resistant
genes. In the case of endothelial cell isolation, most available promoters are still plagued by
non-specific expression in other cell types. For instance, the vVWF promoter is active in
megakaryocytes, the PECAM-1 promoter is active in hematopoietic cells, and the VEGF
receptor 2 promoter is active in undifferentiated ES cells 1°. By contrast, the VE-cadherin
promoter is known to be constitutively expressed specifically by endothelial cells 21,
Building upon the experience from these studies, we used a combinatorial approach of both
early (FIk-1*) 12 and late EC marker (VE-cadherin®) 18, We were able to differentiate mouse
EC cells into endothelial-like cells that express surface markers similar to adult mouse
endothelial cells. Upon isolation, these ESC-ECs can form tube-like structures when
cultured on matrigel and can uptake Dil-ac-LDL that is a typical phenotype of mature
endothelial cells. Our data also concur with other studies describing the functionality of
endothelial cells isolated from mouse 12, monkey 22, and human ES cells 11,

In this study, we determined the longitudinal cell survival kinetics within the same cohort of
animals animal using a novel imaging technique, avoiding the sampling biases and errors
that may occur when different groups of animals are sacrificed at different time points 23.
Our imaging data suggest that by week 8, <2% of the transplanted ESC-ECs are still alive.
This observation conforms with other studies showing poor donor cell survival using serial
histology, TUNEL apoptosis assay, or Tagman Sry PCR techniques 4. Indeed, our imaging
and histologic analysis provide no definitive proof that donor derived cardiac myocytes or
vasculature are being regenerated after transplantation with ESC-ECs. These findings
indicate that other mechanisms such as activation of paracrine pathways may play a role 2,
but additional studies will be needed in the future to test this hypothesis. Interestingly,
Levenberg et al. showed that ESC-ECs, when seeded in biodegradable polymer scaffolds,
can lead to long-term engraftment and formation of blood-carrying microvessels 1. Thus,
tissue engineering techniques, rather than direct stem cell transplantation, may prove to be a
more viable approach in the future 25,

In summary, stem cell therapy is an exciting area of investigation. With further validation,
the ESC-ECs described here could provide a continual source of endothelial cells for
treatment of myocardial ischemia and peripheral vascular disease. Furthermore, we believe
molecular imaging will likely play a critical “watchdog” role to monitor the viability of
these transplanted cells (or engineered tissues) for cardiovascular diseases and others alike.
The Jin vivo information gathered will provide greater insight into stem cell physiology in
living subjects and lay the framework for more complex, refined studies in the future.
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Figure 1.

ES cell differentiation into endothelial-like cells. (a) Schema of the endothelial cell lineage-
specific promoter with VVE-cadherin promoter driving eGFP and SVV40 promoter driving
neomyecin resistant gene for antibiotic selection. (b) After 4 days on collagen IV plates,
FIk-1* positive cells can be identified by FACS and brightfield microscopy (100x
magnification). (c) After another 4 days of culturing on differentiation medium, ~36% of
cells express both VE- cadherin surface marker and intracellular eGFP. These double
positive cells show typical endothelial cell morphology and can be expanded for additional
5-8 passages (100x magnification).
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Figure 2.

In vitro characterization of ESC-ECs. (a) FACS analysis of common endothelial markers in
undifferentiated ES cells and differentiated ESC-ECs. (b) Uptake of Dil-ac-LDL by ESC-
ECs. (c) Vasculogenic formation by ESC-ECs after 24 and 48 hours of plating.
Undifferentiated ES cells do not form cord-like structures (100x magnification). (d)
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Expression profile of endothelial cell-specific genes at different time points: undifferentiated
ES cells (day 0), FIk-1* cells (day 4), and VE-cadherin*/eGFP* cells (day 8). The positive
control is adult mouse endothelial cells (mEC) from the lung microvasculature. The negative
control has no PCR templates.
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Figure 3.

Transduction of ES cells with double fusion reporter genes. (a) Schema of the DF reporter
gene with ubiquitin promoter driving Fluc and mRFP joined by a 20-amino acid linker. (b)
FACS analysis showing lentiviral transduction efficiency (~21.4%) after 48 hours. Isolated
cells are strongly positive for mRFP on fluorescence microscopy. (c) Ex vivoimaging
analysis of transduced cells show increasing bioluminescence signals with cell numbers
(r?=0.98). (d) /n vitro enzyme assay show increasing Fluc enzyme activity with cell
numbers (r2=0.94).

Circulation. Author manuscript; available in PMC 2013 May 19.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Lietal.

Page 13

=
o

Photons/sec/cm?/sr
=
% Surviving Cells
N
S
T

D2 D7 W2 W4 W6 W8
Days

Figure 4.

Molecular imaging of ESC-EC fate after transplantation. (a) A representative animal
injected with 5x10°5 ESC-ECs shows significant bioluminescence activity at day 2 which
decreases progressively over the following 8 weeks. Control animal injected with PBS show
no imaging signals as expected. (b) Detailed quantitative analysis of signals from all animals
transplanted with ESC-ECs (signal activity is expressed as photons/sec/cm?/sr). (c) Donor
cell survival plotted as % signal activity from day 2 to week 8.
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Figureb5.

Functional evaluation of transplanted ESC-ECs. (a) Representative M-mode still frames of
control and ESC-EC animals at day 2 and week 8 after LAD ligation. Echocardiographic
data comparing fractional shortening (FS) between the two groups 2 days before (pre), 2

days after, and 8 weeks after LD ligation. */£<0.05 compared with control; #/<0.01

compared with day 2 (n=10 in all group). (b) Quantitative analysis of capillary density was

significantly higher in the ESC-EC group compared to the control group (200x
magnification).
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