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1. SUMMARY

Aims of the study: We hypothesized that the optimal source
of cell for vascular regeneration will be the proigar cells
derived from human embryonic stem cells (ESCs) tviuan
differentiate both into endothelial cells (ECs) aell as
vascular smooth muscle cells (SMCs). We propostegb if
the population of human ESCs, H9 cell line, carvesdhis
role.

Material and methods: Human ESCs were cocultured with
stromal cells S17, M2-10B4 or Wntl expressing MB4.@ell
line to generate a CD34+ cell population. AftertffaD34+
cells were sorted and cultured in media contairspgcific
cytokines to generate ECs. To induce SMC diffeeiuin
from ECs, culture conditions were changed to media
containing platelet-derived growth factor-BB (PDBB) and
transforming growth factor-beta 1 (TGH). Phenotypic and
functional characteristics of these populations ewer
demonstrated by flow cytometry, immunohistochemjse-
RT-PCR, tube formation assay, and response to ucalci
signaling agonists.

Results: CD34+ vascular progenitor cells derived from human
ESCs give rise to ECs and SMCs. These two popuaktio
express cell specific transcripts and proteins, ilgixh
intracellular calcium in response to various agshiand form
robust tube-like structures when cocultured in Mair Wntl
overexpressing stromal cells produced an increagater of
progenitor cells.

Conclusions: Here, we demostrate great potential of human
ESCs (H9 cell line) to differentiate into both E&dsd SMCs in

a novel three-phase culture system. The abilityge¢oerate
large numbers of ECs and SMCs from a single vascula
progenitor cell population is promising for therape use.
The stepwise differentiation outlined in our work &an
efficient, reproducible method with potential farde-scale
cultures suitable for clinical applications.



2. INTRODUCTION

There is now growing evidence that human embryonic
stem cells (ESCs) provide an important source dis de
define the cellular and molecular mechanism of wksc
development, as well as the developmental reldtipns
between endothelial (ECs) and smooth muscle c8N4Cs).
Moreover, they are also highlighted as a promigiogentially
unlimited source of cells for vascular regenerative
approachés’.

Human ESCs are in vitro cultured pluripotent cells
derived from the inner cell mass of preimplanteastucysts.
They give rise to stable pluripotent cell linestthee capable
of unlimited proliferation under specific culturerditions.
Human ESCs can be differentiated into represemtativ
derivatives of all three embryonic germ layers imovand in
vivo*®. Since their first derivation by Thomson et®ait has
been shown that human ESCs can differentiate iatmws
lineages of cells, including hematopoietic cellsuimons, bone,
cartilage, muscle, cardiomyocytes, pancreatic cells
hepatocytes and vascular céllShese cells appear to be
weakly immunogenic, expressing only moderate amaint
major histocompatibility complex (MHC) class | andt any
MHC class Il proteiné. Therefore, human ES cells may play
important role in stem cell-based regenerative meeli

During the last few vyears, several groups of
investigators have explored the endothelial poaéofi human
ESCs. Two main approaches have been used for mgyify
progenitor ECs from human ESCs: selecting 3-dinweradi
embryoid bodies (EBs) for specific cell-surface euniles®®
and supplementing feeder layers or the medium wvatfious
growth factor§"*2 The first human ESC-derived endothelial
progenitors were isolated from 13-day-old EBs bpwfl
cytometry of PECAMIcells cultured in EGM2 media
containing specific cytokiné$ It was shown that human ESC-
derived ECs displayed characteristics similar tcscusar
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endothelium and expressed typical EC markers ginida
those expressed in human umbilical vein endothel&ls
(HUVECS), such as VE-cad, VWF, PECAM1 and Dil-AC-
LDL uptake. Furthermore, these cells displayed pheper
organization of endothelial junctions, were capaifléorming
tubelike structures in vitro and generating capjllstructures
when embedded in sponges. Their transplantatiom int
immunodeficient mice resulted in the formation of
microvesselg.

The majority of angiogenesis research focus on the
regulation of endothelium, but vascular SMCs arso al
important participants in formation of blood vessalascular
SMCs play critical roles in structural and functbsupport of
the vascular network by stabilizing nascent end@theessels
during vascular development and blood vessel growth
Moreover, differentiation and phenotypic plasticitgf
vascular SMCs play important role also in many huma
diseases including atherosclerosis, cancer, anerteysion’.

