Endot helial Cells Derived From Human Enbryonic Stem Cells This application
_clains priority fromU. S’ Provisional Application No. 60/367,689, filed
March 26, 200, the entire contents of which are incorporated herein by
reference. 5 Field of the Invention This invention pertains to the use of
enbryonic stemcells, and, nore specifically, to the differentiation,

I sol ation, characterization and use of human enbryonic endothelial cells.
Background of the Invention 10 Human vascul ar endothelial cells are

i nportant for devel opi ng engi neered vessels for treatnment of vascul ar
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-~capi |l lari es hé&einbyeeirbicer enti ated endothelial cells, as opposed to

angi ogenesi s, the sprouting of capillaries from preexisting blood vessels
(Yancopou| os, et al., (1998) Cell_93., 661- .4). Th| S potential can be
exploitedin tissue engineering f Btissue vascularization,
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FASEB J 12, 1331-40; Kaih et al., (2000) Tissue Eng 6, 105-17).

Vascul ari zat P’Bhl'b’oﬁm\ﬁqdp@eﬁ@qeﬂﬁortant to enable cell viability during
tissue growth, induce structural organization and pronote integration upon

i npl antation. The use of enbr ngggr%ﬁm &aht Inténtdonssue 25 engi neering and
ot her applications in place of endot hel'Tal” progenitor or endothelial
celI's wold d be paHuimml eastylaczeddthelial csilners Eartant &m@vebmmm
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(1999) Science 284, 489-93 Kawamoto, et al., (2001) Circulation 103, 634-7).
Endothelial progenitor cells from adults have vasculogenic potential (Kawamoto,
15 2001). Vasculogenesis is defined as the in situ assembly of capillaries from
undifferentiated endothelial cells, as opposed to angiogenesis, the sprouting of
capillaries from preexisting blood vessels (Yancopoulos, et al., (1998) Cell 93, 661-
.4). This potential can be exploited in tissue engineering for induction of tissue
vascularization, especially for complex tissues where vascularization of regenerating
20  tissue is essential. For example, it is often desirable to vascularize engineered tissue
in vitro prior to transplantation (Black, et al.., (1998) FASEB J 12, 1331-40; Kaihara,
et al., (2000) Tissue Eng 6, 105-17). Vascularization in vitro is important to enable
cell viability during tissue growth, induce structural organization and promote
integration upon implantation. The use of embryonic stem celis in tissue
25  engineering and other applications in place of adult endothelial progenitor or
endothelial cells would be particularly exciting, since ES cells can be expanded
without apparent limit and ES cell-derived cells could be created in virtually
unlimited amounts and available for potential clinical use (Amit, et al., (2000) Dev

Biol 227, 271-8).



use in tissue engineering -for induction of tissue vascularization. A
potential source of cells for these applications are enbryonic stemcells
which, in murine systens, were shown to differentiate into endotheli al
cells form ng vascular structures in a 5 process call ed vascul ogenesi s
(Vittet, et al., (1996) Blood 88, 3424-31). Early endothelial progenitor
cells isolated fromdifferentiating nouse enbryonic stem cells were shown
to give rise to three bl ood vessel cell cogﬁﬁnents, enatgpoet
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bl ast ocytes provi de ue sys studying these events in human
enbr yoni ¢ devEherfie in2siditidnotspotentid clihical fpdiesiorsc purified hgman emigyagic
Human ES cells have the _potentjal to ener ate. al | ryonic cell | |neages
when t heylQinderdgshakial celle senld: 'i"i)i‘i‘.np‘”ﬁﬂrgftgf SAIYIS S?T%g?mﬁ’ég ‘i“‘é{ﬁﬁ’i}g@iﬁa ed
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suspension. ThI'S eren ion I'n suspension, results in aggregation of
the cells and for nbifferentiftionndf embyohiodierns céliiBinto endathlidl celis and fasation

differentiation steps occuy (Jtskovjtz-Eldor, et at.. 000) Mol . H. . 88-
95) | Surmary. 6 Vel SEBR heA PR R FRTIveDs B itins stibeyqsnc oy HfaRe
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cells. The cells may lge 30 vascul ogenic. Alternativel é,ﬂ)or I n addition,
the cel | s1&xp(199S) Giner OpimGekt Biél RECA; Higalima et pl.cARB) BloodIB, d&atbs) n,
VW, and CD34Ho1vif@$er(,: Elléicl:ksofrgk/penzmental cell systems, had made it difficult to study these
developmental processes in the human until now. Human embryonic stem cell lines
(hES) recently established from the inner cell mass of human blastocytes provide a
unique system for studying these events in human embryonic development

20  (Thomson, et al., (1998) Science 282, 1145-7). Human ES cells bave the potential to

generate all embryonic cell lineages when  they undergo differentiation.
Differentiation of hES can be induced by removing the cells from their feeder layer
‘and growing them in suspepsion. This differentiation in suspension, results in
aggregation of the cells and formation of embryoid bodies (EBs) in which

25  successive differentiation steps occur (Itskovitz-Eldor, et al., (2000) Mol Med 6, 88-
95),

Summary of the Invention
The invention uses a population of human embryonic endothelial cells

produced in vitro from human embryonic stem cells. The cells may be
30  vasculogenic. Alternatively, or in addition, the cells express one or more of
PECAM!, GATA-2, N-cadherin, VE-cadherin, YWF, and CD34. The cells may



