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1. INTRODUCTION

There is now growing evidence that human embrysteen cells (ESCs) provide an
important resource to define the cellular and mdercmechanism of vascular development,
as well as the developmental relationship betweslothelial cells (ECs), hematopoietic and
smooth muscle cells (SMCd)loreover, human ESCs are also highlighted as a isnogn
potentially unlimited source of cells for vasculagenerative approaches including cell
transplantation into heart to improve myocardigemeration, induction of angiogenesis for
treatment of regional ischemia, formation of newdd vessels or vascularization of

engineered tissue in vitro before transplantatidn.

1.1.Human embryonic stem cells

Human embryonic stem cells are in vitro culturedriplotent cells derived from the
inner cell mass of preimplanted blastocysts. Theg gse to stable pluripotent cell lines that
are capable of unlimited proliferation under speciulture conditions. These cells can
continuously proliferate in an undifferentiated tefawhile retaining a normal karyotype,
maintain a high level of telomerase activity, amgress cell surface markers that characterize
primate embryonic stem cefl§. Human ESCs can be differentiated into represemtati
derivatives of all three embryonic germ layers @derm, ectoderm and mesoderm) in vitro
and in vivo. Following their injection into immuneficient mice, undifferentiated human
ESCs can generate teratomas composed of multgdeetitype cells, thus demonstrating their
pluripotent potentiat®° Since their first derivation by Thomson et §liit has been shown
that human ESCs can differentiate into variousages of cells, including hematopoietic
cells, neurons, bone, cartilage, muscle, cardioyitgs¢ pancreatic cells, hepatocytes and
vascular cells? These cells appear to be weakly immunogenic, ssprg only moderate
amount of major histocompatibility complex (MHC)ask | and not any MHC class I
proteins'* Therefore, human ES cells may play important mlstem cell-based regenerative

medicine.
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Figure 1. Stem cell hierarchy.Zygote and early cell division stages (blastonjet@she morula stage
are defined as totipotent, because they can genar@mplex organism. At the blastocyst stage, only
the cells of the inner cell mass (ICM) retain tlapacity to build up all three primary germ layehg
endoderm, mesoderm, and ectoderm as well as tmonglial germ cells (PGC), the founder cells of
male and female gametes. In adult tissues, mudtipaitem and progenitor cells exist in tissues and
organs to replace lost or injured cells. At preséns not known to what extent adult stem cellsym
also develop (transdifferentiate) into cells of estlineages or what factors could enhance their
differentiation capability (dashed lines). Embryosiem (ES) cells, derived from the ICM, have the
developmental capacity to differentiate in vitrdoircells of all somatic cell lineages as well a®in
male and female germ cells.

Undifferentiated human ESCs form relatively flatdacompact colonies either in a
culture on feeder cells or in a feeder-free cultsystenl® and express stem cell markers
including Oct4, stage specific embryonic antigeBE3) -3 and SSEA-4., TRA-1-60, TRA 1-
81, and alkaline phosphatase that distinguish tihem differentiated cell&”’

One of the most important issues in ESC researtinei development of a method for
the efficient differentiation of the ESCs into sfiie cell types. Until now, several
differentiation approaches have been developedst, Fvhen the essential factors for the
maintenance of undifferentiated states are remawelthe cells are cultured in suspension,



the ESCs can be triggered to undergo spontandeseatifiation by forming three-dimensional
embryoid bodies (EBs) containing many differentlatell types. Although the EB is far less
organized than an embryo, it can partially mimi@ tepatial organization of cells in
embryo™*?In addition to differentiation via EB formationSEs can be differentiated directly
via coculturing with specific feeder cells. Thistimed is more efficient for directing the ESCs
into specific lineages than are the EB-based potsd&'®**> However, steps for the
elimination of feeder cells are necessary, and @mscrelated to risk of xenocontamination
remain. Another option is a differentiation of ES@s@ monolayer on defined substrates such
as collagen without feeder cells. This protocol imiaes the influences of unknown factors
affecting the differentiation process and presentamising culture option for differentiation
of human ESCg*"

Embryoid Body Formation  Feeder-cell Co-culture

Kaufman's lab pictures, Stem Cell Institute, Minnesota

Figure 2. Methods of Embryonic Stem Cell Differentiation
A-undifferentiated huma8E&s cultured on mouse embryonic fibroblasts (MEF)
B-differentiation of hum&$Cs by forming three-dimensional embryoid bodies
C-differentiation of humBSCs in coculture with mouse stromal cell ling S1
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1.2. ESC-derived endothelial cells

Various differentiation techniques and source disceave been explored to induce
EC diferentiation. Many previous studies have dbsedr successful differentiation of ESCs
into ECs using mouse or nonhuman primate ES&s Remarkable work by Yamashita et.al.
identified FIKT population of the cells derived from murine emisigasstem cells which serve
as common ‘vascular progenitor cells’ (VPCs) and ddferentiate into two major vascular
cell types, endothelial cells and mural cells (Pges and vascular smooth muscle), and can
reproduce the vascular organization pro¢@&ubsequent studies by the same group further
demonstrated that differentiated vascular cellsivddr from VPCs can contribute to
generation of vascular structures in adult neoayegiesis-

Another study using nonhuman primate (cynomolgu§C& showed that the
Flk1*VEcadherincells give rise to both endothelial and mural cale can act as VPCs in
primates'® The authors also demonstrated that Fiiglls can form vascular structure in vitro.
Successful differentiation of functional ECs dedvieom nonhuman primate ESCs has also
been accomplished using rhesus monkey E$@sthis study, undifferentiated ESCs exposed
to medium containing defined growth factors inchglivascular endothelial growth factor
(VEGF), basic fibroblast growth factor (bFGF), ifhistlike growth factor (IGF) and
epidermal growth factor (EGF) gave rise to a re&yi homogenous population of ECs which
could be propagated and expanded for approximae@lypopulation doublings with a
consistent phenotype and normal karyotype. Theke @gpress many cell-surface antigens
and genes specific for endothelial cells such ad48D vWF, the integriray 3, and Flk1.
Additionally, it was shown that they bind the lectiulex europaeus agglutinin-1, secrete
VEGF, take up acetylated low-density lipoproteind aiorm capillary-like structures in
Matrigel. In contrast to experiments with ECs dedvrom mouse and human ESCs, these
rhesus ESC-derived endothelial cells (RESDECs)nditd express CD31 and VE-cadherin,
two surface antigens commonly, but not uniformtrid on the surface of ECs. Moreover,
these cells were shown to produce functional bleessels in a Matrigel plug implanted
subcutaneously in mice.

During the last few years, several groups of ingasbrs have explored the
endothelial potential of human ESCs, mainly usimg $pontaneous differentiation of EBs to
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vascular —like structurég?*?°In these studies, it was found that during théedéhtiation
process endothelial specific markers are expresseskquential steps that reflect in vivo
endothelial differentiation during embryonic deyaieent. Although the EB system enables
investigation of vasculogenesis virtually as it wscin the embryo, multiple cell lineages in
EBs make it difficult to study amd control the beioa of ECs in detail.

Two main approaches have been used for purifyinggmitor ECs from human ESCs:
selecting 3-dimensional embryoid bodies (EBs) foecific cell-surface molecul&?***and
supplementing feeder layers or the medium with owari growth factors*?"?® Multiple
markers have been used for characterizing and ifigiegt derived ECs. Expression of
vascular endothelial cadherin (VE-cad), plateletathelial adhesion molecule-1 (PECAM1),
CD34, FIk1 (vascular andothelial growth factor moe 2) and the ability to take up Dil-
labeled acetylated low-density lipoprotein (Dil-ABL) have been used as markers for
identifying endothelial precursors. Mature endatietells were identified by selective
staining for von Willebrand factor (VWF), endotiagInitric oxide synthase (eNOS), and E-
selectin protein’

The first human ESC-derived endothelial progenitwese isolated from 13-day-old
EBs by flow cytometry of PECAMTells cultured in EGM2 media containing VEGF, bFGF,
IGF and EGP’ These cells expressed mature endothelial protaMF\Vin addition to
expressing PECAM1, CD34, Flk1, and VE-cad and beigpble of taking up Dil-Ac-LDL.
The function of these ECs derived from human ES@s wassessed in severe combined
immunodeficient (SCID) mice by subcutaneous im@#ah of the cells mixed in a synthetic
biopolymer scaffold. The section of implants exaed after 14 days showed microvessels
expressing human CD31 and CD34. This study demaiestrthat during EB induction,
human ESCs spontaneously differentiated into enmicy&Cs, which were isolated and
maintained in vitro.

Another study describing ECs from huma8CE identified a subpopulation of
primitive cells derived from human ESCs with putatihemangioblast or hemogenic
endothelial propertie€. Here a subset of PECAM1(CD31FLK1", VE-cadherifi but CD45
cells isolated from day 10 human ESC-derived EBsesed some phenotypic and functional
EC properties. However, these cells did not expraature endothelial proteins, such as
VWF and eNOS. Therefore, these progenitors werecdgprimitive endothelial-like cells®.
After culture in endothelial cell medium, these geoitor cells gave rise to cells with
endothelial morphology and expressed EC markerslCWE-cad and VWF. These human

ESC-derived ECs were capable of Dil-Ac-LDL uptaked formed vascular network in
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Matrigel. When the progenitor cells were culturadthe presence of hematopoietic growth
factors, they expressed CD45 and formed multilieedgematopoietic colonies on
methylcellulose. These results suggest that CICI431" population contain hematopoietic
and endothelial progenitor cells, although it ig wotear that this occurs at clonal level.
Whether there is a true hemangioblast populatiorfCBB84/CD31" cell fraction remains
unclear.

Zambidis et & grew mesodermal-hemato-endothelial colonies frats dsolated
from 7- to 12-day-old human EBs seeded onto seres-mnethylcellulose medium. These
colonies contained adherent and nonadherent détisadherent cells expressed CD45 and
gave rise to hematopoietic colonies. Some adhemdistexpressed endothelial marker, CD31,
and were capable of Dil-Ac-LDL uptake. When the exéint cells from these colonies were
isolated and cultured in endothelial medium (EGMjey expanded to the cells with
endothelial morphology, expressed the endothelakers, CD31, VE-cad, VWF and were
capable of Dil-Ac-LDL uptake. Because EB differatibn in this study was initiated from
human ESC clumps, it is unclear whether mesodehmalato-endothelial colonies are
generated from single cell-bipotential hemangiadblas

In another study, human ESCs were grown on colladenoated dishes in the
presence of endothelial differentiation-supportimgdium for 6 days and then filtered through
a 40um mesh strainer resulted in cells expressing Speeifdothelial progenitor markers,
such as PECAM1, CD34, AC133, Tie2, and GATAReculture of the filtered cells on type
IV collagen in the presence of VEGF resulted in athdlial-like cells. Reculture in the
presence of platelet-derived growth factor-BB, atdae effecting SMC differentiation in
mouse ESCs, resulted in a cell population exprgssascular SMC markers. Furthermore,
reculture of the filtered cells on matrigel or eglen | in a three-dimensional system in the
presence of VEGF resulted in cell sprouting andanfdion of network structures, providing
additional confirmation to the endothelial-like pesties of these cells. Although
differentiation of human ESCs to vascular cells wiesmonstrated, the differentiation
pathways involving cytokines and extracellular nxagénvironment remains to be elucidated.