SMCs are heterogeneous cells with a wide range of
different phenotypes at different developmentabesta and
even in adult organisms the SMCs are not terminally
differentiated®. Phenotypically, SMCs differ from cardiac and
skeletal muscle cells not only by their expressibrspecific
contractile proteins including-SMA, calponin-1, SM2@ and
smooth muscle myosin heavy chain (SM-MHC), but digo
their plasticity or ability to reenter to cell cgchnd exhibit a
,synthetic* phenotype, secreting ECM protéfid In
addition, even for SMCs derived from the same cendg cell
source, considerable differences in gene expressim, and
little is known about developmental and phenotypic
differences between visceral and vascular SK¥G3ultured
SMCs could rarely be stably maintained and aretdichin the
capacity for regulatory mechanism and pathway egiti
therefore intense researches have been focusedpborieg
the molecular mechanisms of SMC differentiaton uigto

11



inducible in vitro SMC differentiation systems. Maprogress
has been made in the last decade to differentist€sSfrom
mouse ESCs and other types of adult stem?€éflsAlthough
most of these studies have demonstrated the presehc
proteins consistent with SMC phenotype, only feweha
addressed whether the differentiated cells alse Hfanctional
properties of SMCs. Recently, SMCs were characdraso
during human ESC differentiation. For instance, hpat af*
established in vitro SMC differentiation systemthbsating the
monolayer-cultivated human ESCs with all-transn@t acid.

While we already have some evidence for the
existence of a hemangioblast, the common precudfor
hematopoietic and ECs, the developmental relatipnsh
between ECs and SMCs is still less well charaadrizSome
works using mouse ESCs suggest the existence omoom
precursor of ECs and SMEs Another study with human
ESCs described the population of vascular progeraédls
derived from human ESCs which have the ability to
differentiate into endothelial-like and smooth nladike
cells’®. Despite multiple methods of SMC differentiatidhe
exact lineage relation between ECs and SMCs hademn
elucidated.

Recent advances in stem cell technology suggest tha
stem cell-derived vasculogenic cells may play ingatr role
in vascular regenerative approaches. Since humarelsScan
be grown in virtually unlimited numbers, these sgirovide
an appealing alternative to adult stem cells ang seave as a
stable potential source of therapeutic ECs. Hum8&<£are
advantageous in many aspects when compared wigh Btbs
and SMCs origins, due to their high proliferaticapability,
pluripotency, and low immunogenity. However, thare still
many challanges and obstacles to overcome befergision
of using embryonic vascular progenitor cell in tiimic 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 ofcwias
development. They also hold a strong potentiataéattor even
cure many diseases in the future.

In our study, we hypothesized that the optimal sewf
cell to regenerate arterioles and arteries in isihalisease
will be a bi-potential cells derived from human ESBat can
differentiate both into endothelial cells as we#l @ascular
smooth muscle cells. We propose to test if the [adion 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 fasaular
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 retetiop
between ECs and SMCs, as well as provide a moreleten
biological characterization of these cells deriviem human
ESCs.
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4. MATERIALS AND METHODS

4.1. Cell culture:

Undifferentiated hESCs (H9 cell line)revecultured as
previously describéd’. Human ESCs were maintained as
undifferentiated cells by co-culture with mitomycic
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 mM3-mercaptoethanol, 8 ng/ml basic fibroblast
growth factor (bFGF), and 1% Penicilin/Streptomycin
Undifferentiated cells were fed daily with fresh die and
passaged onto new MEFs approximately every 5-7 days
needed. hESCs expressing mCherry florescent pretene
generated using lentiviral transduction techniqnd BESCs
expressing GFP were generated using sleeping beauty
transduction method (Amaxa).

To promote endothelial differentiationESC were
cultured as previously descritf&dBriefly, the undifferentiated
hESCs were passaged onto mitomycin C inactivatedseno
bone marrow-derived stromal cell line S17 or M240&lIs
in RPMI 1640 media supplemented with 15% fetal hevi
serum (FBS), 1% MEM-nonessential amino acids , 1% L
glutamine and 0.198-mercaptoethanol for 13-15 days. After
that, differentiated hESCs were dissociated withg/tnh
collagenase IV , followed by 0.05% trypsin/0.53mMEA , a
single cell suspension was generated, and the pulation of
CD34 cells were isolated using magnetic nanoparticle
technology (EasySep Selection Kit, StemCell Teobgiek).

