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1. SUMMARY 
Aims of the study: We hypothesized that the optimal source 
of cell for vascular regeneration will be the progenitor cells 
derived from human embryonic stem cells (ESCs) which can 
differentiate both into endothelial cells (ECs) as well as 
vascular smooth muscle cells (SMCs). We propose to test if 
the population of human ESCs, H9 cell line, can serve this 
role.  
Material and methods: Human ESCs were cocultured with 
stromal cells S17, M2-10B4 or Wnt1 expressing M2-10B4 cell 
line to generate a CD34+ cell population. After that, CD34+ 
cells were sorted and cultured in media containing specific 
cytokines to generate ECs. To induce SMC differentiation 
from ECs, culture conditions were changed to media 
containing platelet-derived growth factor-BB (PDGF-BB) and  
transforming growth factor-beta 1 (TGF-β1). Phenotypic and 
functional characteristics of these populations were 
demonstrated by flow cytometry, immunohistochemistry, Q-
RT-PCR, tube formation assay, and response to calcium 
signaling agonists. 
Results: CD34+ vascular progenitor cells derived from human 
ESCs give rise to ECs and SMCs. These two populations 
express cell specific transcripts and proteins, exhibit 
intracellular calcium in response to various agonists, and form 
robust tube-like structures when cocultured in Matrigel. Wnt1 
overexpressing stromal cells produced an increased number of 
progenitor cells. 
Conclusions: Here, we demostrate great potential of human 
ESCs (H9 cell line) to differentiate into both ECs and SMCs in 
a novel three-phase culture system. The ability to generate 
large numbers of ECs and SMCs from a single vascular 
progenitor cell population is promising for therapeutic use. 
The stepwise differentiation outlined in our work is an 
efficient, reproducible method with potential for large-scale 
cultures suitable for clinical applications. 
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2. INTRODUCTION 
There is now growing evidence that human embryonic 

stem cells (ESCs) provide an important source of cells to 
define the cellular and molecular mechanism of vascular 
development, as well as the developmental relationship 
between endothelial (ECs) and smooth muscle cells (SMCs). 
Moreover, they are also highlighted as a promising potentially 
unlimited source of cells for vascular regenerative 
approaches1-3.  

Human ESCs are in vitro cultured pluripotent cells 
derived from the inner cell mass of preimplanted blastocysts. 
They give rise to stable pluripotent cell lines that are capable 
of unlimited proliferation under specific culture conditions. 
Human ESCs can be differentiated into representative 
derivatives of all three embryonic germ layers in vitro and in 
vivo4,5. Since their first derivation by Thomson et al 6, it has 
been shown that human ESCs can differentiate into various 
lineages of cells, including hematopoietic cells, neurons, bone, 
cartilage, muscle, cardiomyocytes, pancreatic cells, 
hepatocytes and vascular cells.7 These cells appear to be 
weakly immunogenic, expressing only moderate amount of 
major histocompatibility complex (MHC) class I and not any 
MHC class II proteins.8  Therefore, human ES cells may play 
important role in stem cell-based regenerative medicine.  

During the last few years, several groups of 
investigators have explored the endothelial potential of human 
ESCs. Two main approaches have been used for purifying 
progenitor ECs from human ESCs: selecting 3-dimensional 
embryoid bodies (EBs) for specific cell-surface molecules 9,10 
and supplementing feeder layers or the medium with various 
growth factors11,12. The first human ESC-derived endothelial 
progenitors were isolated from 13-day-old EBs by flow 
cytometry of PECAM1+cells cultured in EGM2 media 
containing specific cytokines10. It was shown that human ESC-
derived ECs displayed characteristics similar to vascular 



 11 

endothelium and expressed typical EC markers similar to 
those expressed in human umbilical vein endothelial cells 
(HUVECs), such as VE-cad, VWF, PECAM1 and Dil-AC-
LDL uptake. Furthermore, these cells displayed the proper 
organization of endothelial junctions, were capable of forming 
tubelike structures in vitro and generating capillary structures 
when embedded in sponges. Their transplantation into 
immunodeficient mice resulted in the formation of 
microvessels 3. 
          The majority of angiogenesis research focus on the 
regulation of endothelium, but vascular SMCs are also 
important participants in formation of blood vessels. Vascular 
SMCs play critical roles in structural and functional support of 
the vascular network by stabilizing nascent endothelial vessels 
during vascular development and blood vessel growth13. 
Moreover, differentiation and phenotypic plasticity of  
vascular SMCs play important role also in many human 
diseases including atherosclerosis, cancer, and hypertension14.  