I ncorporate ac-LDL. In one enbodi nent, a tissue engi neering construct is
formed by conbining the human enbryoni c endothelial ‘cells with a cell
support substrate. A polymer matrix may be infused with the cell support
substrate.. The polynmer matrix may have any shape, for exanple, particles,
tube, sponge, sphere, strand, 5 coiled strand, capillary network, film
fiber, mesh, or sheet. A growh factor may be attached to the pol yner
matrix or conbined with the cell support substrate. The cell support
substrat e najndeepaatgeic-lpb. dayoncentmdimentda issue engineguing waskuaiis fogred
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and 20 bFGF fo stinulate fornation” of enbryoi d bodies containing the
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vasculogenic human cells in vifro. The method includes providing a population of

human embryonic stem cells, culturing the stem cells in the absence of both LIF and
20  bFGF to stimulate formation of embryoid bodies containing the cultured stem cells,
and isolating PECAMI] positive cells from the embryoid bodies. The siep of
isolating may include dissociating the embryoid bodies to separate the cultured stem
cells, incubating the cultured stem cells with a labeled PECAMI antibody to
distinguish the portion of the cultured stem cells that are PECAMI+, and separating
25 the PECAMI+ cells from the remaining cultured stem cells. The step of providing
may include incubating a population of hwman embryonic stem cells in a culture
medium and at least partially disaggregating the stem cells. The vascuiogcm'c human
cells produced by this method may be suspended in or on a liquid carrier, a cell-
support substrate, or a mixture of both, and delivered to a tissue in an animal.
30  Altematively, the vasculogenic cells may be deposited on a polymer matrix by
infusing the matrix with the cell suspension (either with or without the cell support



3 substrate). The cell suspension may include an additional cell type, or
the additional cell type may be added separately to the polymer matri x.
The polynmer matrix nay be delivered to a tissue site. For exanple, the
polymer matrix may be di sposed about the outside of a blood vessel. The
cells my be allowed to proliferate within 5 the cell support substrate or
on the polyner matrix before being delivered to a tissue site. A
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Brief Description of the Drawing
The file of this patent contains at least one drawing executed in color.
Copies of this patent with color drawings will be provided by the Office upon
request and payment of the necessary fee. |
The invention is described with reference to the several figures of the
20  drawing, in which,
Fig 1. Endothelial gene expression in hES-derived EBs by RT-PCR analysis.
(A) RNA was isolated from undifferentiated hES cells and from hEBs at different
time points (days) during differentiation, and subjected to RT-PCR analysis. The
negative conirols, no template (N.T.) and MEF, and the HUVEC positive control
25 (HUV) are shown to the riéht. B) Quailtitative analysis‘ of gene expression.
Relaﬁve pixel intensity corresponds to gene expression level; for each time point,
mean pixel intensities of each band were measured and normalized to mean pixel
intensities of GAPDH band. The results shown are mean values of three different
experiments, plus and minus standard deviation. '
30 Fig. 2. Expression of endothelial cell markers in vessel-like structure within
hEBs. (A) EBs at day 13 stained with human PECAMI1 antibodies (Red), von



hEBs. (A) EBs at day 13 stained with human PECAML antibodi es (Red), von 4
Wl ebrand Factor anti bodies (Green) and DAPI for nucl ear staining (Bl ue).
PECAM is organi zed at cell-cell junctions while VW is found in organelles
in the cytoplasm (B) EB cells stained with human VE-cadherin anti bodies
"(Red) and DAPI (Blue). (Oig. mag. X1000). (C) Low magnification (X100) of
EB stained 5 with PECAM antibodies. (D) Areas of PECAM positive cells
(Red) within part of an EB, or{gani zed in elongated clusters. Cells nucl ei
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cytometric analysis of endothelial cell markers in PECAMI1+ cells grown in culture

for 6 passages and HUVEC cells. The cells were dissociated and incubated with

either isotype control (dashed lines) or antigen specific antibodies as indicated (Solid

20  Lines). Percent positive cells are shown. |

Fig. 5. Characterization of hES-derived endothelial cells grown in culture.
(A) Immunofluorescence staining of PECAMI (red) at cell-cell junctions and vWF
(green) in the cytoplasm. The nuclei are stained with DAPI (blue).- Lower
magnification (X200) of the cells stained for PECAMI is shown in (B). (C) N-

25  cadherin and (D) VE-cadherin staining, in cell-cell adherent junctions. (E) Double
staining for Vinculin (red).and Actin (green). Vinculin is found in both focal
contacts and cell-cell adherent junctions where it associates with actin stress fibers
ends. (Orig. mag. for A and C-E X1000) (F) Uptake of Dill-labeled ac-LDL by
PECAMI+ cells. (G-H) Cords formation by PECAMI1+ cells 24 hours (G) or 3

30 days (H) after seeding the cells in Matrigel. (Orig. mag for G = X100 and for H =
X200). (I) Electron microscopy of the cord cross-section showing lnmen fonmnation