Other researchers have used undifferentiated hugs@s grown on various feeder
layers.For instance, Kaufman et al used mouse bone mastmmal cells (S17 cell line) or
mouse Yyolk-sack ECs (C166 cell line) as feeder rlay®r promoting hematopoietic
differentiation of cultured human ES&EsAfter 17 days, the cells had differentiated into a
early hematopoietic subpopulation of CDGH3CD45 cells. This subpopulation also

contained CD3%ells with coexpression of endothelial marker CDSimilar results were
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obtained when human ES cells were grown on boneomastromal cells (OP9 cell line) for
only 8 to 9 dayd? However, additional analysis of endothelial beébawr maturation of
these cells were not discussed in these studies.

Another study using two-dimensional induction aintan ESCs into ECs was
published by Wang at al® In this study, human ESCs were places on mouseyemio
feeders for 10 days. By day 10, 5-10% of thesescekpressed CD34, a common
hematopoietic and endothelial progenitor markeeyTénriched the CD34ells by magnetic
bead sorting to 80-95% purity. When these cellseveaittured in endothelial growth medium,
the majority of the cells expressed endothelial ke CD31 and VE-cadherin. After
transplantation of these cells into SCID mice, sth&Cs contributed to functional blood
vessels that integrated into the host circulatgsgesn.

Recently, study by Kelly at al investigated the ewollar regulation of human EC
development using human ESCs cultured on OP9 stroetfialine® Their results revealed
that exogenous soluble factor Indian Hedgehog (prbmote endothelial differentiation of
human ESCs via the bone morphogenic protein (BMBhvweay, and specifically through
BMP4. These novel insights into molecular regulattd human EC development may help us
in more efficient generation of cells that can ltidized for human clinical therapies in the
future. As another culture parametr, it has longnb&nown that shear stress can change
endothelial morphology, proliferation and differiation. ***2 Yamamoto and colleagues
demonstrated that shear stress, event at low |epetsnotes endothelial differentiaton of
ESC.*®

Based on previous studies, it was shown that huBE@@-derived ECs displayed
characteristics similar to vascular endothelium arpgressed typical EC markers similar to
those expressed in human umbilical vein endothediid (HUVECS), such as VE-cad, VWF,
PECAML1 and Dil-AC-LDL uptake. PECAM1 is distributed the intercellular clefts, and the
endothelial marker VWF is expressed in the cytaplasurthermore, these cells displayed the
proper organization of endothelial junctions, weapable of forming tubelike structures in
vitro and generating capillary structures when edled in sponges. Their transplantation
into immunodeficient mice resulted in the formatmihmicrovesseldmportantly, we should
noted that endothelial progenitors derived from BomESCs have various phenotypes
because of various derivation protocols and th@lsapentation of growth factors and, more
importantly, were isolated at different stages @felopment®

Mouse, primate and also human ESCs have been agmhérate functional ECs that

could contribute to formation of stable vasculatamel may serve as a feasible novel source of
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cells for therapeutic angiogene&is$> However, many questions still remain to be solvil.
important issue concerns the long-term propertfesuoh ESC-derived vessels and if ESCs
are a superior source for ECs compared to adutt stdls or progenitors isolated from the

patient's own bone marroi#;*°

1.3. Evidence of hemangioblast

Several groups of investigators have bwed to characterize the developmental
relationship between ECs and hematopoietic cellsee €xistence of hemangioblast, the
common precursor of hematopoietic and endothegls,cwas first described in the mouse
embryo as well as in the mouse ESC differentiatimel.***"*°Moreover, further studies
provided evidence about hemangioblasts also in huB&C differentiation model as well as
in the adult life?*>*>*°Such hemangioblasts were found in the bone mamajlical cord
blood or mobilized peripheral blood ceffs’’ In these studies, the stem cells with
hemangioblastic characteristics were often charaetd by the expression of VEGF receptor
2 (FIk1) which is also expressed by endotheliabprotor cells. All these stem cells share the
ability to differentiate in vitro into hematopoietand endothelial lineages when exposed to
specific differentiating conditions. An interestindemonstration of the existence of
hemangioblast in human adult life comes from Gimsistudy *® He showed the presence of
Philadelphia chromosome in patients suffering frdmonic myeloid leukemie both in bone
marrow and in endothelial cells.

Kennedy et af® demonstrated for the first time the existence oé thuman
hemangioblast derived from human ESCs using a drtoeethat consisted of serum-free
differentiation in a mixture of cytokines followdxry expansion in serum-containing medium.
Here, the human hemangioblasts were identifiedhleyr ttapacity to generate blast colonies
that display both hematopoietic and vascular paknthese colony-forming cells express
the receptor tyrosine kinase (VEGF receptor2 = Féad represent a transient population that
develops in BMP-4-stimulated EBs between 72 andh@s of differentiation, prior to the
onset of the primitive erythroid program. In thtady, the clonality of the blast colonies was
demonstrated by 2 different strategies and it wlasws that the blast colonies with

hematopoietic and endothelial potential are derivenh single FIk1 cells.
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Recently, Lu et ¥l described a population of bipotential progenitdkepwn as
hemangioblasts, derived from human ESCs using astep procedure with different
suplements under fully serum-free conditions. Thena origin of blast colonies was
confirmed using limiting-dilution studies. Comparedprevious study, these hemangioblasts
do not express FIk1l and CD31, suggesting that thesen ES-derived blasts have different
properties from blasts in the study performed byesly*® However, when these cells were
induced toward endothelial cell differentiationkEl VE-cad and CD31 expression appeared,
suggesting that these human ESC-derived blastesepr a different, earlier and more
expandable population of cells. In vivo studiesrwiCID mice suggest that these cells have
the ability to migrate to areas of vascular injand assimilate with the resident vasculature to
restore vascular function.

Despite the different culture procedures usedemal research group have shown that
timing of the progression toward lineage commitmieotn human EBs into endothelial and
hematopoietic lineages follows a reproducible terappattern. First, the undifferentiated
human ESCs form EBs, which differentiate into eargothelial/hematopoietic precursor and
finally into endothelial/hematopoietic cell§:?>%>>*>Y Figure 3)

Although evidence from both mouse and human stusligports the concept of the
hemangioblast, only very small numbers of commatmrsors were found in the examined
populations? It is possible that hemangioblasts may requireghmacrine interactions for
their survival and therefore the clonal analysis hederestimated their frequency as a
common precursor. Moreover, because of differesearch techniques, the human ESC-
derived precursors examined to date may be a lyEteeous population containing different
stage of endothelial and hematopoietic progenieth wifferent potentials, which may
complicate the interpretation of results.

Finally, several in vitro studies suggest that SM@re also progeny of the
hemangioblast at the onset of hematopoietic dewedop'®>*>>This issue remains a topic of
discussion since our current knowledge about ttetioaship between SMCs and the other
lineages generated by hemangioblast is still lichitEherefore, it will be important to study

this question in more details to fully understawavithe hemagioblast produces its progeny.
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Figure 3. A working model of the current understandng of hematopoietic and endothelial
development from human ESCs via EBs.A subset of embryonic endothelia lacking the commo
leukocyte marker CD45 but expressing surface markR&ECAM-1, CD34, Flk-1, and VE-cadherin
was identified during approximately 9 to 10 daysh&B development and termed CD4BFV.
CD45°PFV cells expressed genes associated with primitiels with both endothelial and
hematopoietic potential. CDF$FV cells had either hematopoietic or endothel@l fates. Clonal
analysis demonstrated that a small proportion BAE*PFV cells possessed human hemangioblast
properties, capable of giving rise to both hemaietpoand endothelial cells.

(Wang, Trends Gavesc. Med 2006;16:89-94)

1.4. ESC-derived smooth muscle cells

The majority of the studies of angiogesmessearch focus on the regulation of
endothelium, but vascular SMCs are also importanigpants in formation of blood vessels.
Endothelial cells alone cannot complete angiogsensiform mature vasculature. Vascular
SMCs play critical roles in structural and functbrsupport of the vascular network by

stabilizing nascent endothelial vessels during wiasc development and blood vessel
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growth>® ECs and SMCs interact with each other to regulateonly new vessel growth, but
also multiple vascular functions. In adult anim&@$1Cs regulate growth of blood vessels,
vessel tone diameter, vascular permeability andocbldlow distribution>’ Moreover,
differentiation and phenotypic plasticity of vaBruSMCs play important role also in many
human diseases including atherosclerosis, cancehypertension®

SMCs are heterogeneous cells withdewange of different phenotypes at different
developmental stages, and even in adult organishes SMCs are not terminally
differentiatec?® Phenotypically, SMCs differ from cardiac and skallehuscle cells not only
by their expression of specific contractile progeincludinga-SMA, calponin-1, SM2@ and
smooth muscle myosin heavy chain (SM-MHC), but digotheir plasticity or ability to
reenter to cell cycle and exhibit a ,synthetic* pheype, secreting ECM proteifis®! In
addition, even for SMCs derived from the same oemog cell source, considerable
differences in gene expression exist, and littlknewn about developmental and phenotypic
differences between visceral and vascular S¥10® date, characterization of SMCs often is
done by demonstrating the presencexé@MA, which is also expressed by myofibroblasts,
and endothelial cells under certain conditions, Aedce not specific for SMCs. SM22
calponin-1 and SM-MHC are increasingly SMC resires but transient expression in non-
SMCs cannot be ruled otftSmoothelin, another cytoskeletal protein foundnature SMCs,
is absent in myofibroblast cells, providing a poi@nmarker to distinguish between SMCs
and fibroblasts. Cultured SMCs could rarely be Igtabaintained and are limited in the
capacity for regulatory mechanism and pathway stitiitherefore intense researches have
been focused on exploring the molecular mechanismh$SMC differentiaton through
inducible in vitro SMC differentiation systems. Majprogress has been made in the last
decade to differentiate SMCs from mouse ESCs ahdrdypes of adult stem ceft§®®
Although most of these studies have demonstratedotbsence of proteins consistent with
SMC phenotype, only few have addressed whether differentiated cells also have
functional properties of SMCs.

Retinoic acid has been used to difféatée mouse ESCs into SM&SIn this study,
EBs were derived from mouse ESCs under the infle@iaetinoic acid and dibutyryl-cydic
adenosine monophosphate between 7 and 11 daysltofectAfter that, 67% of the EBs
showed formation of spontaneously contracting SMfGters.

Recently, SMCs were characterized also during huBB&@ differentiation. In this

study, Huang at af® established in vitro SMC differentiation system bating the
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monolayer-cultivated human ESCs with all-transn@t acid. When human ESCs were
cultivated in differentiation medium containing UM retinoic acid, more than 93% of the
cells expressed SMC-marker genes along with thadsgyeaccumulation of such SMC-
specific proteins asi-SMA and SM-MHC. The fully differentiated SMCs westable in
phenotype and capable of contraction.