The CD34 population was cultured on fibronectin
coated tissue culture flasks in EGM2 complete media
consisting of basal media (EBM2) supplemented V&
FBS, vascular endothelial growth factor (VEGF), ibas
fibroblast growth factor (bFGF), insulin-like grdwfactor-1
(IGF-1), epidermal growth factor (EGF), heparingd ascorbic
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acid. This population, human ESC-derived ECs, wgoavn

to 80% confluence and serially passaged in paratligh
HUVEC cells which functioned as a positive contiolall
experiments.To obtain smooth muscle cells, a portibthe
human ESC-derived EC cells established in cultuerew
placed in high glucose Dulbecco modified Eagle medi
(DMEM) containing 5% FBS, 5 ng/mL platelet-derived
growth factor-BB (PDGF-BB)and 2.5 ng/mL transforgin
growth factor-beta 1 (TGB1).

4.2. Flow Cytometry

The dissociated cells were centrifuged, washed and
resuspended in FACS buffer (PBS without*Cand Mdg"
supplemented with 2% FBS and 0.1% sodium azidej.CEfis
were aliquoted and stained with fluorescently (ARRE or
FITC) labeled antibodies against human cell surtat&gens:
CD34-APC, CD31-PE , FIk1-PE, TIE2-PE, CD144-PE (VE-
Cadherin) and the lectindJlex europeausITC, Helix
pomatiaFITC, andGriffonia simplicifoliaFITC. Appropriate
isotype-matched controls labeled with the samerfickiromes
were used to determine the degree of non-spedc#inisg or
using the corresponding competitive sugar wherndshding
was examined.

4.3.Transmission Electron Microscopy (TEM) Assessnmg
of human ESC-derived ECs

Human ESCs-derived ECs were seeded at “4x10
cells/cnf, onto fibronectin coated 0.4 pm polycarbonate
membranes at ~20,000 cells/membrane. Cells wepesdsd
in EGM2 media and incubated at 37°C with 5%.,20% G
for 72 to 96-hours post seeding. After incubatioglls were
fixed in 3% glutaraldehyde. Specimens were postefixvith
1% osmium tetroxide, dehydrated with a graded atséries,
and embedded in PolyBed 812 resin. Semi-thin sextid
um) were cut and stained with toluidine blue, ardngined
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by light microscopy to select regions containingiscerhin
sections (80 nm) were cut from the regions of tlemirane
containing cells using a diamond knife. Sectionsenstained
with uranyl acetate, counter-stained with Reynoldéad
citrate, and examined by TEM using a Philips CM.100

4.4. Matrigel Tube Formation Assay

A total of 3.5x10cells (hESC-ECs, hESC-SMCs, or
60/40 mixture of ECs/SMCs) in 10ul of PBS were atitie
each 60 ul aliquot of Matrigel, mixed gently, ardtiad to the
pre-warmed plates. Mixtures were added as a sitigiee
dimensional drop per well. After Matrigel solidifie
(approximately 30 minutes), 2.5ml of 50/50 mix ohtbined
EC/SMC media was carefully added to each well &edhree
dimensional Matrigel drop was maintained. Tube fation
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 cellariedia
with 5% FBS containing dil-acetylated low-densifyolprotein
(dilAcLDL) for 4 hours. After washing, the cells vee
observed by fluorescence microscopy. HUVECs wees @s
a positive control, human ESC- SMCs as a negative
control.For detection of von Willebrand factor (vyVBEnd
endothelial nitric oxide sythanse (eNOS) cells wéred,
permeabilized, and incubated at room temperaturth wi
primary antibody for one hour followed by incubatiavith
secondary antibody Alexa Fluor 488 for 30 minutkier a
final wash, cells were observed by fluorescenceranopy.
CD31 and VE-cadherin were detected using mouse anti
human antibodies. Alexa Fluor 488 goat anti-mogsmisdary
antibody was used for final detection and visudlira For
hESC-SMCs we examined expression SM22, calponin and
alpha-smooth muscle actin using primary goat amtidin
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SM22and mouse anti-human calponin and detected téh
species matched secondary antibodies labeled widéxaA
Fluor 488. ProlongGold + Dapi and Hoechst 33258 was
utilized for slide preparation and nuclear visugtian via
fluorescent microscopy.