30 days (H) after seeding-the cells in Matrigel. (Oig. mag for G = X100

and for H= X200). (1) Electron mcroscopy of the cord cross-section
showi ng lunen formation 5 (Bar-211m and (J) higher magnification of the
|l umen (lu) area showing cell-cell interactions closing the lunmen. and the

nucl eus (n) of one cell (Bar 4pm. Fig. 6. Transplantation of enbryonic
endothelial cells (PECAM+) in SCID mce. PECAM + cells were seeded onto

PLLA/ PLGA pol ffolds. as 5 described.i i h
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cells formng scuj ar structures thraough Vv h Sinl e .
20 (1996)1 optibess hunanpastiive EAGPYESF By ARG bisd SeNSinl defriifthen. Slodk.
from differeﬂhggkh@%_nnuse enbryonic stemcells were shown to give rise to
three bl ood VveSsel cell conmponents, henmatopoetic, endothelial and snooth

muscle cells (Yamashita, et al., (2000) Nature 408, 92-6).. |n addition, it
was recently shown thdDetaile eseription of Gerdak IedeTE oM LIRIOMIBENE andot hel i al

W th neonatal car dBHARIGIoRw dpRindiiy e SAIGhaRIbElL R peid B
(Condorel li, GapliGtions indBAd belPtragsplidaition focaepair 6F ischdzgit @Bpes and tissue
10733-10738) . I?. al so has been shown that embryaonic .en&lot hel i al, cel ls% ofdl €
Critical 1hr ehginessint ebvasoulay sisr RerailyaFrTeps midisdapoas B8 u
(Mat sumoto, adult endothelial progenitor cells for such applications (Kawamoto, 2001; Kaushal,
et al., (2001) Nat Med 7, 1035-40). Another source of cells for these applications
are erﬁbryénic stem cells which, in murine systems, were shown to differentiate into
éndothelial cells forming vascular structures through vasculogenesis (Vittet, et al.,
20 (1996) Blood 88, 3424-31). Early endothelial progenitor cells isolated from
differentiating mbuse embryonic stem cells were shown to give rise to three blood
vessel céll components, hematopoetic, endothelial and smooth muscle cells
(Yamashita, et al, (2000) Nature 408, 92-6). In addition, it was recently shown that
endothelial progenitors and embryonic endothelial cells could differentiate into
25 béating cardiomjrocytes when cocultured with neonatal cardiomyocytes or when
| injected near a damaged heart area (Condorelli, G., et al. (2001) Proc. Natl. Acad.
Sci. USA 98, 10733-10738). It also has been shown that embryonic endothelial cells
are critical for the earliest stages of liver and pancreas organogenesis (Matsumoto,
K., et al. (2001) Sciénce 294, 559-563; Lammert, E., et al. (2001) Science 294, 564-
30 567). Since the formation of the first capillaries takes place mostly during early

stages of embryogenesis when endothelial cells are generated from precursor cells,
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K., et al. (2001) Science 294, 559-563; Lamert, E., et- al. (2001) Science
.294, 564 30 567). Since the formation of the first capillaries takes place
nostly during early stages of enbryogenesis when endothelial cells are
generated from precursor cells, 6 isolated human enbryoni ¢ endotheli al
cells or progenitor cells can be inportant for such applications (Flame,
et al., (1997) J Cell Physiol 173, 206-10). Therefore, in addition to
potential clinical applications, purified human enbryonic endot heli al
cells coul d beldterpimhiam emboronixt emipiheljabesllsyor progenitae oellsoyatdret impogtant for
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fact or invol vellsernuld kelipprian® fiu studyiegsprighumagylayelopmenBpy differggiation

-<Hi rashi et .al 1999 ood 93, 1253-63). 10 However, | ack of
experi ment al OE@PPWQ%SZ?%F%%W“F%S%}%T icult to study these
devel opnent al  pr ogRfreRatihiibn SeeribiBRicUidr lcell®ito BHaFheltilello and fairmioael |

lines (hES) recently established fromthe inner cell mass of human
bl ast ocyt es pf wesselestrctugn heplecenystudied exjensivalyiin myring smbryagepesis, ilcpdingn

enbryoni ¢ devel opment Tho n. et _al_ 8 ' - Human
ES cells havglapﬁit‘%tgtgﬁ%i %Pﬁ?@‘aﬁg"a&ﬁé‘?gté%‘gﬁ? kaécﬁt%]r @gﬁﬁg&%é p%%ﬁ%éz?g%% when
they under gouibgfsP €upP Upl CON Biol),Td62t® Hitahied) ephl.NES99RBId0d 930 dDSBE3 Ny

removing the cells fromtheir feeder layer and grow gg themin suspension.

Thi-s di f 1@r eFloweveralagknof axpreimensal callosyistams, ihad mpde Bghficlt tor stage these) <
and formation_of enbrwaoid bodi. i n-which 0a S| L Lation
ot eps occur - ArTLeEts Hepersfer if B iy b NG oG SEBrYcife e B e |0
enbodi ment, (HES)irENéﬂ%idsthbli&eﬂ fon thé trineh cell ningsrafhenabn piusiocytes primtidehi al
cells. The cells may be produced by culturing human emhryonic stem cells

in the absenBBiqyge systemantorpsiogying thepengvants iy, ERI, FITYRNE JeVeRBdtes,
and isolati 0% do f _ | ' Lgues
descr | bed 25O b ook Serbfce 282, 1431 BN S clihpvdho Bolefiflty
endot hel {5l getdratspeadii fembrgemies cetlurlimeggdsB whéif ethept iwlergo rdifferentiation.

maxi mum bet ween. days. 13- 15, and devel oppnment of ext eeﬂgi ve

vascul at ur e- PaSereniiating ofthH can bamgpead by Fomaoving from their feedér layer
and growing them in suspension. This differentiation in suspension, results in
aggregation of the cells and formation of embryoid bodies (EBs) in which
successive differentiation steps occur (Itskovitz-Eldor, et al., (2000) Mol Med 6, 88-

20 95).