While we already have some evidence for the existesf a hemangioblast, the
common precursor of hematopoietic and ECs, theldpmeental relationship between ECs
and SMCs is still less well characterized. Somekwaising mouse ESCs suggest the
existence of common precursor of ECs and SMCs.irfstance, recent studies by Yamashita
et al’® identified FIkI population of the cells derived from murine ESGsich serve as
common *“vascular progenitor cells” and can difféi@e into either ECs or mural cells
(pericytes and vascular smooth muscle) dependemuttare conditions and can reproduce
the vascularization process.

Another study with human ESCs descriliedlgopulation of vascular progenitor cells
derived from human ESCs which have the ability ifecentiate into endothelial-like and
smooth muscle-like cell€. In this study, vascular progenitor cells were isdafrom EBs
grown in suspension for 10 days and were charaeriby expression of the
endothelial/lhematopoietic marker CD34. When theskés avere subsequently cultured in
EGM-2 media suplemented with vascular endothetiath factor (VEGF), they gave rise to
endothelial-like cells characterized by a cobblestocell morphology, expression of
endithelial markers (PECAM-1, FIk1, VE-cad, VWFhcorporation of Dil-Ac-LDL and
formation of capillary-like structures when pladedViatrigel. In contrast, when CD3eells
were cultured in EGM-2 media supplemented with gkdtderived growth factor-BB, they
gave rise to smooth muscle-like cells charactertzedpindle-shape morphology, expression
of SMC markersd- SM actin, SM2#&, calponin-1 and SM-MHC, caldesmon) and the abilit
to cantract and relax in response to common pharwogical agents such as carbachol and
atropin. Implantation studies in nude mice showlat t both cell types cotributed to the
formation of human microvasculature. Some microgkssgontained mouse blood cells,
which indicates functional integration with hossealature. One of the specific limitation of
this study is that single cell isolation and pasialtlivergence of its progeny was not
performed, so it is still not clear whether thesdiscare differentiated from a ,common
vascular progenitor® which is able to differengidb either EC or SMCs depending on culture

conditions.
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Recently, Sone et al tried to clarify the difigiation process from human ESC to
mature vascular celfs. (Figure 3).After differentiation of human ESCs \daculture with
OP9 stromal cells, VEGFR- 2- positive but TRA-14#€gative population emerged. These
cells were also positive for PDGF receptor alfa dmeta and could be effectively
differentiated into both VE-cadherirECs anch SM actin® mural cells. Their transplantation
to the hindlim ischemia model of immunodeficientceicontributed to the construction of
new blood vessel and improved blood flow.

Despite multiple methods of SMC differentiatione texact lineage relation between
ECs and SMCs has not been elucidated. Human ES@derascular components have been
phenotyped and proven to function both in vitro amdivo in a similar fashion as vascular

counterparts isolated from post-natal sources.

Human ES Cells Vascular Progenitor Cells (VPC)

TRA‘I TRA1™

VEGF- Rzi — VEGF-R2*

PDGF-R PDGF-R™
VEGF WEF BB

{ Endothelial Cells (EC) Mural Cells (MC) |
VEGF-R2"
VEGF-R2" PDGF-R*
PDGF-R™ VE-cadherin®

VE-cadherin® oSMAT
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\ Combined Stem Cell Thera J

/
Adult EC Adult MC
VEGF-RZ"
e PDGF-R”
;ggigz VE-cadherin®
VE-cadherin® aEMA .
CD34% AaPANG
SM1/2

h-caldesmon*

Figure 4. Possible differentiation pathway of vaadar cells derived from human
ESC via vascular progenitor cells( Yamahara et aPLoS ONE. 2008;3:e1666.)
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1.5.Vasculogenesis and angiogenesis

In the embryo proper, primitive vasculaetworks are formed de novo by the
aggregation of embryonic ECs, a process termedil@genesis. The formation of a primitive
vascular network from embryonic mesoderm lays tleindlations for the pending
development of the mature vasculature. In the ysdic, the precursor for both the
hematopoietic and vascular lineages, termed hemblagt, form aggregates in which the
cells in the inner core will differentiate into hatapoietic cells, whereas the cells in the
periphery will undergo extensive migration duringigh they will differentiate into ECs and
assemble into a primary capillary plexdé’® Subsequently, the initial vascular network,
which consists of ECs that form interconnected eisssundergoes a succession of
morphogenetic events involving sprouting, prolifema and migration of ECs, and
remodeling to generate large branched vesselsyc®s called angiogenesi begins with
vasodilatation and VEGF-induced increased permigalof the vasculature, which allows
extravasation of plasma proteins to the extracailuhatrix. This process allows matrix-
degrading proteins to enter the extracellular matand thus provide the path for the
forthcoming migration of the differentiating EC¥. This process is followed by loosing of
contacts between neighborinh ECs and between E€shair supporting cells. This enables
destabilization of mature vessel, migration of E€dlistant sites, and successive assembly of
vessels.”* Mural cells, including pericytes and vascular SM&e recruited to the newly
formed vessels, causing the vascular networks todtare and become staBle?

Vasculogenesis and angiogenesis are largely dependethe functional changes of
proliferation, differentiation and migration of esttielial cells. Unlike vasculogenesis, which
is mainly restricted to embryonic development, aggnesis is common in adult life as well.
It is responsible for occurrences of neovascultidman both physiologic processes, such as
wound healing and pregnancy, and pathologic caditisuch as cancer and metastdses.
Disruption of blood vessel formation or functiorayd a central role in the progression of
many disease processes. Thus, controlling vascelsrand angiogenesis, either positively or
negatively, could be critical for the treatmentvafrious diseases, including cardiovascular
diseases and cancers.

ESCs have become a powerful tool in vascularogwlto study the details of
vasculogenesis as well as angiogenesis. The stfiidgS€&€-derived vascular cells may
recapitulate events seen in vascular network faomatin vivo and increases the

understanding of the molecular mechanisms of vascdevelopment. Stem cells can
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cotribute to angiogenesis directly, by participgtin new vessel formatidn’® or indirectly

by secreting a broad spectrum of angiogenic andgoritotic factors’’’® Furthermore, stem
cells possess a homing capacity that allows themigpate toward and engraft into the sites
of ischemia or injury. It is important to evaluatés model by comparing features of ECs
derived from differentiating stem cells and th&isponsiveness to external stimuli to those of

primary endothelial cells and to in vivo models.

1.6. Therapeutic potential of vascular progenitor ells

Vascular progenitor cells are of great interestabse of their potential use in cell
therapy for vascular diseases, ischemic tissue tesde engineering for vascular grafts.
However, limited availability and proliferation catlity of cells isolated from patients
hampers development of these applications. Rexhrances in stem cell technology suggest
that stem cell-derived vasculogenic cells may ptaportant role in vascular regenerative
approaches.

Several groups have investigated themtl of bone marrow-derived progenitor cells
to regenerate infarcted myocardiuthin a mouse model, bone marrow cells injected & th
contracting wall bordering an infarct could generde novo myocardium, ameliorating the
outcome of coronary artery ligatiGf Locally transplanted cells led to the formationnefv
myocytes, endothelial and smooth muscle cells. Thésapeutic intervention reduced the
infracted area and improved cardiac hemodynaminsti#er study of the same group showed
that mobilization of bone marrow stem cells by &nes (G-CSF and SCF) resulted in
improved myocardium function and survival of mi¢eThese results have been partially
confirmed in several related experimé&Afsbut have not been reproduced in several other
reports®*®®Indeed, the same cytokine therapy protocol usefuhfyocardial regeneration in
a mouse model, was tested in a rhesus macaque rbpdée same investigator, but the
results did not show clear evidence of myocardigeneratiofi’ Interestingly, other groups
working with baboons were also unable to demorestratyocardial regeneration after
cytokine therapy® Based on these results it seems that moleculaceiidar mechanisms
involved in myocardial regeneration in mice are mmtuced by this treatment in primates.

From mouse to primate models is a major leap inymapects and we know that in many
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cases, the results using mouse model cannot bly ¢@sislated to human patients. Initial
results from clinical trials with intracoronary ugfion of autologous progenitor cells derived
from bone marrow in human are encouradihf. The intracoronary infusion of autologous
progenitor cells appears to be safe and effectivdimiting postinfarction remodeling
processes in humafA$®. In antoher clinical study, Chohola at al also Ilgited that intra-
arterial infusion of autologous bone marrow derivednonuclear cells leads to significant
improvement in patients with critical limb ischenifaLarger randomized clinical trials are
required to validate these intriguing early results

Since human ESCs can be grown in virtually uniehihumbers, these cells provide
an appealing alternative to adult stem cells ang se@ave as a stable potential source of
therapeutic ECs. Many attempts to increase vasoegair by stem cells have been successful
in small animals modei&®2°* though these results may be difficult to repkcat human
clinical trials.

Recently, Yamahara at®areported that human ESC-derived vascular progeois
(endothelial and mural cells) transplanted to nomee with hindlimb ischemia significantly
improve the blood flow recovery and capillary déynsn ischemic tissue. In this study, the
combined transplantation of ESC-derived ECs andamuells was more effective in
augmentation of neovascularization in hindlimb esoda, compared to only ECs or mural
cells transplantation, suggesting that interachietween ECs and mural cells is important for
vascular regeneratiomMoreover, this study demonstrated that transpthniscular cells
were effectively incorporated into host circulatvgssels as ECs and mural cells to maintain
long-term vascular integrity.

Human ESCs are advantageous in many aspects whgraoed with other ECs and
SMCs origins, due to their high proliferation caiily pluripotency, and low immunogenity.
However, there are still many challanges and oletdo overcome before the vision of using
embryonic vascular progenitor cell in the clinicnche realizedAs we know, it was
demonstrated in some works that human ESCs imjesitbcutaneously, intramusculary or

into the testis can form teratocarcinoma-like tusnior adult micé:®’

Therefore, any ESC-
based therapy has the risk of tumor formation frondifferentiated ES cells. Studies of
mouse ESCs indicated that differentiated cells lass likely to generate teratomas after
transplantatior?®®® Therapeutic use of highly differentiated cellsrigbrtant to minimize the
probability of teratomas formation, however, higtdyfferentiated cells often have low
proliferation potential. Therefore, one of the miaghallenges in stem cell research is to

identify, characterize and isolate progenitor cefither than mature cell type that will not
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form tumors, and are capable of proliferation aadtioually producing newly differentiating
cells in vivo. Remarkable study using human ESGQGvddr ECs isolated from CD34+
progenitor cells showed that these cells implaimén SCID mice form stable blood conduits
for more than 150 days without teratomas, sugggstiat human ESC-derived ECs are safe
for potential clinical aplication§. Whether or not there is the long term tumorigepineeds

to be further investigated.