SMCs are heterogeneous cells with a wide range of 
different phenotypes at different developmental stages, and 
even in adult organisms the SMCs are not terminally 
differentiated15. Phenotypically, SMCs differ from cardiac and 
skeletal muscle cells not only by their expression of specific 
contractile proteins including α-SMA, calponin-1, SM22α and 
smooth muscle myosin heavy chain (SM-MHC), but also by 
their plasticity or ability to reenter to cell cycle and exhibit a 
„synthetic“ phenotype, secreting ECM proteins16,17. In 
addition, even for SMCs derived from the same ontogenic cell 
source, considerable differences in gene expression exist, and 
little is known about developmental and phenotypic 
differences between visceral and vascular SMCs18. Cultured 
SMCs could rarely be stably maintained and are limited in the 
capacity for regulatory mechanism and pathway studies19, 

therefore intense researches have been focused on exploring 
the molecular mechanisms of SMC differentiaton through 
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inducible in vitro SMC differentiation systems. Major progress 
has been made in the last decade to differentiate SMCs from 
mouse ESCs and other types of adult stem cells20-23. Although 
most of these studies have demonstrated the presence of 
proteins consistent with SMC phenotype, only few have 
addressed whether the differentiated cells also have functional 
properties of SMCs. Recently, SMCs were characterized also 
during human ESC differentiation. For instance, Huang at al 24 
established in vitro SMC differentiation system by treating the 
monolayer-cultivated human ESCs with all-trans retinoic acid.  

While we already have some evidence for the 
existence of a hemangioblast, the common precursor of 
hematopoietic and ECs, the developmental relationship 
between ECs and SMCs is still less well characterized.  Some 
works using mouse ESCs suggest the existence of common 
precursor of ECs and SMCs25. Another study with human 
ESCs described the population of vascular progenitor cells 
derived from human ESCs which have the ability to 
differentiate into endothelial-like and smooth muscle-like 
cells26. Despite multiple methods of SMC differentiation, the 
exact lineage relation between ECs and SMCs has not been 
elucidated. 

Recent advances in stem cell technology suggest that 
stem cell-derived vasculogenic cells may play important role 
in vascular regenerative approaches. Since human ES cells can 
be grown in virtually unlimited numbers, these cells provide 
an appealing alternative to adult stem cells and may serve as a 
stable potential source of therapeutic ECs. Human ESCs are 
advantageous in many aspects when compared with other ECs 
and SMCs origins, due to their high proliferation capability, 
pluripotency, and low immunogenity.  However, there are still 
many challanges and obstacles to overcome before the vision 
of using embryonic vascular progenitor cell in the clinic can 
be realized. 

. 
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3. HYPOTHESES AND AIMS OF THE STUDY 
 

ESCs are emphasized as an important model to better 
define the cellular and molecular mechanisms of vascular 
development. They also hold a strong potential to treat or even 
cure many diseases in the future.  

In our study, we hypothesized that the optimal source of 
cell to regenerate arterioles and arteries in ischemic disease 
will be a bi-potential cells derived from human ESCs that can 
differentiate both into endothelial cells as well as vascular 
smooth muscle cells. We propose to test if the population of 
human ESCs- H9 cell line can serve this role.  

 
 
Specific Aim 1: To derive vascular progenitor cells using 
human ESCs (H9 cell line) that might be ideal for vascular 
repair strategies.  
 

 
Specific Aim 2: To define optimal culture conditions for ECs 
and SMCs differentiation using human ESCs.  
 
 
Specific Aim 3: To better examine the developmental origin 
of vascular progenitor cells and reveal the relationship 
between ECs and SMCs, as well as provide a more complete 
biological characterization of these cells derived from human 
ESCs.  
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4. MATERIALS AND METHODS 
 
4.1. Cell culture: 
           Undifferentiated hESCs (H9 cell line) were cultured as 
previously described6,27. Human ESCs were maintained as 
undifferentiated cells by co-culture with mitomycin C 
inactivated mouse embryonic fibroblasts (MEF) in 
DMEM/F12 media supplemented with 15% knockout serum 
replacer, 1% MEM- nonessential amino acids, 2 mM L-
glutamine,0.1 mM β-mercaptoethanol, 8 ng/ml basic fibroblast 
growth factor (bFGF), and 1% Penicilin/Streptomycin. 
Undifferentiated cells were fed daily with fresh media and 
passaged onto new MEFs approximately every 5-7 days as 
needed. hESCs expressing mCherry florescent protein were 
generated using lentiviral transduction technique and hESCs 
expressing GFP were generated using sleeping beauty 
transduction method (Amaxa). 
           To promote endothelial differentiation, hESC were 
cultured as previously described28. Briefly, the undifferentiated 
hESCs were passaged onto mitomycin C inactivated mouse 
bone marrow-derived stromal cell line S17  or M210B4 cells 
in RPMI 1640 media supplemented with 15% fetal bovine 
serum (FBS), 1% MEM-nonessential amino acids , 1% L-
glutamine and 0.1% β-mercaptoethanol for 13-15 days. After 
that, differentiated hESCs were dissociated with 1mg/mL 
collagenase IV , followed by 0.05% trypsin/0.53mM EDTA , a 
single cell suspension was generated, and the subpopulation of 
CD34+ cells were isolated using magnetic nanoparticle 
technology (EasySep Selection Kit, StemCell Technologies). 