In one embodiment, the invention is a population of human embryonic
endothelial cells. The cells may be produced by culturing human embryonic stem
cells in the absence of LIF and bFGF to stimulate formation of embryoid bodies, and
isolating PECAM1 positive cells from the population. Using techniques described

25  herein, we show an increase in expression of several endothelial cell-specific genes
during EB differentiation reaching a maximum between .days 13-15, and
development of extensive vasculature-resembling structures within the EB. We
isolated human embryonic endothelial cells from day 13-15 EBs using platelet
endothelial cell adhesion molecule-1 (PECAMI) antibodies and characterized their

30  behavior in vitro and in vivo.



i sol ated human enbryonic endothelial cells fromday 13-15 EBs using

pl atel et endothelial cell adhesion nolecule-1 (PECAM) antibodies and
characterized their 30 behavior in vitro and in vivo. 7 In one enbodi nent,
cells produced according to the techni ques provided by the invention
express PECAM , transcription factor GATA-2, N cadherin, vascul ar

endot hel i al -cadherin and von Wl |l ebrand factor. For exanple, at | east 45@6

in a further exanple 59

In a further 5 exﬁp‘?ﬂgeﬂé dlongg ég?‘%%/é&%ﬁéﬁaea ?Ild@ﬁ @?%aﬁ?@%@?%ﬁg&% the
cells may exphessveti6n @fq%re@PECAMI ie@scriptionefactor GN’EMN-cacﬁieanVasmlar
addition, at |east 45% Tfor exanple, at |east 55% or t | east ‘%[%7

i ncor por at e ef-’(f,ldmbﬁh al-aadhenin aad vonoWilirbsand factqri r??%agi 5. at| lgas

exanpl e, at 15% t % cqll

I ncor porate %L érsnéa/e o 58/5 QXPP%SS 18(54 a?taﬁﬁe 815% gg‘%ﬁfﬁ%%f%

exanpl e, gt |6§‘c§ﬁ1blela%eﬁ§t g ﬁdédst 289, of attloast 604 of ﬂh&weﬂxmagsa&pﬁ@@@ne bn a
further - exanple, at | east 1605/?1 at | east ,18%. . or at % of the cells

nmay express @mow of thesepoteinter tﬁmaElﬁ%lYtQ!r%ad@BH?Pe%‘eGﬁ ‘fﬁta/ﬁd? FeDRH t he
cell produce or L &8 é I [

transl at ed fflS ¢ az[ntsicg:"r%:g\{)tks g/al' ﬁdsrgténagé e ]ﬁg:ﬂwﬂivﬁ (gmgle
support subs tlip'aﬁ)ﬁ;telﬁy I Litlh figrthet 5xanpreaeellew 178%%, maiaasb«si%,rmoa’lécass 95%ief the

substrate may be a gel, for exa Ie Matri gel 1, om.Becton-Di c SQ
Matrigel ' s <%lls gnashinGorperates 3 %ﬁﬁ?‘é rPét‘lnl iégé Hpn.aeh Lgst :ib%‘\ fﬁ& EHS

mouse {UNR" _(RaftiolT Al teabt 129% el Bl 143 | RE B Spred98Psd. Tiaes RirtR" Y

conmponent’s of r X are anvni n, actln and hepar an
sul fate prot E&Qim&i@at Ieagtr 1626 aaﬂ)le:(st/mﬁ%c evatclcasﬁzﬂ%ad)f me calls maEmpra@mﬂﬂes

202: 1, 1992). Matr] .also contains grgwth factors rix

met al | opr ot eihnyeal heprins %W’a{ﬁ@&%sé’é’fl? m&ﬁﬁ%m,ﬁ%g@ﬁ éﬂrﬂ%}?& an mRNA
(pl asm nogen ] tﬁ-di‘ﬁ hni gues

15: 1048, 199£&§W%ﬂp§f&‘% 8&%%*5&%&%12%52&\/13?2' |ned corrpounds
(Kl ei nman, H. K., €eThest.cellsi amebe coﬁﬂnﬁddz mﬂQ%ceWbsBppoﬁ sybsiEatea inthgbegs
N W, J. CeII Bi qchem 4Q: 215, 1989), 5 it does not cgn ain ané
det ect ablld | epéagelifar, matpe compenentsy s RS PRt c(I‘TI""}';Wa

(Sl'\ﬁﬁ kgybell“)?ra%%lxau{g@lm“ ORbRl BERSRIDIEBhsor. N1y iPea as&ﬁbﬂi%@d?nbhseﬁﬁnt
membrane matrix exiracted from the EHS mouse tumor (Xleinman, HK., et al.,
Biochem. 25:312, 1986). The primary components of the matrix are laminin,

: collagen 1, entactin, and heparan sulfate proteoglycan (perlecan) (Vukicevic, S., et

20  al, Exp. Cell Res. 202:1, 1992). Matrigel™ also contains growth factors, matrix

metalloproteinases (MMPs [collagenases]), and other proteinases (plasminogen

activators [PAs]) (Mackay, A.R., et al., BioTechnigues 15:1048, 1993). The matrix

also includes several undefined compounds (Kleioman, HXK., et al., Biochem.