Additionaly, another important issues have to s®lkeed before using human ESCs
for clinical applications. In most published stigjighe culture of human ESCs in vitro
depends mainly on mouse feeder layers or serum frammuman sources, therefore the risk
of infection transmitted by animal pathogens, a#l a® immunoreactions caused by animal
substances in cell culture can not be excluded. adawys, many scientists are undertaking
research directed at the development of human EBi@€ation and culture conditions that can
replace the materials that are currently origirfaden nonhuman sources with materials of
human origin.'® A large improvement in the basic methods of ESGuoe has been the
development of the ability to culture human ESQGhkegiin feeder- free conditions or with

human-origin feeder cells under serum-free conatitiku et af%*

were the first to report the
feeder- free culture system for the growth of hnr&sCs using conditioned medium from
the mouse feeder layer and the serum- free cuthedium. However, this culture method
does not completely eliminate the possibility thaimal pathogens may be transferred to
human tissues, owing to the use of mouse embrym@der (MEF)-conditioned medium.
Since then, several groups have reported the dawelot of culture system completely
independent on feeder cef84%°

Another immune problem should also be consideré@ immune processes against
the differentiated cells after transplantation imomunocompetent patients may occur. To
reduce immune rejection when the cells are trangpthinto human bodies, human ESCs
have to be manipulated by genetic engineering tzhrttie major histocompatibility complex
with the patient.®®*” The genetic manipulation of ESCs, such as sonwik nuclear
transfer, may allow the generation of autologou€&Svhich will be copmatible for clinical
therapy:°®1%° |t is also very important to examine human ES@&soplically for the occurance
of chromosomal abnormalities while culturing. Reabenthere have been several reports
regarding the appearance of abnormal chromosomésiman ESCs. These abnormalities

were dependent on the expansion methods which wgexd '
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Methods for efficient differentiation of human ES®s$o specific cell types are still
preliminary and a better understanding of the dggand genes involved in the differentiation
of human ESCs into specific phenotype is stronglgded to improve the development of

these induction protocols.
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2. HYPOTHESIS AND AIMS OF THE STUDY

ESCs are emphasized as an important model to hietiee the cellular and molecular
mechanisms of vascular development, as well asddwelopmental relationship between
endothelial cells and smooth muscle cells. Theg &bld a strong potential to treat or even
cure many diseases in the future.

We hypothesized that the optimal source of cefetgenerate arterioles and arteries in
ischemic disease will be a bi-potential cells dedidfrom human ESCs that can differentiate
both into endothelial cells as well as vascular atimanuscle cells. We propose to test if the

population of human ESCS, H9 cell line, can sem®role.

Specific Aim 1: To derive vascular progenitor cells using human €849 cell line) that

might be ideal for vascular repair strategies.

Specific Aim 2: To define optimal culture conditions for ECs and &Wdifferentiation using
human ESCs.

Specific Aim 3 To better examine the developmental origin of vascptagenitor cells and
reveal the relationship between ECs and SMCs, dsas/@rovide a more complete biological

characterization of these cells derived from hufB8es.
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3. MATERIALS AND METHODS:

3.1. Cell culture:

Undifferentiated hESCs (H9 cell line ambed from Wicell, Madison, WI) were
cultured as previously describ&tf Briefly, human ESCs were maintained as undifféated
cells by co-culture with mitomycin C (Bedford Labtories, Bedford, Ohio) inactivated
mouse embryonic fibroblasts (MEF) in DMEM/F12 me(ravitrogen Corporation, Carlsbad,
CA) supplemented with 15% knockout serum replad€®SR, Invitrogen), 1% MEM-
nonessential amino acids (Invitrogen), 2 mM L-ghitae (Sigma, St Louis, MO), 0.1 m[t
mercaptoethanol (Sigma), 8 ng/ml basic fibroblasivgh factor (bFGF, NCI), and 1% (v/v)
Penicilin/Streptomycin (Invitrogen). Undifferentat cells were fed daily with fresh media
and passaged onto new MEFs approximately everyd&ys as needed. hESCs expressing
mCherry florescent protein were generated usintMieal transduction technique and hESCs
expressing GFP were generated using sleeping bemabhsduction method (Amaxa,
Gaithersburg, MD).

To promote endothelial differentiatitESC were cultured as previously describgd.
Briefly, the undifferentiated hESCs were passag#d mitomycin C inactivated mouse bone
marrow-derived stromal cell line S17 (kindly prosd by Dr. Ken Dorshkind, UCLA) or
M210B4 cells (ATCC, Manassas, VA) in RPMI 1640 naefinvitrogen) supplemented with
15% fetal bovine serum (FBS) (Hyclone, Logan, UI% MEM-nonessential amino acids
(Invitrogen), 1% L-glutamine, 0.19B-mercaptoethanol (Sigma) for 13-15 days. After that
differentiated hESCs were dissociated with 1mg/rmallagenase IV (Invitrogen), followed by
0.05% trypsin/0.53mM EDTA (Cellgro, Mediatech), iagde cell suspension was generated,
and the subpopulation of CD34ells were isolated using magnetic nanopartiadanelogy
(EasySep Selection Kit, StemCell Technologies, \daner, BC, Canada).

The CD34 population was cultured on fibronectin (Sigma)tedaissue culture flasks
in EGM2 complete media (Lonza, Gaithersburg, Marg)a consisting of basal media
(EBM2) supplemented with 5% FBS, vascular endahejrowth factor (VEGF), basic
fibroblast growth factor (bFGF), insulin-like grdwtfactor-1 (IGF-1), epidermal growth
factor (EGF), heparin, and ascorbic acid. This petpman, hESC-ECs, were grown to 80%
confluence and serially passaged in parallel withVEC (Lonza) cells which functioned as a

positive control in all experiments.
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To obtain smooth muscle cells, hESC-SMCs, a poriwdnthe hESC-EC cells
established in culture were placed in high gluddatbecco modified Eagle media (DMEM)
(Invitrogen) containing 5% FBS, 5 ng/mL plateletided growth factor-BB (PDGF-BB,
PeproTech Inc, Rocky Hill, NJ) and 2.5 ng/mL tramsfing growth factor-beta 1 (TGFt,

PeproTech Inc). Media was changed every 3-4 days.

3.2. Flow Cytometry

H9 cells differentiated by stromallasb-culture with mouse bone marrow-derived
stromal cell line S17 cell were dissociated withllagenase 1V, followed by 0.05%
trypsin/0.53mM EDTA, passed through a 8% filter to remove cell clumps, centrifuged
and washed with basal medium containing 5% FBSraadspended in FACS buffer (PBS
without C&" and Md* (Cellgro, Herndon, VA) supplemented with 2% FBS &% sodium
azide). The similar procedure was performed witlfSGE derived ECs cultured in EGM2.
These cells were washed with®and Md‘free PBS and detached from the monolayer with
0.05% trypsin/0.53mM EDTA .

The dissociated cells were centrifuged, washedrasalspended in FACS buffer. The
cells were aliqguoted and stained with fluoresce@i?C, PE or FITC) labeled antibodies
against human cell surface antigens: CD34-APC, CBB], FIk1-PE, TIE2-PE, CD144-PE
(VE-Cadherin) (BD Pharmingen, San Diego, CA) aralldttinsUlex europeaus-FITC, Helix
pomatia-FITC, and Griffonia simplicifolia-FITC (EY Laboratories, San Mateo, CA).
Appropriate isotype-matched controls labeled whle same fluorochromes were used to
determine the degree of non-specific staining angushe corresponding competitive sugar
(EY Laboratories) when lectin binding was examin&blable cells were identified by
propidium iodide exclusion. Cells were analyzedngsa FACS Calibur flow cytometer

(Becton Dickinson, Franklin Lakes, NJ) with Cell €t Pro and FlowJo software.
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3.3.Transmission Electron Microscopy (TEM) Assessnm¢ of human ESC-derived ECs

Human ESCs derived ECs were seeded at 4%&Ds/cnf, onto fibronectin (Becton
Dickinson)-coated 0.4 um polycarbonate membranesgé Nunc International/Thermo
Fisher, Rochester, NY) at ~20,000 cells/membraredlsGvere suspended in EGM2 media
supplemented with a cocktail that included hEGF,GH: hFGF-B, IGF, hydrocortisone,
ascorbic acid and heparin at 200well. Cells were incubated at 37°C with 5% £21% O
for 72 to 96-hours post seeding. Cells were platettiplicate for two separate experiments.
After incubation, cells were fixed in 3% glutaraiyele (in cacodylate buffer). Specimens
were post-fixed with 1% osmium tetroxide, dehyddateith a graded alcohol series, and
embedded in PolyBed 812 resin. Semi-thin sectidnguifn) were cut and stained with
toluidine blue, and examined by light microscopystlect regions containing cells. Thin
sections (80 nm) were cut from the regions of tleenimrane containing cells using a diamond
knife. Sections were stained with uranyl acetabeinter-stained with Reynold’s lead citrate,
and examined by TEM using a Philips CM 100 (FEl|gHoro, OR). All fixative and staining
reagents purchased from Polysciences (Warringt@), Fnages are representative from

random micrographs obtained from the two sepanaie points assessed.

3.4. Matrigel Tube Formation Assay

12 well plates were pre-warmed in incubators (30utes) set at 37°C, 5% GO
before mixtures containing Matrigel (Becton Diclon$ and cells were added. A total of
3.5x10cells (RESC-ECs, hESC-SMCs, or 60/40 mixture of /BGECs) in 10ul of PBS were
added to each 60 ul aliquot of Matrigel, mixed @§greand added to the pre-warmed plates.
Mixtures were added as a single three dimensiorad @ger well. After Matrigel solidified
(approximately 30 minutes), 2.5ml of 50/50 mix ohthined EC/SMC media was carefully
added to each well and the three dimensional M&tdgop was maintained. Tube formation
was visualized after 3-4 days and images were oeghtusing a phase microscope (Olympus,
Center Valley, PA) or an inverted fluorescent msoape (Zeiss, Thornwood, NY) equipped
with an Olympus camera and AxioVison software.
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3.5. Immunohistochemical staining

Human ESC-derived ECs analysis for the acetyled k&ceptor was performed by
incubation of the cells in media with 5% FBS conitag dil-acetylated low-density
lipoprotein (dilAcLDL -Molecular Probes, Eugene, PRr 4 hours. After washing, the cells
were observed by fluorescence microscopy. HUVEQ®weed as a positive control, human
ESC- derived SMCs as a negative control. For dieteof von Willebrand factor (vWF) and
endothelial nitric oxide sythanse (eNOS) cells wixed, permeabilized, and incubated at
room temperature with primary antibody (VWF — rafati-human, 1:100, Dako, Carpinteria,
CA; eNOS — mouse anti-human, 1:50, Beckton Dickmstor one hour followed by
incubation with secondary antibody Alexa Fluor 488/F — goat anti-rabbit, eNOS — goat
anti-mouse, Molecular Probes) for 30 minutes. Atiefinal wash, cells were observed by
fluorescence microscopy. CD31 and VE-cadherin wagtected using mouse anti-human
antibodies (eBioscience, San Diego, CA and BD Phegem) diluted 1:100 and 1:50
respectively. Alexa Fluor 488 goat anti-mouse sdaoy antibody (Invitrogen) diluted 1:600
was used for final detection and visualization.