4.6. Reverse transcriptase-polymerase chain reactidRT-
PCR) and quantitative RT-PCR (Q-RT-PCR)

Total RNA was extracted from HUVEC,
undifferentiated ES cells, human ESC-ECs and huEBG-
SMCs using an RNeasy kit with homogenization via
Qiashredder according to the manufacturer’'s instuos.
MRNA was reverse transcribed (RT) to cDNA using an
Omniscript RT kit following the manufacturer’s insttions.
Simultaneous RT reactions without reverse transasewere
performed to control for the transcription of caniaating
genomic DNA. cDNA was amplified with a HotStarTaGR
kit (Qiagen) under the following conditions: iaiti95 C for
15 minutes, followed by cycles consisting of 94 @ fl
minute, annealing at variable temperature (as natethe
supplemental table) for 1 minute, 72 C for 1 minated 72 C
for 10 minutes after the final cycle. 30 cycles evexecuted
for FIk1, 38 cycles for other endothelial primexad 35 cycles
for all SMCs primers. The amplified products weeparated
on 1.5% agarose gels and visualized via ethidiuomine
staining. Additionally, two step Q-RT-PCR was uskxt
quantitative analysis. Relative quantitation of geexpression
compared to beta-actin was generated by the comhmara
threshold cycle (C T) method using Applied BiosyseSDS
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 forrm&inutes
in the incubator. After this incubation, the cedlere washed
with HEPES buffered physiological salt solution (h@M
HEPES, 1.25 mM NajPO,, 146 mM NaCl, 3 mM KCI, 2
mM MgCl,:6H,O, 10 mM glucose, 2 mM Cagll mM
Sodium Pyruvate, pH 7.4) and placed on an inverted
microscope (Olympus) where they were continuoushjysed
with HEPES buffered solution for 20 minutes befonaging.
The following panel of drugs was tested: Norepimig@h100
uM, Carbachol 100 uM, Oxytocin 1 uM, Endothelin-001
nM, 5-Hydroxytryptamine 10 uM, Vasopressin 100 mvI,P
10 uM, Bradykinin 1 uM. Each drug was applied fd 3
seconds with recovery time between drug applicatioaried
by cellular response. Images were acquired withOx dil
immersion objective, a CoolSNAP digital camera gsan
exposure time of 25 ms. Fura-2 was excited altelypatt 340
and 380 nm using a computer-controlled filter whaed
shutter (Luld Electronics Corporation, Hawthorn&)N

4.8. Limiting Dilution Assay

To test the role of Wnt proteins on hESC
differentiation, two genetically modified M210 c=lllines
were used (one over expressed Wntl and the other ov
expressed Wnt5, kindly provided by Dr. Randy Mobhn,of
Washingtony®. On day 14-15, CD34cells were selected from
each stromal cell coculture and plated at limitililgtion in 96
well plates with 4x1% 1.3x16, 4x1¢, 1.3x16G, 40, 13, and 4
cells per well that were pre-coated with fibronecend
cultured in hESC-EC media. Cells received mediangba
every 4-5 days and after 15 days wells were sciaregrowth.
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 rbm
human embryonic stem cells

Human ESCs, H9 cell line, were supported to
differentiate toward vascular progenitor cells tigb an initial
step utilizing stromal cell co-culture as descriletMaterials
and Methods”. After culture for 13-15 days, CD3#lls were
isolated via immunomagnetic sorting and assessadlow
cytometry for vascular and endothelial surface megKFigure
5A). For expansion and further endothelial diffeiaion,
these cells were placed on fibronectin coated $laskd
cultured in EGM2 media supplemented with a growth
enhancing cocktail.Under these culture conditiomadter
approximately 7-10 days the cells assumed a moiferm
“couble stone” morphology similar to ECs isolateon other
sources(Figure 7A,B). Human ESC-derived ECs dematest
typical EC surface antigen expression of CD31, \dHbkerin
(CD144), CD146, FIk1, lectins, and intracellularrkeas vWF
and endothelial cell nitrous oxide synthase (eN@Sgure
5B). Immunofluorescent staining confirmed EC moipy
and expression of endothelial proteins: CD31, VEHsin,
VWF, eNOS, as well as uptake of dil-ac-LDL, another
characteristic of ECs (Figure 6). Furthermore, ROIRPwas
done to demonstrate expression of transcripts feneg
commonly expressed by ECs (Figure 8), and the sxjme
level of these transcripts was quantified via QIRJIR (Table
1). Importantly, these human ESC-derived ECs hdge a
functional characteristics of ECs. They formed tapyi-like
structures when replated on Matrigel (Figure 7 GBYl they
were able to rapidly take up acetyled LDL (Figurg 6
Transmission electron micrographs (TEM) of hESC-ECs
showed the presence of microparticles being retetieen the
membrane surface of the cell (Figure 9).
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Figure 5. CD34+ Vascular Progenitor Cells Capable fo
Endothelial Cell Differentiation. (A) human ESC-derived cells
after 15 days of differentiation demonstrating egsion of CD34,
CD31, and FIk1 both before (presort) and after tgmws)
immunomagnetic sorting for CD34+ ce(B) After sorting, the
CD34+ cells are placed in EC culture medium onofitlectin coated
tissue culture flask. After 2-4 passages, expressioEC specific
surface markers and lectins can be detected by #igtemetry.
Histograms demonstrate red plot as isotype cootrgbrresponding
competitive sugar control (for lectins) in each @laand blue plot is
stained for surface antigen or lectin, as indicated