25:312, 1986; McGuire, P.G. and Seeds, N.W., J. Cell. Biochem. 40:215, 1989), but

25 it does not contain any detectable levels of tissue inhibitors of metalloproteinases
(TIMPs) (Mackay, 1993). ‘

In another embodiment, the gel may be a collagen I gel. Such a gel may also

include other extracellular matrix components, such as glycosaminoglycans, fibrin,

fibronectin, proteoglycans, and glycoproteins. The gel may also include basement

30 membrane components such as collagen IV and laminin. Enzymes such as




I ncl ude ot her extracellul-ar matri x conponents, such as gl ycosam nogl ycans,
fibrin, fibronectin, proteoglycans, and glycoproteins.” The gel may al so

i ncl ude basenent 30 nenbrane conponents such as collagen IV and | am nin.
Enzynmes such as 8 proteinases and col | agenases may be added to the gel, as
may cell response nodifiers such as growh factors and chenotactic agents.
The cells, either mxed with a gel or sinply with a liquid carrier such as
PBS, may be injected directly into a tissue site where vascul ogenesis is
desired. For profeinasaspnd, cellagenases smaypbebadded; tcithel geht as imasheall crespansge in

the heart or_other nuscle t he .cel | . | ani ze into tubul es that
will anasta%&%ﬁWCBW§9%?é§P and cﬁ%é@ﬁ %lfl%er %‘(’gto provi de a bl ood
~supply to the di sgaseglls, sithef mifdd ith 4 $ELIES sitply beith iaiqiid Rbtrie duth ashe

sanme manner. The cells will incorporate into neovascularizatjion sites in
the i scheni cPBBsway banujecicd direstly mty adissnecsitendiese spypuinzenems wiesietdiors 10

-(see Kavvqirot 0, 2001). It is intended. s ' Sffert _
vascul arize S4MPE Fge% mgy g’g Jyse e&r‘éztpﬁé(f#%%?cc%%ﬁgg Pf/égh e{alﬁsésfue, nrggsg}eé

tissue, nervghblehéGells?will Srgdaize ifitoIabites thanwill amtaluse widi existis emgiabe

found in many organs, such as the liver and _pancreas, and the technjques

of the i nvenvasshlahug toprawidaia hdoashsppabeto te disegngst Hssuge thes Jispyesdpay, be

ti ssues as well., For, exanmpl r | .C ' LA b.into
the liver caﬁasﬁgl\%?%%ml ﬁnpgaﬁtjBﬁ%&@eﬁﬁggﬁgﬁgﬁﬁr&ﬁeﬁéﬁgﬂa@%ﬁ eggltg%cyt es
can devel opsigdshi@rthk iiydentid tidGileULRE acctlvgate Vasgubar develupaidne land| anasthinesieny

al so be used to _help heal cardiac vasculature fo|low ng angiopl.asty. For
exanpl e, 1& crendiavameip, HO1)sKds datendad; that thednpention; ke B?Rﬁlo‘ioh@sfegfm%%f“]lls to
t he surface a_ bl f L, DG ' : r r '&%gﬁtion
of a stent. %qse?%’%?gsél\i@aﬁﬁﬁ#% cg e%ﬂvﬁ%xg?d&%%@%é%iﬁﬁ Wégt%e?%ngﬁlg’niﬁéd

endot hel i al gehksNoBbled duessatverksmat belfowhd in adny orgamd ptvich (as e livdr lad
exhibit accelerated re-endothelialijzation, preventi ﬁ%gr estenosis in the

i nj ured vessBincreasy adhthe teghniques ofdhe yoveatiom mey s BRpACe) SEHET RRITARC 40,
139-161). In r | r MO i id1Scel@nkaegceded
into a pol yn%?ﬁ%%gﬁe%fﬁﬁg%?%gkgg% aron?ge(ﬂ%%if e %ﬁ%selﬁg%tﬁg%l aebl oon Sessel

t hat hasidindaitg thediven giméddveiipyinty tubtlanhetwiorksearounshwihish getive hepatosytesc2001)

Tnfused i nt otVPHRGHENT S Enot ead of directly seeded onto o
The embryonic endothelial cells may also be used to help heal cardiac
vasculature following angioplasty. For example, a catheter can be used to deliver
embryonic endothelial cells to the surface of a blood vessel following angioplasty or
20  before insertion of a stent. Alternatively, the stent may be seeded with embryonic
endothelial cells. Blood vessels treated with adult endothelial cells exhibit
accelerated re-endothelialization, preventing restenosis in the injured vessel (Parikh,
et al. (2000) Advanced Drug Delivery Reviews, 42, 139-161). In another
embodiment, embryonic endothelial cells may be seeded into a polymeric sheet and

25  wrapped around the outside of a blood vessel that has undergone angioplasty or stent -
insertion (Nugent, ez al. (2001) J. Surg. Res., 99, 228-234). The cells may also be
mixed with a gel and infused into the polymer sheet instead of directly seeded onto

the matrix.