For human ESC-derived SMCs we examegatession SM22, calponin and alpha-
smooth muscle actin using primary goat anti-humi23 (AbCam, Cambridge, MA) and
mouse anti-human calponin (Sigma) and detected with species matched secondary
antibodies labeled with Alexa Fluor 488. Alpha-SM¢Ctin was detected with mouse anti
alpha-SMC actin Cy 3 conjugated antibody (Sigmapubt and goat IgG isotypes (BD
Pharmingen) detected with corresponding second&eyaAFluor488 conjugated antibodies
were used as negative controls. Cells were fixedmpabilized, blocked and incubated at
room temperature for 1 hour with primary antibodidsor SM22 and calponin, cells were
washed and incubated at room temperature for 45utesnwith fluorescently-labeled
secondary antibodies. ProlongGold + Dapi (Invitiggand Hoechst 33258 (Sigma, Aldrich)

was utilized for slide preparation and nuclear &ligmation via fluorescent microscopy.

3.6. Reverse transcriptase-polymerase chain reactio RT-PCR) and quantitative RT-
PCR (Q-RT-PCR)

Total RNA was extracted from HUVEC, undifferenéidt ES cells, human ESC-
derived ECs and human ESC-derived SMCs using anaBNkit (Qiagen, Valencia, CA)
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with homogenization via Qiashredder (Qiagen, VakncCA) according to the
manufacturer’s instructions. mRNA was reverse tehed (RT) to cDNA using an
Omniscript RT kit (Qiagen) following the manufaatts instructions. Simultaneous RT
reactions without reverse transcriptase were padrto control for the transcription of
contaminating genomic DNA. cDNA was amplified wighHotStarTaq PCR kit (Qiagen)
under the following conditions: initial 95 C fob Ininutes, followed by cycles consisting of
94 C for 1 minute, annealing at variable tempegafas noted in the supplemental table) for 1
minute, 72 C for 1 minute, and 72 C for 10 minud®r the final cycle. 30 cycles were
executed for FIk1l, 38 cycles for other endothepaimers, and 35 cycles for all SMCs
primers. The amplified products were separated &% lagarose gels and visualized via
ethidium bromide staining. Additionally, two step-RI-PCR was used for quantitative
analysis. Relative quantitation of genes expressammpared to beta-actin was generated by
the comparative threshold cycle (CT) method usingpl#d Biosystems SDS analysis
software (version 1.9.1). The reported means refldoee independent Q-RT-PCR
experiments conducted for human ESC-derived ECs lamthan ESC-derived SMCs.
Oligonucleotide primer sequences, annealing tenyergTa) and predicted product size are

described in the supplemental table.

3.7. Measurement of [Ca Z in response to calcium signaling agonists

Cells were grown on fibronectin coated 22x22 mrmasglcover slips for 2 days in
standard culture media. Cells were then loaded fuith-2 acetoxymethyl ester (fura-2 AM,
Invitrogen) in standard culture media at 37 C fOrrGinutes in the incubator. After this
incubation, the cells were washed with HEPES batfguhysiological salt solution (10 mM
HEPES, 1.25 mM NaPO,, 146 mM NacCl, 3 mM KCI, 2 mM MgGI6H,0O, 10 mM glucose,

2 mM CaC}, 1 mM Sodium Pyruvate, pH 7.4) and placed on areried microscope
(Olympus) where they were continuously perfusechWHEPES buffered solution for 20
minutes before imaging. The following panel of dsugas tested: Norepinephrine 100 uM,
Carbachol 100 uM, Oxytocin 1 uM, Endothelin-1 1080,n5-Hydroxytryptamine 10 uM,
Vasopressin 100 nM, ATP 10 uM, Bradykinin 1 uM. Raltrug was applied for 30 seconds
with recovery time between drug applications varksd cellular response. Images were

acquired with a 40x oil immersion objective, a CGRNAP (Roper Scientific, Trenton, NJ)
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digital camera using an exposure time of 25 msaf2uwas excited alternately at 340 and 380
nm using a computer-controlled filter wheel and t&du(Luld Electronics Corporation,
Hawthorne, NY) Pairs of images were acquired a0 z&c. intervals. Background-corrected
images were ratioed (340/380) and analyzed usingiMi@ph/MetaFluor image acquisition
and analysis software (Molecular Devices, Sunnyv@lg). Changes in ratio in individual
cells were measured and plotted versus time usraghgng software (Excel, Microsoft,
Redmond, WA).

3.8. Limiting Dilution Assay

To test the role of Wnt proteins on human ESCediftiation, two genetically
modified M210 cells lines were used (one over esped Wntl and the other over expressed
Wnt5, kindly provided by Dr. Randy Moon, U. of Wasiton)?°. On day 14-15, CD34cells
were selected from each stromal cell coculture@atid at limiting dilution in 96 well plates
with 4x10°, 1.3x16, 4x1F, 1.3x1G, 40, 13, and 4 cells per well that were pre-coatét
fibronectin and cultured in hESC-EC media. Celtereed media changes every 4-5 days and
after 15 days wells were scored for growth. Progenirequencies were calculated and

reported graphically as progenitor cells per 108Gc
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4. RESULTS

4.1. Characterization of endothelial cells derivedrom human embryonic stem cells

Human ESCs, H9 cell line, were supported to difieete toward vascular progenitor
cells through an initial step utilizing stromal Iceb-culture as described in “Materials and
Methods”. We found no significant difference inlap to induce endothelial differentiation
between M2-10B4 and S17 stromal cell linEsAfter culture for 13-15 days, CD34ells
were isolated via immunomagnetic sorting and asskegm flow cytometry for vascular and
endothelial surface markers. (Figure 5A). A sigrafit percentage of this population co-
expresses typical endothelial markers CD31 and. ki expansion and further endothelial
differentiation, these cells were placed on fibiire coated culture flasks and cultured in
EGM2 media supplemented with a growth enhancingtedcincluding specific cytokines
hEGF, VEGF, bFGF, IGF-1, ascorbic acid, and hep&tmder these culture conditions, after
approximately 7-10 days the cells assumed a marm®rm “couble stone” morphology
similar to ECs isolated from other sources.(FigofeB) These differentiated cells with a
typical EC morphology could be readily passaged explanded with a maintenance of a
homogeneous appearance for approximately 5-7 passafier expansion of the cells for 2-5
passages, further assessment and characterizdtitrese cells was performed using flow
cytometry, immunohistochemistry, matrigel tubingttand RT-PCR including quantitative
RT-PCR. Human ESC-derived ECs demonstrated tyfgi€akurface antigen expression of
CD31, VE-cadherin (CD144), CD146, FIk1, lectiHglix pomatia, Griffonia simplicifolia,
and Ulex europaeus, and intracellular markers VWF and endotheliall cetrous oxide
synthase (eNOS) (Figure 5B). Immunofluorescentnstgi confirmed EC morphology and
expression of endothelial proteins: CD31, VE-CathetWF, eNOS, as well as uptake of dil-
ac-LDL, another characteristic of ECs (Figure7).rthermore, RT-PCR was done to
demonstrate expression of transcripts for genesyunty expressed by ECs including Flk1,
CD31, CD34, vWF, VE-cadherin, eNOS, and Tie2 (Feg8), and the expression level of
these transcripts was quantified via Q-RT-PCR (@ab). Q-RT-PCR analysis confirmed
evident increase in expression of EC transcript&8iderived ECs after differentiation in
comparison with undifferentiated ES cells. Howewtbhg EC-genes expression, specially for
CD31, Tie2 and VE-Cadherin ,was lower in comparisoth HUVEC. Only for FIK1, we
found higher expression of transcripts in ES-detiZ€s than in HUVEC (Table 1).
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Figure 5. CD34+ Vascular Progenitor Cells Capablefd=ndothelial Cell Differentiation.

(A) human ESC-derived cells after 15 days of diffeetioin demonstrating expression of CD34,
CD31, and FIk1 both before (presort) and aftertgm$) immunomagnetic sorting for CD34+ cells.
(B) After sorting, the CD34+ cells are placed in ECQture medium on fibronectin coated tissue
culture flask. After 2-4 passages, expression osge€zific surface markers and lectins can be dedect
by flow cytometry. Histograms demonstrate red pistisotype control or corresponding competitive

sugar control (for lectins) in each panel, and himt is stained for surface antigen or lectin, as
indicated.

Figure 6. Characteristics of human ESC-derived ECs(A-B) Morphology of human ESC-derived
ECs cultured on fibronectin coated plates in EGM&ia. (C-D) These cells form capillary- like
structures when replated on Matrigel. Original mfigation: X100 (A, D), x 200 (B), x 20 (C).
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Figure 7. Immunofluorescent staining of human ESC-drived ECs: (left to right) CD31, VE-
Cadherin, vWF, eNOS and uptake of dil-ac-LDL.Oraimagnification 100x for each plot. Blue
signal represents DAPI stained nuclei.
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Figure 8.RT-PCR of human ESC-derived ECsTotal cellular RNA was isolated from human ESC-
derived ECs and sequence-specific primers for idecated genes were used for RT-PCR analysis.
Here, mMRNA expression of 7 transcripts for typie@l genes as indicated above each row. To control
for contaminating genomic DNA, reactions were atkane under conditions with no reverse
transcriptase.

Importantly, these human ESC-derived ECs have flsotional characteristics of
ECs. They formed capillary-like structures whenlaiggad on Matrigel (Figure 6 C,D) similar
to those formed by HUVECs or other endothelial gepulations and they were able to
rapidly take up acetyled LDL which was confirmeditmmunohistochemical staining (Figure
7, picture on the right). Next, both of these fumtal tests were negative for ESC-derived

SMCs which are described in paragraph below.
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Transmission electron micrographs (TEM) of hESTsEshowed the presence of
microparticles being released from the membranéaserof the cell (Figure 9). This is
another characteristic of endothelial cells, asroparticles play an important role in
endothelial cell functiod*****The TEM images also revealed that these endotteelis are
in a metabolically active state, displaying an alante of mitochondria and endoplasmic

reticulum as well as nuclear euchromatin.

Figure 9. Transmission Electron Micrograph (TEM) images of human ESC derived ECdduman
ESC-derived ECs cultured under endothelial celiucalconditions in EGM2 media show release of
microparticles of approximately 100nm in size adicated by arrows) from the cell surface.
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4.2. Characterization of smooth muscle cells deridefrom human embryonic stem cells

Studies of several human and mouse progenitorscelices demonstrate that SMC
survival and growth is promoted by T@a-and PDGF-BB!®!"To generate SMCs, human
ESC-derived ECs (passage 3 or 4) are removed frototieelial cell culture media and
cultured in media containing TGF and PDGF-BB. (Figure 10) 24 to 36 hours aftes th
change, a complete morphologic change of cells manobserved. The cell population
converted rapidly to a flatter morphology and acegiiintracellular fibrils as we can see in
other SMC cultures (Figurel0).