Figure 6. Immunofluorescent staining of human ESC-drived
ECs: (left to right) CD31, VE-Cadherin, vWF, eNOS arutake of
dil-ac-LDL.Original magnification 100x for each pld@lue 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 dirdinectin
coated plates in EGM2 medié&C-D) These cells form capillary-
like structures when replated on Matrigel. Origimaagnification:
x100 (A, D), x 200 (B), x 20 (C).

R-actin
VE-cadherin
eNOS

Flk1
CD31
CD34
vWF
Tie2

Figure 8. RT-PCR of human ESC-derived ECs Total cellular
RNA was isolated from human ESC-derived ECs andiessce-
specific primers for the indicated genes were ukEdRT-PCR
analysis. Here, mRNA expression of 7 transcripts tfgical EC
genes as indicated above each row. To control dotacninating
genomic DNA, reactions were also done under cambtiwith no

reverse transcriptase.
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Figure 9. Transmission Electron Micrograph (TEM) images of
human ESC derived ECsHuman ESC-derived ECs cultured under
endothelial cell culture conditions in EGM2 medshow release of
microparticles of approximately 100nm in size (aslicated by
arrows) from the cell surface.

5.2. Characterization of smooth muscle cells derigdefrom
human embryonic stem cells

To generate SMCs, human ESC-derived ECs (passage

3 or 4) are removed from endothelial cell culturedm and
cultured in media containing TR and PDGF-BB (Figure
10). 24 to 36 hours after this change, a complaetgphologic
change of cells can be observed. The cell populaimverted
rapidly to a flatter morphology and acquired ingthdar
fibrils as we can see in other SMC cultures (Figaf.
Immunofluorescent staining revealed robust expoessf
SM22, calponin, anda-smooth muscle actin (Figure 11
A,B,C) Notably, HUVECs cultured under SMC conditson
(with TGFf1 and PDGF-BB) did not convert to SMC
morphology. Also, direct culture of the initial ham ESC-
derived CD32 population under SMC conditions did not yield
stable cultures with SMC morphology or charactigst
Furthermore, RT-PCR demonstrated transcripts ofc#&yp
SMC genes (Figurel2). Next, we used Q-RT-PCR toemor
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accurately compare expression of transcripts gpeddr
smooth muscle cells with expression of transcrifis
endothelial genes in the populations of human E&Ged
ECs and human ESC-derived SMCs (Table 1).When
compared to the human ESC-derived EC population, th
human ESC-derived SMCs exhibited a remarkable &serén
expression of transcripts specific for SMC geneshwa
concomitant decrease in endothelial gene transcrijpt a
corresponding manner, in the human ESC-derived EC
population, high levels of endothelial gene traipssrwere
measured at the same time as a very low expres§i&MC
gene transcripts. In contrast, HUVECs under SMCucel
conditions did not change morphology and they ditl show

an increased expression of SMC genes (Table 2).

Human ESCs |::> Culture in EGM2+ |::> Culture in DMEM+
on stromal cell line VEGF, bFGF, EGF, IGF-1 PDGF-BB+TGF-f1

| l |

Figure 10. Schema of derivation of ECs and SMCs from hmnan ESCs based on defined culture conditions. First,
human ESCs, HY cell line, were allowed to differentiate by stromal cell co-culture with movse bone marrow-derived
stromal cell line 817 for 10-15 days. Then, endothelial cell development was supported using EGM2 media containing
specific cytokines (WVEGF, bFGF, EGF and IGF-1). Next, these human ESC-derived ECs were cultured in DIVERM
media containing TGFR1 and PDGF-BE to promote SMC differentiation. Photomicrographs show hESC-derived ECs
with characteristic EC morphaology. (Original magnification 100x). After change to SMC conditions, cells flatten out
and show pronounced intracellular fibrils. (Original magnification100z).
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SM22 alfa-SMA calponin