If a stiffer implant is desired, the cells may be seeded onto a polymer matrix,
30 for example, a sponge, which is then implanted into the desired tissue site.
Alternatively, the cells may be mixed with a gel which is then absorbed onto the




the matrix. If a stiffer inplant is desired, the cells my be seeded onto a
polymer matrix, 30 for exanple, a sponge, which is then inplanted into the
desired tissue site. Alternatively, the cells nay be m xed with a gel
which is then absorbed onto the 9 interior and exterior surfaces of the
matrix and which may fill some of the pores of a spongy or other porous
matrix. Capillary forces will retain the gel on the matrix before

hardening, or th I be al | t '
Cl - Suppor L AeriomR SAgTerRgaea ok i p g ey HTBREL bEUR IREEASTR Tor e

Sui tabl e bi o bdusCRtA € syews wil refain g gelnah thechatiix
col | agen- m&gﬁ(%{ﬁ?glggﬁ{er Irﬁiebr isn, PLA, a}i\lﬂ:}&izy and PLA-PGA co- pol

‘ mers.
Addi ti onal bibefteghadiahing, orsthe gekingy be ellored topkardeemingmPekE)to bR MOLR oxy
acids), poly(ortho esters), poly(propylfunerates), poly(caprolactones),
pol yami des, peMyEPRATHSci ds, pol yacetal's, bi odegradabl e 10

pol ycyanogcryl at e%reﬁ}%%dﬁch&ﬁep%ﬁﬁi gt aedspradatilep o [Spstablehbiodefradabléon-
bi odegr adabl e pol yners mey al'so be used as well. O her_ non-bi o%%g;]’alglﬁgl e,
yet  bi oconpanattites ave welidmewinrinlthelait pod insludesodlaggotindsiqollagey,

ol yt hi ophen ol ol yiesters, - bj S,
Bol §ur eag , p%%’g?ﬂ%m&[&%i%l’glwgfsat é‘)“ﬂﬂ%‘%‘%lxg@ggéﬁ er%!lgélgift %/1%% ﬁ%ilﬁgtlleat e,
pol yet hyl ene, og%mﬁ%ﬁg@a ﬁ,(h%@xﬁﬁmmj,yl(,aymﬂmnestm), dely(promdfanwdtates)ed i n

recogni ze th

the art wll t this is an exenplary, not a conpyehensi
list of polypelycamplzoones)t epdlpamidess polyaming eapihg PO Pﬁa@at f"GH . aﬁ{’?‘f S

preferred that the matrix be.formed wt \ struc hidar t Rohbat
of the eiprac}’é’llxcﬂf’%?acﬁéf'{éﬁ %%c&gqc@bigeip%%%ce%awg%ﬁcal forces

i nposed on t hgoaRthdiBie potyhibrs BySalss ensted Gist weltuther Idoni-biblegradsble; Iyt
cells on the artificial matrix and pronote the regerler i on of

extracel | ul arbioatmpatible t polymeerpr dpelnderi PP, | rRolyaplines, d)so&tpﬁoﬁkene.,
pr oper 11 5 PR AB e aea- o frAbREpbufeflinbS potnead, pBl BEene Cl
e opiiahi Syl e, papRpeeel pUbE el By e P S
Ejefal i/renroyalgeh|ml}5(eﬂwieqehgx1@e].| sTbc%/s%nﬂgllﬁ:} dni arf, ‘%‘%ﬁr gecagnize @]t ﬁ%@hgm .
function. Theexg%}pi | 5, ot po?nﬁrgﬁ%ﬂrei, ﬂstadbbo‘f)hﬁ&%apf)fbbﬁate for tissue engineering
applications.
It is preferred that the matrix be formed with a microstructure similar to that
of the extracellular matrix that is being replaced. Mechanical forces imposed on the
20  matrix by the surrounding tissue will influence the celis on the artificial matrix and
promote the regeneration of extracellular matrix with the proper microstructure. The
cross-link density of the matrix may also be regulated to control both the mechanical
properties of the matrix and the degradation rate (for degradable scaffolds). The
shape and size of the final implant should be adapted for the implant site and tissue
25  type. The matrix may serve simply as a delivery vehicle for the cells or may provide
a structural or mechanical function. The matrix may be formed in any shape, for
example, as particles, a sponge, a tube, a sphere, a strand, 2 coiled strand, a capiilary
network, a film, a fiber, a mesh, or a sheet. |
PLA, PGA and PLA/PGA copolymers are particularly useful for forming the
30  biodegradable matrices. PLA polymers are usually prepared from the cyclic esters of
lactic acids. Both L(+) and D(-) forms of lactic acid can be used to prepare the PLA