Human ESCs ::> Culture in EGM2+ ::> Culture in DMEM-+
on stromal cell line VEGF, bFGF, EGF. IGF-1 PDGF-BB+TGF-R1

! | |

Fime 10. Schema of derivation of ECs and SMCs from hmnan ESCs based on defined cultare conditions. First,
human ESCse, HY cell line, were allowed to differentiate by stromal cell co-culture with tnouse bone marrow- dertved
stronal cell line 317 for 10-15 days Then, endothelial cell development was supported using EGI2 media containing
specific cytoldnes (VEGE, bFGF, EGF and IGF-13 Mestt, these human F3C-derived ECs were cultured in DIIENW
media containing TGFR1 and FDGF-BB to promote SWC differentiation. Photormicrographs show hEZC-derived ECs
with characteristic EC morphology. (Onigital magnification 100:x2). After change to SMC conditions, cellz flatten out
and show profnounced intracellular fibrils. (Original magnification 100z

Immunofluorescent staining revealed robust expoessof SM22, calponin, and-
smooth muscle actin (Figure 11A,B,C) and the absearfcthese markers in human ESC-
derived ECs (Figure 11D). Notably, HUVECs culturettler SMC conditions (with TGB1
and PDGF-BB) did not convert to SMC morphology.dldirect culture of the initial human
ESC-derived CD34population under SMC conditions did not yield $atultures with SMC
morphology or characteristics. Human ESC-derivedCSMontinued to proliferate for 2 or 3
passages in the culture.
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Human ESC-derived SMCs

SM22 alfa-SMA calponin

C

Human ESC-derived ECs
SM22 alfa-SMA lp@nin

Figure 11. Immunoflouroscent staining of human ESGlerived SMCs (left to right): SM22, a-
SMA and calponin. Original magnification 100X(A),200x(B),400x(C)+efwcal microskope.D-
Staining of human ESC-derived ECs, which are negate for SMC markers (left to right): SM22,
o-SMA, and calponin. Original magnification 200x.Blwsignal represents Hoechst 33258 stained

nuclei.
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Furthermore, RT-PCR demonstrated transcripts a€&y[®SMC genes including alpha-
SMC actin, calponin, SM22, SMI, smoothelin, myocardFigurel2). We also found
concomitant expression of 2 genes APEG-1 and CRM2/8 (Figure 12). These two genes
are preferentially expressed in arterial SMCs,dating these SMCs may be a more specific

sub-type of supportive vasculature.
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Figure 12. RT-PCR of human ESC-derived SMCs for eigt common SMCs genegandf-actin
control), as indicated above each indicated lanecdntrol for contaminating genomic DNA,
reactions were also done under conditions withewense transcriptase.

Next, we used Q-RT-PCR to more accurately compapgession of transcripts
specific for smooth muscle cells with expressiontrahscripts for endothelial genes in the
populations of human ESC-derived ECs and human &3@©ed SMCs, respectively (Table
1). When compared to the human ESC-derived EC ptipal the human ESC-derived SMCs
exhibited a remarkable increase in expression aristripts specific for SMC genea-(
smooth muscle actin, calponin, SM22, SMI and mydicarwith a concomitant decrease in
endothelial gene transcripts. In a correspondingnmag in the human ESC-derived EC
population, high levels of endothelial gene traipgsrwere measured at the same time as a
very low expression of SMC gene transcripts. Intiast, while HUVECs could survive and
proliferate in SMC conditions (media containing 3EF and PDGF-BB), HUVECs under
these conditions did not change morphology and theyot show an increased expression of
SMC genes (Table 1).
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Gene hESC-ECs hESC-SMCs Gene HUVECs in HUVECs in
EC Culture SMC Culture
EC Specific Genes EC Specific Genes
CD31 46.29+1.02 0.74+0.05 CD31 12459.86 16612.71
Flk1 7.15+1.56 0.01+0.00 Flk1 4.87 5.91
Tie2 9.48+0.14 3.53+2.27 Tie2 225.97 598.41
eNOS 7.56+7.54 2.90+4.09 eNOS 39.8 37.41
VE-cadherin 4.76%5.23 0.00+0.00 VE-cadherin 6608.01 8902.53
SMC Specific Genes SMC Specific Genes
calponin 0.67+0.02 3.1+0.40 calponin 0.01 0.12
alpha-SMA 11.24+0.52 47.931£20.3 alpha-SMA 0.18 0.33
SM22 0.62+0.06 6.37+1.05 SM22 0.03 0.06
SM1 1.49+0.55 2.30+0.49 SM1 0.02 0.06
myocardin 13.39+2.59 45.95+27.8 myocardin 0.04 0.22

Table 1. Q-RT-PCR of human ESC-derived ECs, human &C-derived SMCs, and HUVECs.
Human ESC-derived ECs and human ESC-derived SM@s awrealyzed for expression of typical EC
and SMC gened-or ECs and SMCs, all values are means with stdrlariations of three RT-PCR
analyses of independent experimedtshuman ESC-derived ECs express EC-specific gerteseas
human ESC-derived SMCs express lower levels ofettgenes. In contract, human ESC-derived
SMCs express SMC-specific genes, and human ES@edeEiCs express lower levels of these genes.
B) Q-RT-PCR was also performed on HUVECs culture&@and SMCconditions. Here, only EC-
specific genes are expressed by these cells cdlurder either EC or SMC conditions, and SMC-
specific genes are not expressed under eithertommdinRNA levels were normalized agaifisactin.
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4.3. Enhanced Endothelial Progenitors from Wnt Expessing Stromal Cells

Studies by our group and others have shown thabusstromal cell lines provide
lineage specific support for differentiatioffi:**° To better define conditions that support or
enhance differentiation of ECs or SMCs from hum&CE, M210 stromal cells over-
expressing either Wntl and Wnt5 were used to indlifferentiation in human ESCs as
described?° CD34 cells were isolated and assessed quantitativelthér ability to produce
endothelial progenitors. Not only were a greatenber of CD34 cell obtained, the limiting
dilution assay also revealed that CD3%lls isolated from Wntl expressing stromal cells
yielded a higher number of ECs that could be suleseity induced to form SMCs, as an
indication of vascular progenitor cells (Figure1Bjnt5 expressing M210 cells did not have
the same effect. Statistical analysis by unpairéestt generated the following p values:
regular M2-10B4 stromal cells vs Wntl expressingMB4 (p=0.0279) and vs.Wnt5 M2-
10B4 (p=0.0309).

100 1

EO 4 *

60 1
40 1

20 1

Regular Wntl Wnt5s

Figure 13. Increased Development of CD34+ Vasculdrogenitor Cells From Wntl Expressing
Stromal Cell Differentiation. Limiting dilution analysis was done to quantifascular progenitor
cells from human ESCs allowed to differentiate oR-MB4 stromal cells that did not over-express
Wnt proteins, or M2-10B4 cells that overexpressidee Wntl or Wnt5, as indicated. Numerical
values shown as progenitor cells per 10,000 ceéhsr bars represent Standard Error of the Mean of
n= 4 individual experiments; * Wntl (p=0.0279) and/nt5 (p=0.0309.
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4.4. Functional characterization of human ESC-derived edothelial and smooth muscle

cells

To evaluate the functional characteristics of hE&ECs and SMCs, nine different
pharmacological agonists were used to measurebihty @f these cells to respond to stimuli
by release with a change in intracellular calciumnaentration. Fura-2 labeled human ESC-
derived ECs and human ESC-derived SMCs were testedlifferences in responsiveness to
various agonists were evaluated in more than 206 og-igure 14). The majority of the SMC
population responded to bradykinin, oxytocin andahelin-1 and fewer cells demonstrated
a response to histamine, ATP, serotonin, vasopressirephinephrine and carbachol. In
contrast, the human ESC-derived ECs respondeddotleslin-1, histamine, bradykinin, as
well as carbachol, though there was little respdosexytocin or the other agonists (Figure
14C). Not only do these results support the noti@t human ESC-derived ECs and human
ESC-derived SMCs are distinct populations, but ahsbcate their ability to function in a
physiologically appropriate manner. Undifferentthateuman ESCs were also tested and were
found only to have a uniform Ca-response to carlaohTP, and ET-1. While the three
populations each have different response profiles|ack of response by human ESC-derived
ECs and human ESC-derived SMCs to certain agomstcates these cells have not
advanced to a fully mature phenotype.

To evaluate functional interactions between the teth types, human ESC-derived
ECs and human ESC-derived SMCs were cocultured Matigel tube formation assay.
Here, distinct difference was evident when the papulations were cultured together as
opposed to being cultured as single populationdatrigel. Human ESC-derived ECs
cultured alone formed typical relatively thin capy-like tubes.(Figure 15A-C). Human ESC-
SMCs cultured by themselves on Matrigel did notrfosignificant structures (data not
shown). However, in the samples consisting of atunéx of human ESC-derived ECs and
human ESC-derived SMCs, substantially denser aneé nodust three-dimensional networks
of vasculature like structures were observed. Timadn ESC-derived ECs and human ESC-
derived SMCs could be tracked in culture by thespective fluorochrome expression. The
human ESC-derived ECs were derived from a H9 wells stable GFP expression and the
human ESC-derived SMCs were derived from anothercEl® line expressing mCherry.
Images show alignment of the cells as well as glystell-cell interaction of enhanced

vascular formation that appears to recapitulatévia EC and SMC interactions.
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Figure 14. Intracellular calcium response of humarESC-derived ECs and human ESC-derived
SMC to pharmacological agonists.Single cell preparations were exposed to pharmgoab
agonists as indicated. Responses of each celvigpe measured via a fluorimetric ratio using fura-2
(A) From left to right: human ESC-derived SMC phasages, Fura2 loaded human ESC-derived
SMCs prior to agonist exposure, fluorometric changmost-agonist exposure (oxytocin and
bradykinin); pseudocolor scale: low ratios indicaby blue color and high ratios indicated by yellow
to red color (original magnification 400XB) Representative of time course graph of seven iitalif
hESC-SMCs exposed to oxytocin, ET-1, ATP and Bradgk Each line represents the ratios obtained
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from an individual cell in successive image paif€). Graphic summary comparing responses of 100
undifferentiated human ESC, 100 human ESC-derived Eand 105 human ESC-derived SMCs to
specific agonsits: bradykinin (BK), endothelin-1T{E), oxytocin (Oxy),histamine (Hist), ATP,
serotonin (5-HT), vasopressin (AVP), norepinephriNg&), and carbachol (Carb). Each population
tested was comprised of cells from more than ottereu

hESC-EC+

Figure 15. In-vitro Matrigel Tube Formation Assay. To assess functional potential of human ESC-
derived ECs and human ESC-derived SMCs in vitrtls @eere cultured on Matrigel. Vascular tube
structures formed in both hESC-derived ECs and h#&@ed EC/ SMC cultures, with the
cocultured cells interacting to form more robustnser tube structureéA-C) hESC-derived ECs
alone(D-F) hESC-derived ECs cocultured with hESC-derived SN&sFluorescent image of GFP-
expressing hESC-ECs cocultured with mCherry-expmgdsESC-SMC demonstrate close interaction
between the two cell populations in these in vitatrigel cultures images in (G) show low power
(25X) of both cell populations, as well as highewer (200X) of separate GFP and mCherry
expressing cells, as well as colocalization of fasgent cells with phase image. (Original
magnifications: A 40x, B 100x, C 400x, D 40x, E £@400x, G 25x and 200x).
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5. DISCUSSION

In our study, we demonstrate an efficient methoditierentiate ECs and SMCs from
human ESCs in a defined stepwise culture systeno. main approaches have been utilized
by our group and others to support differentiat@nhuman ESCs into ECs: stromal cell
coculture and EB formatiori>?*%*2>%'In contrast to work by Levenberg at‘alising EB-
mediated differentiation, here we used stromal celtulture with the mouse bone marrow
derived stromal cell lines (M2-10B4 and S17) asefficient method to derive vascular
progenitor cells. We found no significant differengén ability to induce endothelial
differentiation between M2-10B4 and S17 two stroo@l lines. Phenotypical and functional
characteristics of our human ESC-derived ECs inotpdnorphology, expression of cell-
surface antigens, uptake of acetylated LDL, ana tidomation in Matrigel were consistent
with the typical EC characteristics. Transmissidgcion micrograph images of these ECs
confirmed the release of microparticles from thdame of the ECs, which is also associated
with functional endothelium.