Figure 11. Immunoflouroscent staining of human ESQierived
SMCs (left to right): SM22, a-SMA and calponin. Original
magnification 100X(A),200x(B),400x(C) Blue signakpresents
Hoechst 33258 stained nuclei.

smoothelin
myvocardin

R-actin
calponin
a-SMA
SM22
APEG
SMLim

SMI

Figure 12. RT-PCR of human ESC-derived SMCs for eigt
common SMCs genegandf-actin control), as indicated above each
indicated lane. To control for contaminating genomiDNA,
reactions were also done under conditions with mwense
transcriptase.
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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+27.8b

Table 1. Q-RT-PCR of human ESC-derived ECs and huma
ESC-derived SMCs.Human ESC-derived ECs and human ESC-
derived SMCs were analyzed for expression of tyfa and SMC
genes For ECs and SMCs, all values are means with stdndar
deviations of three RT-PCR analyses of indepenégperiments
Human ESC-derived ECs express EC-specific genes;egh human
ESC-derived SMCs express lower levels of these gydnecontract,
human ESC-derived SMCs express SMC-specific gameshuman
ESC-derived ECs express lower levels of these gem@bIA levels

were normalized againptactin.
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Gene HUVECs in HUVECs in
EC Culture SMC Culture
EC Specific Genes
CD31 12459.86 16612.71
Flk1 4.87 591
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

Table 2. Q-RT-PCR of HUVECs. Q-RT-PCR was performed on
HUVECs cultured in EC and SMCconditions. Here, oit{-

specific genes are expressed by these cells cdlturder either EC
or SMC conditions, and SMC-specific genes are Rptassed under

either condition. mRNA levels were normalized agafactin.
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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, NI21
stromal cells over-expressing either Wntl and Wvebe used
to induce differentiation in human ESCs as desdfib€D34"
cells were isolated and assessed quantitativelyhtr ability
to produce endothelial progenitors. Not only wergraater
number of CD34 cell obtained, the limiting dilution assay
also revealed that CD34ells isolated from Wntl expressing
stromal cells yielded a higher number of ECs thaild be
subsequently induced to form SMCs, as an indicatibn
vascular progenitor cells (Figurel3)nt5 expressing M210
cells did not have the same effect.

100

B0 *

&0
40

"1 1
Regular Wntl Wnts

Figure 13.Increased Development of CD34+ Vasculan®&genitor
Cells From Wntl Expressing Stromal Cell Differentidion.
Limiting dilution analysis was done to quantify eatar progenitor
cells from human ESCs allowed to differentiate o2-MB4 stromal
cells that did not over-express Wnt proteins, or-MB4 cells that
overexpressed either Wntl or Wnt5, as indicatednéfical values
shown as progenitor cells per 10,000 cells. Errarsbrepresent
Standard Error of the Mean of n= 4 individual expents; * Wntl
(p=0.0279) and * Wnt5 (p=0.0309).
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5.4.Functional characterization of human ESC-derivd
endothelial and smooth muscle cells

To evaluate the functional characteristics of hESC
ECs and SMCs, nine different pharmacological agemere
used to measure the ability of these cells to nedgo stimuli
by release with a change in intracellular calcium
concentration.(Figure 14). The majority of the SMC
population responded to bradykinin, oxytocin andathelin-1
and fewer cells demonstrated a response to histaminP,
serotonin, vasopressin, norephinephrine and caohadh
contrast, the human ESC-derived ECs responded to
endothelin-1, histamine, bradykinin, as well asbaahol,
though there was little response to oxytocin or tibker
agonists (Figure 14C). Not only do these resulfgoeu the
notion that human ESC-derived ECs and human ESQeder
SMCs are distinct populations, but also indicatrthbility to
function in a physiologically appropriate manner.
Undifferentiated human ESCs were also tested amd feeind
only to have a uniform Ca-response to carbacholP Adnd
ET-1. While the three populations each have differe
response profiles, the lack of response by huma+-&Sived
ECs and human ESC-derived SMCs to certain agonists
indicates these cells have not advanced to a fullture
phenotype.