10



exanpl e, as particles, a sponge, a tube, a sphere, a-strand, a coiled
.strand, a capillary network, a film a fiber, a mesh, or a sheet. PLA PGA
and PLA/ PGA copol yners are particularly useful for formng the 30

bi odegradabl e matrices. PLA polynmers are usually prepared-fromthe cyclic
esters of lactic acids. Both L(+) and D(-) forns of lactic acid can be
used to prepare the PLA 10 polyners, as well as the optically inactive
DL-lactic acid m xture of -) and L(+) lactic acids. PGA is the

hlormplo! yner pﬁlygwyﬁsl@B ivtt‘ilh@&i _B(Wd?lbo(mtlétﬁ' ElL_a]@m'i) acid guighse of ETflv)eﬂrDs]l T@G’l‘)o:‘]I
S Tn i teert fa5hf Pl EAYGahe hodGpalbmg? of Ehlehflc B takiroihonti sl L

heat and a 5c&mledios bf ighyceRO i 18hdlRehcbiig Acid) Goedlv adle i@ HitialiyRatteg¢hai n
pol ymer. The erosion of the polyester matrix is related to the nol ecul ar

wei ght's. The withgitesif teofosmutha rcychie pgjen glycolideg higly i theepresanse Wi dicat\anyat s of

- 90, 000 or, hi result . in po | | r | ' -uct ur al
ni egr 1y foP e EEotueeie" S pehee bl et Yleb paRL Rt vhle b

wei ght  aver age topdlpesté’ mi@ix0idtrélaffl 8ChO PkbledutirewsightsesThd hikBei hoba@iutar

sl ower rel ease and shorter matrix |ives, For_ exanple, poly(lactide-co-

gl ycol i de) (9Gights wrightavstagermalsater weighiseefQ0.000 obdighsr. sepulbin ROlYERT | n

an exenpl ary ient, a.cell | feer r h ctor
or a chenot aﬁ%gc%gge ?ﬁﬁé‘%@e&dﬁ%@@??ﬁ%| {??rel‘r)ﬁ%g{he?@fﬁggc a ‘r‘r’tl)ljcllgfier,
for exanpl e, lovagadledulfndeighs] waighti@rerapedngleontbinwtightsasf, 300000 didedss pgult 0
pronote 15 differentiation of the enbryonic_endothelial cells

Al ternat 1Qel in bpieslewier rrisasarand shortercmatiie dives rHarr example) paly(lactidesonat ri x
Pt . b o o S
00 the mat i SyBhUAdtEs0isb) Eeles uf altich 88 Wecks sAMitl ihfiBndliohi® B T EOCM T

bone norphogenet i tn phodx@inplary @nfhodiraas] acodileregpenst hmodifiet such as a growth

pl atel et -derived growh factor, TGFa, I G-I and 1|, hemat o&%fe:éi c gégwt h 20
factors, hep#aciar oBafdemetastie agentana by addsd te thapQlyaar maftie amodligh s ¢
and acidic [.b xgg]hg t . ' ' rowt h
factors suc hi.dzgsé n ??S?evagélg% %@gﬁ%ﬁﬂ%@ggﬁﬁg@g é%}%ﬁgg%dnfggﬁlfogﬁtgr
(MWP). The pdiffarentiation ofj thevintibriemic endcthqliab yells. Aleniatively, tepnadifieaney be t he

GRS RN E L TG SENREY e T WL
‘activities of cells recruited to the matrix. Exemplary growth factors include
epidermal growth factor, bone morphogenetic protein, TGFp, hepatocyte growth
factor, platelet-derived growth factor, TGFa, IGF-1 and 1I, hématopoetic growth

20  factors, heparin binding growth factor, peptide growth factors, and basic and acidic
fibroblast growth factors. In some embodiments it may be growth factors such as
nerve growth factor (NGF) or muscle morphogenic factor (MMP). The particular
growth factor employed should be appropriate to the desired cell activity. "The
regulatory effects of a large family of growth factors are well known to those skilled

25 intheart. o |

The cell-seeded polymer matrix, with or without the gel, may be implanted
into any tissue, including connective, muscle, nerve, and organ tissues. For example,
an implant placed into a bony defect will attract cells from the surrounding bone
which will synthesize extracellular matrix, while the embryonic endothelial cells

30  form blood vessels. The blood supply for the new bone will be provided as the new
ECM is formed and mineralized. An implant placed info a skin defect will promote

11



The cel |l -seeded polyner matrix, with or without the gel, may be inplanted
into any tissue, including connective, nuscle, nerve, and organ tissues.

For exanple, an inplant placed into a bony defect will attract cells from
t he surroundi ng bone which will synthesize extracellular matrix, while the
enbryoni c endothelial cells 30 form bl ood vessels. The bl ood supply for the
new bone wll be provided as the new ECMis forned and m neralized. An

i nplant placed into a skin defeg WI|| 11 derm.s, f t

provi de a vadeunisrforastigs pad proyi F mﬁ)‘f’%rktté’ st"lli’gfyn%‘\iweg{sggrdrlrggegﬁgn.
AIternatlveI)tf t‘?l;aeﬁ IIs may be seeded onto a tubular substrate For
exanpl e, ?n ymer matrix may be fornmed into a tube or network. Such
tubes may be 5 forAménatbvelytthe eéllsonassbmset@etﬂ on@GMubalas spbgteate FOR eﬁ@"iﬂEA or

col l agen or nmay conme from natyral r ex
t ubul ar graf tthe Wh@@r@ﬁ%np@yu@n 3 ' cté‘B?sor aﬁwocoa‘(ﬂﬁpﬁﬂeﬂ’%gnsl e of