The CD34+ population was cultured on fibronectin 
coated tissue culture flasks in EGM2 complete media  
consisting of basal media (EBM2) supplemented  with 5% 
FBS, vascular endothelial growth factor (VEGF), basic 
fibroblast growth factor (bFGF), insulin-like growth factor-1 
(IGF-1), epidermal growth factor (EGF), heparin, and ascorbic 
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acid. This population, human ESC-derived ECs, were grown 
to 80% confluence and serially passaged in parallel with 
HUVEC  cells which functioned as a positive control in all 
experiments.To obtain smooth muscle cells, a portion of the 
human ESC-derived EC cells established in culture were 
placed in high glucose Dulbecco modified Eagle media 
(DMEM) containing 5% FBS, 5 ng/mL platelet-derived 
growth factor-BB (PDGF-BB)and 2.5 ng/mL transforming 
growth factor-beta 1 (TGF-β1).  

 
4.2. Flow Cytometry              

The dissociated cells were centrifuged, washed and 
resuspended in FACS buffer (PBS without Ca2+ and Mg2+ 
supplemented with 2% FBS and 0.1% sodium azide). The cells 
were aliquoted and stained with fluorescently (APC, PE or 
FITC) labeled antibodies against human cell surface antigens: 
CD34-APC, CD31-PE , Flk1-PE, TIE2-PE, CD144-PE (VE-
Cadherin) and the lectins Ulex europeaus-FITC, Helix 
pomatia-FITC, and Griffonia simplicifolia-FITC. Appropriate 
isotype-matched controls labeled with the same fluorochromes 
were used to determine the degree of non-specific staining or 
using the corresponding competitive sugar when lectin binding 
was examined.    
 
4.3.Transmission Electron Microscopy (TEM) Assessment 
of human ESC-derived ECs 
 Human ESCs-derived ECs were seeded at 4x104 
cells/cm2, onto fibronectin coated 0.4 µm polycarbonate 
membranes at ~20,000 cells/membrane. Cells were suspended 
in EGM2 media and incubated at 37°C with 5% CO2/21% O2 
for 72 to 96-hours post seeding. After incubation, cells were 
fixed in 3% glutaraldehyde. Specimens were post-fixed with 
1% osmium tetroxide, dehydrated with a graded alcohol series, 
and embedded in PolyBed 812 resin. Semi-thin sections (1 
µm) were cut and stained with toluidine blue, and examined 
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by light microscopy to select regions containing cells. Thin 
sections (80 nm) were cut from the regions of the membrane 
containing cells using a diamond knife. Sections were stained 
with uranyl acetate, counter-stained with Reynold’s lead 
citrate, and examined by TEM using a Philips CM 100. 
 
4.4. Matrigel Tube Formation Assay 

A total of 3.5x104cells (hESC-ECs, hESC-SMCs, or 
60/40 mixture of ECs/SMCs) in 10ul of PBS were added to 
each 60 ul aliquot of Matrigel, mixed gently, and added to the 
pre-warmed plates. Mixtures were added as a single three 
dimensional drop per well. After Matrigel solidified 
(approximately 30 minutes), 2.5ml of 50/50 mix of combined 
EC/SMC media was carefully added to each well and the three 
dimensional Matrigel drop was maintained. Tube formation 
was visualized after 3-4 days. 
 
4.5. Immunohistochemical staining 
 Human ESC-ECs analysis for the acetyled LDL 
receptor was performed by incubation of the cells in media 
with 5% FBS containing dil-acetylated low-density lipoprotein 
(dilAcLDL) for 4 hours. After washing, the cells were 
observed by fluorescence microscopy. HUVECs were used as 
a positive control, human ESC- SMCs as a negative 
control.For detection of von Willebrand factor (vWF) and 
endothelial nitric oxide sythanse (eNOS) cells were fixed, 
permeabilized, and incubated at room temperature with 
primary antibody for one hour followed by incubation with 
secondary antibody Alexa Fluor 488 for 30 minutes. After a 
final wash, cells were observed by fluorescence microscopy. 
CD31 and VE-cadherin were detected using mouse anti-
human antibodies. Alexa Fluor 488 goat anti-mouse secondary 
antibody was used for final detection and visualization. For 
hESC-SMCs we examined expression SM22, calponin and 
alpha-smooth muscle actin using primary goat anti-human 



 17 

SM22and mouse anti-human calponin and detected with the 
species matched secondary antibodies labeled with Alexa 
Fluor 488. ProlongGold + Dapi and Hoechst 33258 was 
utilized for slide preparation and nuclear visualization via 
fluorescent microscopy.  
 