Furthermore, based upon studies to derive SMGn tther cell populations such as
mouse ES cells and adult progenitor C&18°® we evaluated the SMC potential of this
human ESC- derived EC population. In our study demonstrated that changing the culture
conditions to media containing TQ¥:- and PDGF-BB resulted in a rapid and profound
change to SMC morphology confirmed by immunophepioty and gene expression of SMC
markers. Additionally, these human ESC-derived SM@monstrate a functional response to
calcium signaling agonists similar to responseSMICs in their physiological environments
in vivo. Notably, the response of human ESC-deriZ€$ to these pharmacological agonists
is considerably different than the human ESC-deri®MCs. Despite the fact these two
populations are derived from a common CD34scular progenitor cell population, these
studies clearly illustrate the difference betwede two cell types and highlight their
independent contribution in the structure and fiomctof mature vasculature. Other
populations, such as mesenchymal stem cells andypes, have been cited as SMC
precursors?**# The hallmark characteristics of these populatiares controversial and, in
some cases, overlap with SMCs. Further studiedlda alefinitive characterization will be
necessary to determine the relationship, if angwéen these cell types.

While ECs and SMCs have been previously derived cdratacterized from human

ESCs, our results advance these previous resussvieral important ways. First, we are able
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to demonstrate the potential of a human ESC-deér®34 cells to produce both ECs and
SMCs. Second, this is accomplished in a novelciefit, three phase culture system through
the development of human ESC-derived ECs and subsedlifferentiation of human ESC-
derived SMC cell population. Third, this methodhaiman ESC differentiation is scalable to
produce the large EC and SMC populations withelitthriability. Finally, in addition to
demonstrating distinct responses to a variety @frplacological agents, the two populations
of ECs and SMCs were successfully combined in oailto form more robust, enhanced
vascular structures.

There are at least two mechanisms that may acdournhbe ability to derive SMCs
from a population of human ESC-derived ECs. Onesipdgy is that the initial human ESC-
derived ECs, generated from the CD84scular progenitor population contain a very tadi
number of SMC progenitor cells that remain reldjiveuppressed under EC culture
conditions. Then, upon changing the culture fromt&SMC conditions, the SMC population
rapidly expands, and the EC growth is limited, euelly eliminating the human ESC-derived
EC population from the culture. These potential SptGgenitor cells could be in either the
main CD34 cell population or the residual CD34ells that remain after immunomagnetic
sorting. Alternatively, and more likely, the hum&$C-derived ECs may be capable of
directly converting to an SMC population under thiégernative conditions. This second
hypothesis is supported by the fact that human HB&@~ed ECs cultured under SMC
conditions for as little as 24 hours quickly chargerphology and no EC-like cells are
observed. In attempts to derive human ESC-derivéC Sdirectly from the CD32
population, cells placed under SMC conditions did give rise to viable cultures. The two
main factors that contributed to this fate were lphating efficiency and no detectable cell
proliferation of plated cells. Moreover, typical EGaracteristics such as the expression of EC
markers and tube formation capabilities are alswkiyy diminished. Further studies are
required to better define and validate the mechasisf differentiation operating in these
cultures.

Mouse ESCs have been previously used to model BGttand SMC development
including characterization of FIkIells capable of producing ECs, SMCs, and hematipo
cells’®1?* While both ECs and SMCs could be derived from thigulation, they were
cultured and expanded as separate populationshen8MCs did not differentiate from the
EC populationt?* It is important to note that other more definitmemature EC populations

such as HUVECs are not able to convert to SMCs wtitee same conditions that induce
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differentiation from human ESC-derived ECs to huniZ81C-derived SMCs. This patrtially
clarifies the difference in developmental potentitfetal ECs and human ESC-derived ECs.

Other recent studies using mouse ESCs demonstrateFtk1l positive and/or Isl1
positive cells are able to give rise to not onlyse@and SMCs, but also cardiomyocyte
progenitor celld?>*?® Another study demonstrated that Nkx 2.5-positie#iscderived from
mouse ESCs could form both cardiac tissue (vaseudrconductive) and SMCs, though not
ECs™’ Also, while many studies have now demonstrateddtepoietic development from
human ESCs, one recent study demonstrates a puthiipotential hemato-endothelial
(hemangioblast) development from a Flicell population®® ECs and SMCs are known to
have differences in phenotype and gene expressamendling on anatomic location or
developmental sourd@®*** Therefore, it will now be of interest to evalu#te potential for
the human ESC-derived populations described in studies not only for cardiomyocyte
potential but also for their potential contributiom other tissues and organs. Furthermore,
these cells can now be better evaluated for funatioapacity using in vivo models of cardiac
or peripheral vascular ischendia->2

A recent study also found separate outgrowth of B8¢ SMCs from a CD34
population selected from EB&.While these populations display phenotypes sintibathe
cell described in our study, it is important to endhe differences in methods and in the
secondary characteristics of the populations. Ththad for generating SMCs featured in our
work occurs via a human ESC-derived ECs intermediaa stepwise differentiation process.
By using the stromal cell coculture method outlimedhis study, a greater potential to study
the CD34 progenitor population exists. The CD3dopulation emerges between days 7 and
10 and continues to develop through days 22-28.léMhie CD324 population is present
during all stages of differentiation, the co-exgies of other surface antigens better define
the progenitor cell population(s).

In addition to defining the phenotypic functionfafman ESC-derived ECs and SMCs,
it is possible to further control the differenta@ti environment via co-culture through the use
of genetically modified stromal cells or additionaledia supplements. In effort to more
accurately recreate native stem cell niches, segeoaps have reported the use of stromal
cell lines that over express various componentsghbto promote or inhibit lineage-specific
differentiation'?® In this study, use of Wntl- and Wnt5-overexpragpdit10 stromal cells
not only increased the quantity of CO3#rogenitors, but also the coexpression of typial
surface antigens, such as CD31 and Flk1 (also teiizZR or VEGFR2). It is possible to

further enhance the method of differentiation pnése here by a similar addition of cytokines
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to media components either throughout the difféaéioh time course or at various points as
other groups have found useful for more specifidl afirect differentiatiort® It is
advantageous to apply defined cytokines to strarakilcoculture differentiation models due
to the fact that the cells undergoing differentiatin a two dimensional environment have
more total surface area and hence more exposuihe tmedium. Moreover, it is possible that
additional phenotypic and functional cardiac andcuar progenitors could be produced at
different stages of differentiation by utilizingetbe methods.

The field of cardiovascular regenerative mediciserapidly progressing. Multiple
studies have evaluated the ability of different pepulations to mediate cardiac repair and/or
improved function both using model animals andicéihstudies>***° Most of these studies
use heterogenous or poorly defined cell populatsuth as myocytes, whole bone marrow or,
mesenchymal stem cells, and the mechanisms thattéeanproved function are often not
clear. While improvement of cardiac function haserbedemonstrated in rodent

§3139.199 these findings do not always translate to sineféicacy in clinical trials-*"

model
%4 1n most cases where there is functional improvenieis uncertain whether this is due to
the exogenous cells generating functional tissue,ifothese injected cells stimulate
endogenous repair. Use of human ESC-derived cafisbe utilized to better identify cells
most effective at cardiovascular repair. Specifjcause of human ESCs with stable
expression of fluorescent proteins (GFP, dsRed,ottrers) as described here, and
bioluminescent imaging via luciferase-expressinlscas demonstrated previouSty can be
used to better define the contribution of definetl populations in pre-clinical models of
ischemia. While human ESC-derived cells are notsyatiable for clinical trials, studies of
these cell populations can help to better ideradlys from bone marrow or other adult tissue
that may be most effective at cardiovascular regaiis most likely that truly efficient
cardiovascular repair will require a combination afl naturally occurring vascular
components (ie endothelial, smooth muscle, pericgtel cardiomyocyte cells). Using a
coculture differentiation system such as the ondinaa in this study provides a tool for
isolating all of these cell types as they arisarduthe differentiation process. This method is
highly effective, reproducible, and fulfills the glee to to derive all cell types from a single

source.

48



6. CONCLUSIONS

In our study, we demostrate great potential of hulB8Cs (H9 cell line) to differentiate
into both ECs and SMCs in a defined stepwise fashia a novel three-phase culture system.
We show that these cells can be expanded in culuack induced to maintain distinct
phenotypic and functional characteristics of bo@stE&and SMCs as demonstrated by detailed
analyses. Here, we also demonstrate more complatdifial characterization of the human
ESC-derived ECs and SMCs including calcium imadandefine distinct responses to a panel
of nine agonists. We also show an increase in thmber and quality of CD34vascular
progenitor cells derived using Wntl-expressing M2t@mal cell layers during the initial
differentiation period. This population of CD34cells produced a higher percentage of
endothelial progenitors.

Our human ESC-derived EC and SMC model providesoitapt insight into human
vascular development as well as a source of pnedingi data for future design of clinical
vascular regenerative therapies. Most importarttlis system elucidates more closely the
relationship between ECs and SMCs. The stepwisterdiftiation outlined here is an
efficient, reproducible method with great potental large-scale cultures suitable for clinical

applications.
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7. SUPPLEMENTARY DATA

Supplementary Table 1.