To evaluate functional interactions between the two
cell types, human ESC-derived ECs and human ESi&eder
SMCs were cocultured in a Matrigel tube formatissay.
Here, distinct difference was evident when the pwpulations
were cultured together as opposed to being cultasesingle
populations in Matrigel (Figurel5).
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Figure 14. Intracellular calcium response of humareESC-derived
ECs and human ESC-derived SMC to pharmacological amists.
Responses of each cell type were measured visodrfiatric ratio
using fura-2 (A) From left to right: human ESC-derived SMC phase
images, Fura2 loaded human ESC-derived SMCs poicaigbnist
exposure, fluorometric changes post-agonist exgofxytocin and
bradykinin) (B) Representative of time course graph of seven
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individual hESC-SMCs exposed to oxytocin, ET-1, ATdhd
Bradykinin. (C) Graphic summary comparing responses of 100
undifferentiated human ESCs, 100 human ESC-deri@€d , and
105 human ESC-derived SMCs to specific agonsitadykinin
(BK), endothelin-1 (ET-1), oxytocin (Oxy),histamir{élist), ATP,
serotonin (5-HT), vasopressin (AVP), norepinephriidE), and
carbachol (Carb).

hESC-EC+

Figure 15. In-vitro Matrigel Tube Formation Assay. Vascular
tube structures formed in both hESC-derived ECshdeiC-derived
EC/ SMC cultures, with the cocultured cells intéirag to form more
robust, denser tube structurés-C) hESC-derived ECs alor®-F)
hESC-derived ECs cocultured with hESC-derived SM@)
Fluorescent image of GFP-expressing hESC-ECs agedltwith
mCherry-expressing hESC-SMC,(G) show low power (2&both
cell populations, as well as higher power (200X)separate GFP
and mCherry expressing cells, as well as colod#diza of
fluorescent cells with phase image. (Original mégaiions: A 40x,
B 100x, C 400x, D 40x, E 100x F 400x, G 25x andx}00
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6. DISCUSSION

In our study, we demonstrate an efficient method to
differentiate ECs and SMCs from human ESCs in anddf
stepwise culture system. Two main approaches haen b
utilized by our group and others to support diffeisgtion of
human ESCs into ECs: stromal cell coculture and EB
formatior’'*%**3! In contrast to work by Levenberg at'al
using EB-mediated differentiation, here we usednsél cell
co-culture with the mouse bone marrow derived salocell
lines (M2-10B4 and S17) as an efficient method éive
vascular progenitor cells. Phenotypical and fumaio
characteristics of our human ESC-derived ECs inotud
morphology, expression of cell-surface antigensiakg 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 ahdt a
progenitor cell®?** we evaluated the SMC potential of this
human ESC-derived EC population. In our study, we
demonstrated that changing the culture conditiansnédia
containing TGH31 and PDGF-BB resulted in a rapid and
profound change to SMC morphology confirmed by
immunophenotyping and gene expression of SMC marker
Additionally, these human ESC-derived SMCs demaista
functional response to calcium signaling agonistsilar to
responses of SMCs in their physiological environtseim
vivo. Notably, the response of human ESC-deriveds BE©C
these pharmacological agonists is considerabhemdifft than
the human ESC-derived SMCs. Despite the fact these
populations are derived from a common CD3dscular
progenitor cell population, these studies clealtlysirate the
difference between the two cell types and highligineir
independent contribution in the structure and fioamctof
mature vasculature.
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While ECs and SMCs have been previously derived
and characterized from human ESCs, our resultsnagvinese
previous results in several important ways. Fingt, are able
to demonstrate the potential of a human ESC-der®84
cells to produce both ECs and SMCs. Second, this is
accomplished in a novel, efficient, three phaséucelsystem
through the development of human ESC-derived EGH an
subsequent differentiation of human ESC-derived St&Q
population. Third, this method of human ESC diffeiation is
scalable to produce the large EC and SMC popukatigith
little variability. Finally, in addition to demonsiting distinct
responses to a variety of pharmacological agehs, tivo
populations of ECs and SMCs were successfully coetbin
culture to form more robust, enhanced vasculacstras.

There are at least two mechanisms that may account
for the ability to derive SMCs from a population lefiman
ESC-derived ECs. One possibility is that the ihitlaman
ESC-derived ECs, generated from the CD3dascular
progenitor population contain a very limited numbérSMC
progenitor cells that remain relatively suppresseder EC
culture conditions. Then, upon changing the culfuoen EC
to SMC conditions, the SMC population rapidly exggnand
the EC growth is limited, eventually eliminatingetfiuman
ESC-derived EC population from the culture. Theseemtial
SMC progenitor cells could be in either the main3@cell
population or the residual CD34cells that remain after
immunomagnetic sorting. Alternatively, and moreelik the
human ESC-derived ECs may be capable of directly
converting to an SMC population under the alteueati
conditions. This second hypothesis is supportedhey fact
that human ESC-derived ECs cultured under SMC tiondi
for as little as 24 hours quickly change morphol@md no
EC-like cells are observed. In attempts to derivenéin ESC-
derived SMC directly from the CD34population, cells placed
under SMC conditions did not give rise to viabléues. The

32



two main factors that contributed to this fate wieng plating
efficiency and no detectable cell proliferationpdéted cells.
Moreover, typical EC characteristics such as thmassion of
EC markers and tube formation capabilities are glsakly
diminished. Further studies are required to bealttfine and
validate the mechanisms of differentiation opergtim these
cultures.