4.6. Reverse transcriptase-polymerase chain reaction (RT-
PCR) and quantitative RT-PCR (Q-RT-PCR) 

Total RNA was extracted from HUVEC, 
undifferentiated ES cells, human ESC-ECs and human ESC-
SMCs using an RNeasy kit with homogenization via 
Qiashredder according to the manufacturer’s instructions. 
mRNA was reverse transcribed (RT) to cDNA using an 
Omniscript RT kit following the manufacturer’s instructions. 
Simultaneous RT reactions without reverse transcriptase were 
performed to control for the transcription of contaminating 
genomic DNA. cDNA was amplified with a HotStarTaq PCR 
kit (Qiagen) under the following conditions:  initial 95 C for 
15 minutes, followed by cycles consisting of 94 C for 1 
minute, annealing at variable temperature (as noted in the 
supplemental table) for 1 minute, 72 C for 1 minute, and 72 C 
for 10 minutes after the final cycle. 30 cycles were executed 
for Flk1, 38 cycles for other endothelial primers, and 35 cycles 
for all SMCs primers. The amplified products were separated 
on 1.5% agarose gels and visualized via ethidium bromide 
staining. Additionally, two step Q-RT-PCR was used for 
quantitative analysis. Relative quantitation of genes expression 
compared to beta-actin was generated by the comparative 
threshold cycle (C T) method using Applied Biosystems SDS 
analysis software (version 1.9.1).  
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4.7. Measurement of [Ca 2+] in response to calcium 
signaling agonists 
 Cells were loaded with fura-2 acetoxymethyl ester 
(fura-2 AM) in standard culture media at 37 C for 60 minutes 
in the incubator.  After this incubation, the cells were washed 
with HEPES buffered physiological salt solution (10 mM 
HEPES, 1.25 mM NaH2PO4, 146 mM NaCl, 3 mM KCl, 2 
mM MgCl2:6H2O, 10 mM glucose, 2 mM CaCl2, 1 mM 
Sodium Pyruvate, pH 7.4) and placed on an inverted 
microscope (Olympus) where they were continuously perfused 
with HEPES buffered solution for 20 minutes before imaging. 
The following panel of drugs was tested: Norepinephrine 100 
uM, Carbachol 100 uM, Oxytocin 1 uM, Endothelin-1 100 
nM, 5-Hydroxytryptamine 10 uM, Vasopressin 100 nM, ATP 
10 uM, Bradykinin 1 uM. Each drug was applied for 30 
seconds with recovery time between drug applications varied 
by cellular response. Images were acquired with a 40x oil 
immersion objective, a CoolSNAP digital camera using an 
exposure time of 25 ms. Fura-2 was excited alternately at 340 
and 380 nm using a computer-controlled filter wheel and 
shutter (Luld Electronics Corporation, Hawthorne, NY)  
 
4.8. Limiting Dilution Assay 
 To test the role of Wnt proteins on hESC 
differentiation, two genetically modified M210 cells lines 
were used (one over expressed Wnt1 and the other over 
expressed Wnt5, kindly provided by Dr. Randy Moon, U. of 
Washington) 25. On day 14-15, CD34+ cells were selected from 
each stromal cell coculture and plated at limiting dilution in 96 
well plates with 4x103, 1.3x103, 4x102, 1.3x102, 40, 13, and 4 
cells per well that were pre-coated with fibronectin and 
cultured in hESC-EC media. Cells received media changes 
every 4-5 days and after 15 days wells were scored for growth. 
Progenitor frequencies were calculated and reported 
graphically as progenitor cells per 1000 cells. 
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5. RESULTS 
 
5.1.Characterization of endothelial cells derived from 
human embryonic stem cells 

 
Human ESCs, H9 cell line, were supported to 

differentiate toward vascular progenitor cells through an initial 
step utilizing stromal cell co-culture as described in “Materials 
and Methods”. After culture for 13-15 days, CD34+ cells were 
isolated via immunomagnetic sorting and assessed via flow 
cytometry for vascular and endothelial surface markers (Figure 
5A). For expansion and further endothelial differentiation, 
these cells were placed on fibronectin coated flasks and 
cultured in EGM2 media supplemented with a growth 
enhancing cocktail.Under these culture conditions, after 
approximately 7-10 days  the cells assumed a more uniform 
“couble stone” morphology similar to ECs isolated from other 
sources(Figure 7A,B). Human ESC-derived ECs demonstrated 
typical EC surface antigen expression of CD31, VE-cadherin 
(CD144), CD146, Flk1, lectins, and intracellular markers vWF 
and endothelial cell nitrous oxide synthase (eNOS) (Figure 
5B). Immunofluorescent staining confirmed EC morphology 
and expression of endothelial proteins: CD31, VE-Cadherin, 
vWF, eNOS, as well as uptake of dil-ac-LDL, another 
characteristic of ECs (Figure 6). Furthermore, RT-PCR was 
done to demonstrate expression of transcripts for genes 
commonly expressed by ECs (Figure 8), and the expression 
level of these transcripts was quantified via Q-RT-PCR (Table 
1). Importantly, these human ESC-derived ECs have also 
functional characteristics of ECs. They formed capillary-like 
structures when replated on Matrigel (Figure 7 C,D) and they 
were able to rapidly take up acetyled LDL (Figure 6). 
Transmission electron micrographs (TEM) of hESC-ECs 
showed the presence of microparticles being released from the 
membrane surface of the cell (Figure 9).  
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Figure 5. CD34+ Vascular Progenitor Cells Capable of 
Endothelial Cell Differentiation. (A)  human ESC-derived cells 
after 15 days of differentiation demonstrating expression of CD34, 
CD31, and Flk1 both before (presort) and after (postsort)  
immunomagnetic sorting for CD34+ cells.(B) After sorting, the 
CD34+ cells are placed in EC culture medium on fibronectin coated 
tissue culture flask. After 2-4 passages, expression of EC specific 
surface markers and lectins can be detected by flow cytometry. 
Histograms demonstrate red plot as isotype control or corresponding 
competitive sugar control (for lectins) in each panel, and blue plot is 
stained for surface antigen or lectin, as indicated.  
 