Gene Primers (S=forward, AS=reverse) Product size ( bp)|Ann.Temp.©

B-ACTIN S:5- TACCTCATGAAGATCCTCA-3’ 267 51
AS:5-TTCGTGGATGCCACAGGAC-3’
AS:5-TCCCGTCCATGAAGCCTTTGG-3’

CALPONIN S:5-TTTTGAGGCCAACGACCTGT-3" 91 63
AS:5-TCCTTTCGTCTTCGCCATG-3’

MYOCARDIN |S:5-AACCAGGCCCACTCCCAC-3’ 81 62
AS.5"-CAGGCAAGCCCCGAATT-3’

SM22 S:5-GGCAGCTTGGCAGTGACC-3’ 101 63
AS:5-TGGCTCTCTGTGAATTCCCTCT-3’

aSMC-ACTIN [S:5"-CTACAATGAGCTTCGTGTTGC-3’ 130 59
AS:5-ATGGCTGGGACATTGAAAG-3

SMOOTHELIN [S:5-ACTGGTGTCGAGCCAAGACT-3’ 119 60
AS:5-GCCTCAGGGAAGAAGTTGTG-3’

SM-LIM S:5-GTGCAAAGTGTGGGAAGAGT-3’ 119 58
AS:5-TCCTTGGCCATAGCCAAATC-3

APEG-1 S:5-GAGACCTGGCCGCGAAC-3 111 62
AS:5-CTGGTCCATAAGTGAGACCTTGAA-3’

CD31 S:5-ACTGCACAGCCTTCAACAGA-3’ 92 60
AS:5-TTTCTTCCATGGGGCAAG-3

CD34 S:5-TCCAGAAACGGCCATTCAG-3’ 69 62
AS:5-CCCCACCTAGCCGAGTCA-3’

VE-CADHERIN |S:5-CTCTGCATCCTCACCATCAC-3’ 179 59
AS: 5-GAGTTGAGCACCGACACATC-3’

VWF S:5-GTCGAGCTGCACAGTGACAT-3’ 64 60
AS:5-CCACGTAAGGAACAGAGACCA-3’

FLK1 S:5-CGGCTCTTTCGCTTACTGTT-3 98 60
AS:5-TCCTGTATGGAGGAGGAGGA-3

eNOS S:5-GGCTGCTCAGCACCTTGGCA-3’ 56 68
AS:5-GAGGGCCTCCAGCTCCTGCT-3’

TIE 2 S:5-TGCCCAGATATTGGTGTCCT-3’ 73 60

AS:5 -CTCATAAAGCGTGGTATTCACGTA-3

Supplementary Table 1.
Q-RT-PCR primers, product sizes, and annealing éeatpres
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9. APPENDICES |

9.1.1. Seznam publikaci vztahujicich se k tématu zirtace
a)slIF

Hill KL*, Obrtlikova P*, Alvarez DF et al. Human elonyonic stem cell-derived vascular
progenitor cells capable of endothelial and smoatiscle cell function. Experimental
Hematology. 2010, 38: 246-257, IF 3.203.

* Hill and Obrtlikova contributed equally to thiswork as co-first authors, the proof in paper

Hematti P., Obrtlikova P., Kaufman DS. Nonhumamate embryonic stem cells as a
preclinical model for hematopoietic and vasculgraie Experimental Hematology 2005,
33:980-986 , IF 4.681.

b) bez IF

9.1.2. Seznam publikaci vztahujicich se kigyodnimu tématu dizertace
a)slIF
Pytlik R, Hofman P, Kideryova L Cervinkova P, Olktiva P, Salkova J, Trneny M, Klener

P. Dendritic cells and T lymphocyte interactionpatients with lymphoid malignancies.
Physiol Res. 2008, 57: 289-298, |IF 1.806.

b) bez IF

Obrtlikova P., Pytlik R., Hofman RCervinkova P. Hodnocenigriti a proliferace T-
lymfocyta ve smiSené lymfocytarni reakci s dendritickymikami metodou diferenciéalniho
gatingu, Epidemiol Mikrobiol Imunol. 2006, 54: 1095.

9.2. Ostatni publikace

Mocikova H, Obrtlikova P, Vackova B, Trneny M. Piogsh emission tomography at the end
of first- line therapy and during follow-up in patits with Hodgkin lymphoma: a
retrospective study. Ann Oncol. 2009 Nov 9. [Ephlead of print] IF 4,935.

Mocikova H, Vackova B, Pytlik R, Obrtlikova P, BEny M. Analyza absolutniho gtu
lymfocyta a dalSich faktdr ovliviwujicich gezivani pacierits Hodgkinovym lymfomem po
autologni transplantaci perifernich kmenovychdui ransfuze a hematologie dnes. 2010,
16: 25-29.
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9.3. Struény souhrn vysledki k pavodnimu tématu postgraduéalniho studia 2002-2004
Pavodni téma: Vyuziti dendritickych btk v protinadorové terapii

Béhem prvnich 3 let mého postgradualniho studia jsemv Laboratth bunécné
terapie na I. interni klinice VFN zabyvala metodaptipravy dendritickych buwk v co
nejvetsi mire prezentujicich idiotypovy antigen cytotoxickym [fmfocytim s cilem jejich
potencionalniho vyuziti k protinadorové terapiireldinickych studiich.

Dendritické buiky byly ziskavany z periferni krve kultivaci z nomyti. Nezralé
dendritické biiky byly péstovany 5-8 dni v kultivanim mediu RPMI 1640 s 10% fetalnim
telecim sérem, GM-CSF a IL 4, poté byly pulsovaatatovym toxoidem a vyzravany
naslednou kultivaci s TNF-alfa po dalSich 48 hodidsleds byla provadna kontrola
dendritického fenotypu pomoci imunofenotypizace.

Vramci naSeho vyzkumu bylo hlavnim cilem projekgjiStovani schopnosti
dendritickych budk stimulovat T lymfocyty u paciefits chronickou lymfocytarni leukemii
pied a po konvemi I&b¢ s cilem zjistit, zda po intenzivni chemoterapeidabe maji
pacienti s chronickou lymfocytarni leukemii, s @lden na &kou imunosupresi, alespo
teoretickou schopnost navodit protinadorovou odgoproti svym nadorovym hikam. Tato
otazka byla i pedmétem grantu Fondu rozvoje vysokych Skol (FRVS)ojelisem byla
reSitelem a ktery byl v roce 2005 &Spe dokorten.

V ramci feSeni tohoto projektu byla zavedena metoda generameritickych busk
z CD 14-monocyt a jejich imunofenotypicka charakterizace z hledigkezentace antigenu.
Byla spolehli¢ zvlddnuta metoda kokultivace dendritickych &kins CD 4+ a CD 8+
lymfocyty v rmiznych experimentalnich usf@mlanich (autologni a allogeni smisSené
lymfocytarni reakce) a zavedena metoda diferenitidlrgatingu jako zjsobu pouzivani
priatokové cytometrie, ktera umndje blizSi charakterizaci zkoumanych kaémych populaci
pouze na z&kladside a forvard scattier Tuto praci jsme publikovali v roce 2005 (Epidemio
Mikrobiol. Imunol.- viz seznam publikovanych praci

V dalSi fazi vyzkumu jsme prokazali fwikost dendritickych bugk prostednictvim
smiSené lymfocytarni reakce (MLR) u pacitesatchronickou lymfocytarni leukemiigd i po
lécbé ve srovnani se zdravymi dobrovolniky. U vSech &eigch pacierit s chronickou
lymfocytarni leukemii autologni dendritickéithy podporovaly peZiti a proliferaci jak CD4,
tak CD8 lymfocyit, zatimco pouze 70-80%ckEnych pacierit jsme pozorovali stejny efekt
na CD4 a CD 8 lymfocyty. U 3 z5 nednhych pacierit, kde dendritické hiky byly
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pulsovany tetanovym toxoidem, doSlo k posileni addo CD 4 lymfocyti, coz nebylo
mozno pozorovat u paciénts I&enou chronickou lymfocytarni leukemii. Stejny vliv
dendritickych busk pulsovanych tetanovym toxoidem na CD 8 lymfocgty nepoddo
prokazat v zadné skugirvySetovanych pacierit Vysledky jsou podrokinpopsany v ramci
¢lanku publikovaném v roce 2008 (Physiol. Res.zsdznam publikovanych praci).

V dalSim pfibchu mého postgradudiniho studia nebylo dale v torymkumném
projektu v Laborath bunééné terapie na I. interni klinice pokmvano a diky moznosti
vyzkumu na poli lidskych embryonalnich kmenovycinddu jsem zazadala o zmu tématu
mého postgradualniho studia na &mny projekt s nazvem: Diferenciace lidskych
embryonélnich kmenovych béi v buiky endotelové a hladké svalové jako model cévniho

vyvoje (viz disertani prace).
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9.4. Posters and oral presentations
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(ASH Annual Meeting Abstracts, lecture), Nov 20082: 693.

Pytlik R., Purkrabkova T., Stehlik D., Hofman Rervinkova P, Obrtlikova P, Zima T., ’my M.:
Growth and differentiation of mesenchymal stemscell human sera 31 #innual meeting of the
European Group for Blood and Marrow transplantafio@5 (lecture).

Pytlik R., Purkrabkova T., Obrtlikova P., Strnadé¥.a Karban J., Novotna E., Tsmy M., Klener P:
Rast a diferenciace mezenchymovych kmenovychébum pacieni s lymfoidnimi malignitami.
Olomoucké hematologické dny 2003 (poster).

Pytlik R., T& T., Purkrabkova T Obrtlikova P., Strnadova H., Stehlik D., ¥ng M., Klener P:
Vyuziti mezenchymovych b@h v ortopedii. PraZzsky hematologicky den 200&(mnaska).

P.Obrtlikova, B.Vackova, R.Pytlik, H.Krejcova, Pdfler and M.Trneny , Ist Dept Medicine, Charles
University General Hospital, Prague, Czech Repulfdffects of Pretransplantation Treatment with
Rituximab on Outcomes of Autologous Stem-Cell Brdantation for Diffuse Large B-Cell
Lymphoma.11 Congress of the European Hematology Associatid@6 Zposter).

P.Obrtlikova, B.Vackova, R.Pytlik, H.Kkgjva, P.Klener and M.Temy, I. interni klinika VFN a 1.
LF UK v Praze: Vysokodavkovana chemoterapie s agtul transplantaci krvetvornych hiknu
nemocnych s difuznim velkob&nym lymfomem- analyza vysledk jednoho pracovigt XX.
Olomoucké hematologické dny 20Q@ednaska).

P.Obrtlikova, B.Vackova, R.Pytlik, H.Kkgjva, P.Klener and M.Temy, |. interni klinika VFN a 1.
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v [écbé folikularniho lymfomu — sledovani nemocnyckidéych v jednom centru. XX. Olomoucké
hematologické dny 2006 ig@dnaska).

P.Obrtlikova, B.Vackova, R.Pytlik, H.Kkgjva, P.Klener and M.Temy, I. interni klinika VFN a 1.
LF UK v Praze: Rituximab vigdtransplantni I&b¢ a jeho vyznam na vysledekily po autologni
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David Salek, Ingrid Vasova, Robert Pytlik, Davidl&#a, Tomas Papajik, Katerina Kubackova, Jan
Pirnos, Ludmila Boudova, Roman Kodet, Pe®hbrtlikova Hana Krejcova, and Marek Trneny
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of Patients Treated in Rituximab Era. Blood (ASHWal Meeting Abstracts), Nov 2008; 113745.
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during folow-up in patients with Hodgkin lymphoma retrospective study (lecture), 10th
International Conference on Malignant Lymphoma 2D08ano, Switzerland, June 04-07, 2008.

H.Mocikova, P.Obrtlikova, B.Vackova, R.Pytlik, Jl&#va,J.Haber, E.KoleSkova, J.Straub,
E.Zikesova, E.Cmunt, P.Cieslar, M.Siskova, J.Karad.Trreny Nalezy v dlouhodobém sledovani
pacientt s Hodgkinovym lymfomem po privni linii &y, Cesko-slovensky hematologicky a
transfuziologicky sjezd 2008, 05.09.2008 - 09.0082®pindleliv Mlyn, Ceska republika.

H.Mocikové,P.Obrtlikova,Vackova,R.Pytlik,J.Salkovd,Haber,E.Koledkova, J.Straub, E.Zikesova,
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autologous stem cell transplantation in patients Wiodgkin lymphoma/3 International Symposium
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