Mouse ESCs have been previously used to model both
EC and SMC development including characterizatibRlkl”
cells capable of producing ECs, SMCs, and hemagtipoi
cells™. While both ECs and SMCs could be derived frors thi
population, they were cultured and expanded asra&pa
populations and the SMCs did not differentiate frtva EC
population. It is important to note that other mdedinitive or
mature EC populations such as HUVECs are not able t
convert to SMCs under the same conditions that dadu
differentiation from human ESC-derived ECs to huriSsC-
derived SMCs. This partially clarifies the diffecen in
developmental potential of fetal ECs and human B&@+ed
ECs.

A recent study also found separate outgrowth of ECs
and SMCs from a CD34population selected from E8s
While these populations display phenotypes sintdahe cell
described in our study, it is important to note difeesrences in
methods and in the secondary characteristics of the
populations. The method for generating SMCs fedtimeour
work occurs via a human ESC-derived ECs intermediata
stepwise differentiation process. By using the ratib cell
coculture method outlined in this study, a gregisential to
study the CD34progenitor population exists.

In addition to defining the phenotypic function of
human ESC-derived ECs and SMCs, it is possibleutthdr
control the differentiation environment via co-cuiét through
the use of genetically modified stromal cells oditadnal
media supplements. In this study, use of Wntl- Wha5-
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overexpressing M210 stromal cells not only incrdasiee
quantity of CD34 progenitors, but also the coexpression of
typical EC surface antigens, such as CD31 and Flk1.

The field of cardiovascular regenerative medicige i
rapidly progressing. Multiple studies have evalddte ability
of different cell populations to mediate cardiapaie and/or
improved function both using model animals and ictih
studies®* Most of these studies use heterogenous or poorly
defined cell populations such as myocytes, wholeebo
marrow or, mesenchymal stem cells, and the meamartisat
lead to improved function are often not clear. Whil
improvement of cardiac function has been demorestrat
rodent modef§*" these findings do not always translate to
similar efficacy in clinical tria®* Use of human ESC-
derived cells can be utilized to better identifyllcemost
effective at cardiovascular repair. Specificallgewf human
ESCs with stable expression of fluorescent proteass
described here, and bioluminescent imaging viafduase-
expressing cells, as demonstrated previdlislgan be used to
better define the contribution of defined cell plapions in
pre-clinical models of ischemia. While human ESGal
cells are not yet suitable for clinical trials, dies of these cell
populations can help to better identify cells frbome marrow
or other adult tissue that may be most effective at
cardiovascular repair. It is most likely that trufficient
cardiovascular repair will require a combination af
naturally occurring vascular components (ie endhe
smooth muscle, pericyte, and cardiomyocyte cellsing a
coculture differentiation system such as the onéinad in
this study provides a tool for isolating all of sleecell types as
they arise during the differentiation process. Timathod is
highly effective, reproducible, and fulfills the slee to to
derive all cell types from a single source.
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6. CONCLUSIONS

In our study, we demostrate great potential of huma
ESCs (H9 cell line) to differentiate into both E&dsd SMCs in
a defined stepwise fashion via a novel three-phagtire
system. We show that these cells can be expandeditire
and induced to maintain distinct phenotypic andcfiamal
characteristics of both ECs and SMCs as demondtiaye
detailed analyses. Here, we also demonstrate nmrplete
fuctional characterization of the human ESC-deriz&s and
SMCs including calcium imaging to define distinesponses
to a panel of nine agonists. We also show an iseréa the
number and quality of CD34/ascular progenitor cells derived
using Wntl-expressing M210 stromal cell layers miyrthe
initial differentiation period. This population @&D34" cells
produced a higher percentage of endothelial piitmysn

Our human ESC-derived EC and SMC model provides
important insight into human vascular developmentvall as
a source of preliminary data for future design dhical
vascular regenerative therapies. Most importatiiig, system
elucidates more closely the relationship betweers B@d
SMCs. The stepwise differentiation outlined here as
efficient, reproducible method with great potenfiai large-
scale cultures suitable for clinical applications.
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