 

 
 
Figure 6. Immunofluorescent staining of human ESC-derived 
ECs: (left to right) CD31, VE-Cadherin, vWF, eNOS and uptake of 
dil-ac-LDL.Original magnification 100x for each plot. Blue signal 
represents DAPI stained nuclei. 
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Figure 7. Characteristics of human ESC-derived ECs. (A-B) 
Morphology of  human ESC-derived ECs cultured on fibronectin 
coated plates in EGM2 media. (C-D) These cells form  capillary- 
like structures when replated on Matrigel. Original magnification: 
x100 (A, D),  x 200 (B), x 20 (C).  
 

 
 
Figure 8. RT-PCR of human ESC-derived ECs. Total cellular 
RNA was isolated from human ESC-derived ECs and sequence-
specific primers for the indicated genes were used for RT-PCR 
analysis. Here, mRNA expression of 7 transcripts for typical EC 
genes as indicated above each row. To control for contaminating 
genomic DNA, reactions were also done under conditions with no 
reverse transcriptase. 
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Figure 9. Transmission Electron Micrograph (TEM) images of 
human ESC derived ECs. Human ESC-derived ECs cultured under 
endothelial cell culture conditions in EGM2 media  show release of 
microparticles of approximately 100nm in size (as indicated by 
arrows) from the cell surface.  
 

 
5.2. Characterization of smooth muscle cells derived from 
human embryonic stem cells 
 

To generate SMCs, human ESC-derived ECs (passage 
3 or 4) are removed from endothelial cell culture media and 
cultured in media containing TGF-β1 and PDGF-BB (Figure 
10). 24 to 36 hours after this change, a complete morphologic 
change of cells can be observed. The cell population converted 
rapidly to a flatter morphology and acquired intracellular 
fibrils as we can see in other SMC cultures (Figure 10). 
Immunofluorescent staining revealed robust expression of 
SM22, calponin, and α-smooth muscle actin (Figure 11 
A,B,C) Notably, HUVECs cultured under SMC conditions 
(with TGF-β1 and PDGF-BB) did not convert to SMC 
morphology. Also, direct culture of the initial human ESC-
derived CD34+ population under SMC conditions did not yield 
stable cultures with SMC morphology or characteristics. 
Furthermore, RT-PCR demonstrated transcripts of typical 
SMC genes (Figure12). Next, we used Q-RT-PCR to more 
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accurately compare expression of transcripts specific for 
smooth muscle cells with expression of transcripts for 
endothelial genes in the populations of human ESC-derived 
ECs and human ESC-derived SMCs (Table 1).When 
compared to the human ESC-derived EC population, the 
human ESC-derived SMCs exhibited a remarkable increase in 
expression of transcripts specific for SMC genes with a 
concomitant decrease in endothelial gene transcripts. In a 
corresponding manner, in the human ESC-derived EC 
population, high levels of endothelial gene transcripts were 
measured at the same time as a very low expression of SMC 
gene transcripts. In contrast, HUVECs under SMC culture 
conditions did not change morphology and they did not show 
an increased expression of SMC genes (Table 2). 
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Figure 11. Immunoflouroscent staining of human ESC-derived 
SMCs (left to right): SM22, αααα-SMA and calponin. Original 
magnification 100X(A),200x(B),400x(C) Blue signal represents 
Hoechst 33258 stained nuclei. 

 

 

 

 

Figure 12. RT-PCR of human ESC-derived SMCs for eight 
common SMCs genes (and β-actin control), as indicated above each 
indicated lane. To control for contaminating genomic DNA, 
reactions were also done under conditions with no reverse 
transcriptase. 
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Table 1. Q-RT-PCR of human ESC-derived ECs and human 
ESC-derived SMCs. Human ESC-derived ECs and human ESC-
derived SMCs were analyzed for expression of typical EC and SMC 
genes. For ECs and SMCs, all values are means with standard 
deviations of three RT-PCR analyses of independent experiments.  
Human ESC-derived ECs express EC-specific genes, whereas human 
ESC-derived SMCs express lower levels of these genes. In contract, 
human ESC-derived SMCs express SMC-specific genes, and human 
ESC-derived ECs express lower levels of these genes. mRNA levels 
were normalized against β-actin. 

 

 

Gene 
 

hESC-ECs hESC-SMCs 

 EC Specific Genes  
CD31 46.29±1.02 0.74±0.05 
Flk1 7.15±1.56 0.01±0.00 
Tie2 9.48±0.14 3.53±2.27 

eNOS 7.56±7.54 2.90±4.09 
VE-cadherin 4.76±5.23 0.00±0.00 

 SMC Specific Genes  
calponin 0.67±0.02 3.1±0.40 

alpha-SMA 11.24±0.52 47.93±20.38 
SM22 0.62±0.06 6.37±1.05 
SM1 1.49±0.55 2.30±0.49 

myocardin 13.39±2.59 45.95±27.85 
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Table 2. Q-RT-PCR of HUVECs. Q-RT-PCR was performed on 
HUVECs cultured in EC and SMCconditions. Here, only EC-
specific genes are expressed by these cells cultured under either EC 
or SMC conditions, and SMC-specific genes are not expressed under 
either condition. mRNA levels were normalized against β-actin. 

 

 
 
 
 
 
 
 
 
 
 
 

Gene 
 

HUVECs in 
EC Culture 

HUVECs in 
SMC Culture 

 EC Specific Genes  
CD31 12459.86 16612.71 
Flk1 4.87 5.91 
Tie2 225.97 598.41 

eNOS 39.8 37.41 
VE-cadherin 6608.01 8902.53 

 SMC Specific Genes  
calponin 0.01 0.12 

alpha-SMA 0.18 0.33 
SM22 0.03 0.06 
SM1 0.02 0.06 

myocardin 0.04 0.22 
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5.3. Enhanced Endothelial Progenitors from Wnt 
Expressing Stromal Cells 
 

To better define conditions that support or enhance 
differentiation of ECs or SMCs from human ESCs, M210 
stromal cells over-expressing either Wnt1 and Wnt5 were used 
to induce differentiation in human ESCs as described29. CD34+ 
cells were isolated and assessed quantitatively for their ability 
to produce endothelial progenitors. Not only were a greater 
number of CD34+ cell obtained, the limiting dilution assay 
also revealed that CD34+ cells isolated from Wnt1 expressing 
stromal cells yielded a higher number of ECs that could be 
subsequently induced to form SMCs, as an indication of 
vascular progenitor cells (Figure13). Wnt5 expressing M210 
cells did not have the same effect.  
 
 

 
Figure 13.Increased Development of CD34+ Vascular Progenitor 
Cells From Wnt1 Expressing Stromal Cell Differentiation. 
Limiting dilution analysis was done to quantify vascular progenitor 
cells from human ESCs allowed to differentiate on M2-10B4 stromal 
cells that did not over-express Wnt proteins, or M2-10B4 cells that 
overexpressed either Wnt1 or Wnt5, as indicated. Numerical values 
shown as progenitor cells per 10,000 cells. Error bars represent 
Standard Error of the Mean of n= 4 individual experiments; * Wnt1 
(p=0.0279) and * Wnt5 (p=0.0309). 



 28 

 

5.4.Functional characterization of human ESC-derived 
endothelial and smooth muscle cells 
 
 To evaluate the functional characteristics of hESC- 
ECs and SMCs, nine different pharmacological agonists were 
used to measure the ability of these cells to respond to stimuli 
by release with a change in intracellular calcium 
concentration.(Figure 14). The majority of the SMC 
population responded to bradykinin, oxytocin and endothelin-1 
and fewer cells demonstrated a response to histamine, ATP, 
serotonin, vasopressin, norephinephrine and carbachol. In 
contrast, the human ESC-derived ECs responded to 
endothelin-1, histamine, bradykinin, as well as carbachol, 
though there was little response to oxytocin or the other 
agonists (Figure 14C). Not only do these results support the 
notion that human ESC-derived ECs and human ESC-derived 
SMCs are distinct populations, but also indicate their ability to 
function in a physiologically appropriate manner. 
Undifferentiated human ESCs were also tested and were found 
only to have a uniform Ca-response to carbachol, ATP, and 
ET-1. While the three populations each have different 
response profiles, the lack of response by human ESC-derived 
ECs and human ESC-derived SMCs to certain agonists 
indicates these cells have not advanced to a fully mature 
phenotype.  

To evaluate functional interactions between the two 
cell types, human ESC-derived ECs and human ESC-derived 
SMCs were cocultured in a Matrigel tube formation assay. 
Here, distinct difference was evident when the two populations 
were cultured together as opposed to being cultured as single 
populations in Matrigel (Figure15).  
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              C 

 
Figure 14. Intracellular calcium response of human ESC-derived 
ECs and human ESC-derived SMC to pharmacological agonists. 
Responses of each cell type were measured via a fluorimetric ratio 
using fura-2. (A) From left to right: human ESC-derived SMC phase 
images, Fura2 loaded human ESC-derived SMCs prior to agonist 
exposure, fluorometric changes post-agonist exposure (oxytocin and 
bradykinin) (B) Representative of time course graph of seven 
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individual hESC-SMCs exposed to oxytocin, ET-1, ATP and 
Bradykinin. (C) Graphic summary comparing responses of 100 
undifferentiated human ESCs, 100 human ESC-derived ECs , and 
105 human ESC-derived SMCs to specific agonsits: bradykinin 
(BK), endothelin-1 (ET-1), oxytocin (Oxy),histamine (Hist), ATP, 
serotonin (5-HT), vasopressin (AVP), norepinephrine (NE), and 
carbachol (Carb).  

 
 
Figure 15. In-vitro Matrigel Tube Formation Assay. Vascular 
tube structures formed in both hESC-derived ECs and hESC-derived 
EC/ SMC cultures, with the cocultured cells interacting to form more 
robust, denser tube structures. (A-C) hESC-derived ECs alone (D-F) 
hESC-derived ECs cocultured with hESC-derived SMCs (G) 
Fluorescent image of GFP-expressing hESC-ECs cocultured with 
mCherry-expressing hESC-SMC,(G) show low power (25X) of both 
cell populations, as well as higher power (200X) of separate GFP 
and mCherry expressing cells, as well as colocalization of 
fluorescent cells with phase image. (Original magnifications: A 40x, 
B 100x, C 400x, D 40x, E 100x F 400x, G 25x and 200x). 
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6. DISCUSSION 
  

In our study, we demonstrate an efficient method to 
differentiate ECs and SMCs from human ESCs in a defined 
stepwise culture system. Two main approaches have been 
utilized by our group and others to support differentiation of 
human ESCs into ECs: stromal cell coculture and EB 
formation9,10,30,31. In contrast to work by Levenberg at al10 
using EB-mediated differentiation, here we used stromal cell 
co-culture with the mouse bone marrow derived stromal cell 
lines (M2-10B4 and S17) as an efficient method to derive 
vascular progenitor cells. Phenotypical and functional 
characteristics of our human ESC-derived ECs including 
morphology, expression of cell-surface antigens, uptake of 
acetylated LDL, and tube formation in Matrigel were 
consistent with the typical EC characteristics. 

 Furthermore, based on studies to derive SMCs from 
other cell populations such as mouse ES cells and adult 
progenitor cells20,21,23, we evaluated the SMC potential of this 
human ESC-derived EC population. In our study, we 
demonstrated that changing the culture conditions to media 
containing TGF-β1 and PDGF-BB resulted in a rapid and 
profound change to SMC morphology confirmed by 
immunophenotyping and gene expression of SMC markers. 
Additionally, these human ESC-derived SMCs demonstrate a 
functional response to calcium signaling agonists similar to 
responses of SMCs in their physiological environments in 
vivo. Notably, the response of human ESC-derived ECs to 
these pharmacological agonists is considerably different than 
the human ESC-derived SMCs. Despite the fact these two 
populations are derived from a common CD34+ vascular 
progenitor cell population, these studies clearly illustrate the 
difference between the two cell types and highlight their 
independent contribution in the structure and function of 
mature vasculature.  
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While ECs and SMCs have been previously derived 
and characterized from human ESCs, our results advance these 
previous results in several important ways. First, we are able 
to demonstrate the potential of a human ESC-derived CD34+ 
cells to produce both ECs and SMCs. Second, this is 
accomplished in a novel, efficient, three phase culture system 
through the development of human ESC-derived ECs and 
subsequent differentiation of human ESC-derived SMC cell 
population. Third, this method of human ESC differentiation is 
scalable to produce the large EC and SMC populations with 
little variability. Finally, in addition to demonstrating distinct 
responses to a variety of pharmacological agents, the two 
populations of ECs and SMCs were successfully combined in 
culture to form more robust, enhanced vascular structures.  

There are at least two mechanisms that may account 
for the ability to derive SMCs from a population of human 
ESC-derived ECs. One possibility is that the initial human 
ESC-derived ECs, generated from the CD34+ vascular 
progenitor population contain a very limited number of SMC 
progenitor cells that remain relatively suppressed under EC 
culture conditions. Then, upon changing the culture from EC 
to SMC conditions, the SMC population rapidly expands, and 
the EC growth is limited, eventually eliminating the human 
ESC-derived EC population from the culture. These potential 
SMC progenitor cells could be in either the main CD34+ cell 
population or the residual CD34 - cells that remain after 
immunomagnetic sorting. Alternatively, and more likely, the 
human ESC-derived ECs may be capable of directly 
converting to an SMC population under the alternative 
conditions. This second hypothesis is supported by the fact 
that human ESC-derived ECs cultured under SMC conditions 
for as little as 24 hours quickly change morphology and no 
EC-like cells are observed. In attempts to derive human ESC-
derived SMC directly from the CD34+ population, cells placed 
under SMC conditions did not give rise to viable cultures. The 
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two main factors that contributed to this fate were low plating 
efficiency and no detectable cell proliferation of plated cells. 
Moreover, typical EC characteristics such as the expression of 
EC markers and tube formation capabilities are also quickly 
diminished. Further studies are required to better define and 
validate the mechanisms of differentiation operating in these 
cultures.  
 Mouse ESCs have been previously used to model both 
EC and SMC development including characterization of Flk1+ 
cells capable of producing ECs, SMCs, and hematopoietic 
cells25. While both ECs and SMCs could be derived from this 
population, they were cultured and expanded as separate 
populations and the SMCs did not differentiate from the EC 
population. It is important to note that other more definitive or 
mature EC populations such as HUVECs are not able to 
convert to SMCs under the same conditions that induce 
differentiation from human ESC-derived ECs to human ESC-
derived SMCs. This partially clarifies the difference in 
developmental potential of fetal ECs and human ESC-derived 
ECs.  

A recent study also found separate outgrowth of ECs 
and SMCs from a CD34+ population selected from EBs32.  
While these populations display phenotypes similar to the cell 
described in our study, it is important to note the differences in 
methods and in the secondary characteristics of the 
populations. The method for generating SMCs featured in our 
work occurs via a human ESC-derived ECs intermediate in a 
stepwise differentiation process. By using the stromal cell 
coculture method outlined in this study, a greater potential to 
study the CD34+ progenitor population exists.  

In addition to defining the phenotypic function of 
human ESC-derived ECs and SMCs, it is possible to further 
control the differentiation environment via co-culture through 
the use of genetically modified stromal cells or additional 
media supplements. In this study, use of Wnt1- and Wnt5-
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overexpressing M210 stromal cells not only increased the 
quantity of CD34+ progenitors, but also the coexpression of 
typical EC surface antigens, such as CD31 and Flk1. 

The field of cardiovascular regenerative medicine is 
rapidly progressing. Multiple studies have evaluated the ability 
of different cell populations to mediate cardiac repair and/or 
improved function both using model animals and clinical 
studies.33-35 Most of these studies use heterogenous or poorly 
defined cell populations such as myocytes, whole bone 
marrow or, mesenchymal stem cells, and the mechanisms that 
lead to improved function are often not clear. While 
improvement of cardiac function has been demonstrated in 
rodent models36,37, these findings do not always translate to 
similar efficacy in clinical trials38,39. Use of human ESC-
derived cells can be utilized to better identify cells most 
effective at cardiovascular repair. Specifically, use of human 
ESCs with stable expression of fluorescent proteins as 
described here, and bioluminescent imaging via luciferase-
expressing cells, as demonstrated previously40 , can be used to 
better define the contribution of defined cell populations in 
pre-clinical models of ischemia. While human ESC-derived 
cells are not yet suitable for clinical trials, studies of these cell 
populations can help to better identify cells from bone marrow 
or other adult tissue that may be most effective at 
cardiovascular repair. It is most likely that truly efficient 
cardiovascular repair will require a combination of all 
naturally occurring vascular components (ie endothelial, 
smooth muscle, pericyte, and cardiomyocyte cells). Using a 
coculture differentiation system such as the one outlined in 
this study provides a tool for isolating all of these cell types as 
they arise during the differentiation process. This method is 
highly effective, reproducible, and fulfills the desire to to 
derive all cell types from a single source.  
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6. CONCLUSIONS 
 

In our study, we demostrate great potential of human 
ESCs (H9 cell line) to differentiate into both ECs and SMCs in 
a defined stepwise fashion via a novel three-phase culture 
system. We show that these cells can be expanded in culture 
and induced to maintain distinct phenotypic and functional 
characteristics of both ECs and SMCs as demonstrated by 
detailed analyses. Here, we also demonstrate more complete 
fuctional characterization of the human ESC-derived ECs and 
SMCs including calcium imaging to define distinct responses 
to a panel of nine agonists. We also show an increase in the 
number and quality of CD34+ vascular progenitor cells derived 
using Wnt1-expressing M210 stromal cell layers during the 
initial differentiation period. This population of CD34+ cells 
produced a higher percentage of  endothelial progenitors.  

Our human ESC-derived EC and SMC model provides 
important insight into human vascular development as well as 
a source of preliminary data for future design of clinical 
vascular regenerative therapies. Most importantly, this system 
elucidates more closely the relationship between ECs and 
SMCs. The stepwise differentiation outlined here is an 
efficient, reproducible method with great potential for large-
scale cultures suitable for clinical applications. 
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