t he tube, r RN FEAWedlli o1 neasdme
bypass. Iﬁ ad'm]i'r{ll on,  use éé}h%au@ %atéﬁﬂé S?&ﬂzl‘k o0

ryoni ¢ endot heli a s may redu
t hr onbosi s pCfEdmlr[mhah'fsﬁﬂirbéB’,l fbsman{phstd&wﬂula’mﬂ)m !!bf'ﬂ‘éﬁ%e'n! H’E’V‘B’éc
allowed to prollferate on the paql yner trix b re
bei ng i npl anteadoths léncf‘élﬁl"}’#ﬂl co dﬁn‘%ltfl f?)%mﬂérechaé.ﬁﬁ%a ER: rgg{sapnay
be i nposed oqﬁ%f}% % %dﬁ}"lﬁtﬁdﬂﬁﬁﬂ uwbﬁma@omdmmabcers thay
anlca orces e

sinmul ate the I mpl ant " wi | 6)er|ence in the ani mal.
For exanpl E,redudmﬁrdﬂibdzkxpdsezmplamww@deKmﬁw@hzﬁ bubul ar substrate in a

B cher 901 css on e Fell gsberenied fonaeial iy bl ElThpdRaR bglaErer

e ooy st el ity imBlapACOBh Fhisall Diiringoprofifeation,sinechanizat e
may be |rrparte on an | at wll be deposlted wi thin an organ, such

as the liver,foptesaniebs |1j::|pomrmﬂlermp1mi torssiamulale pastiaHiar ¢elhresPenseR oF 1 | |
be used in a tissue that eriences .tensile alaljp@,
recruited to sipalat eﬁ{wiﬁ@ gﬁc | oo pritplpt R‘g‘h (s (%I?%er éﬁﬁtahﬁi T

Bone cel |l pre s Ghl rbetcgr@wmaamagi antubaian sibtfate dmtai pulaahlnto
ost eobl ast s %ﬁ%h@%@st eﬂr??"((:el s mgrating into a bl ood vessel can

di f f er entlisat emahmer 7. ay adioep stressy or Brithosufbirieat speer|te exeRt & §iEse g cells
networks in léo\é\%;lg A 11191 Y58 thd Fund ?Nﬁésoﬁ,nlgéi? Ik Ydhal, | FRHE - Alternatively, a

hydrostatic force or compressive force may be imparted on an implant that _w111 be

deposited within an organ such as the liver, or a tensile stress may be imparted on an

implant that will be used in a tissue that experiences tensile forces.

20 Cells that are recruited to the implant may also differentiate into other cell
types. Bone cell precursors migrating into a bone implant can differentiate into
osteoblasts, Mesenchymal stem cells migrating into a blood vessel can differentiate
into muscle cells. Endothelial cells forming tubular networks in liver can induce the
formation of liver tissue.

25 In another embodiment, the embryonic endothelial cells are mixed with
“another cell type before implantation. The cell mixture may be suspended in a
carrier such as a culture medium or in a gel as described above. Alternatively, the

cells may be co-seeded onto a polymer matrix or combined with a gel that is

~ absorbed into the matrix. While cumbersome, it may be desirable to seed one cell

30 type directly onto the matrix and add the second cell type via a gel. Any ratio of
embryonic endothelial cells to the other cell type or types may be used. One skilled

12



. nerve cells, nmuscle ce

25 In anot her enbodi nent, the enbryonic endothelial cells are mxed with
~another cell type before“inplantation. The cell mxture nay be suspended in
a carrier such as a culture nediumor in a gel as described above.
Alternatively, the cells my be co-seeded onto a polyner matrix or
conbined with a gel that is absorbed into the matrix. Wile cunbersone, it
may be desirable to seed one cell 30 type directly onto the matrix and add
the second cell type via a gel. Any ratio of' enbryonic endothelial cells
to the ot herinceel art wyitl recognyqrethatralyis retioiseay bOressilk optimired 1fer ianparkieular t

wi Il recognize that this ratio my be easily I m.zed for pakt.icul ar
appl i cat i on. SRDHEAIh P@’&Pﬁ‘&é raftos ?f?'E}P{PE'Be‘ﬂ@g{hﬁg?‘i &S (9 ertcgﬁl%taﬁééra Pcel | s
are at |eas . 193! A %06 @lo.) PERtat RA8616,0and sk 1dast at

| east 75% afﬁégtggﬁé ggé%i1'%0%[%%%?*%?81%%%?02,@f%r eiarrpl e, less than 10%
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hepat ocytles, prioidueee fullye vasslabizedi dermise Otker exsmplasyiecells dhati may bg| ¢ogmbined

Materi al s and. hods Cel.l culijure. HES.cell | )1 on
nouse enbryo“’?tp‘/b B IFrapEY Qe @eiqtfléigggsﬁ% ok e}n%m%%cwm?fgi%% RL,
Gai t her sbur geetf¥Dhpitkel P ¢elld, @hootie maisee &dlisDebidamomusdie dells, edeletad | mbiscleredi um
optim zed for cells (lItskovitz- Eldor, et., al., (2000) l\/tig N& . 6,
88-95, the cenllseitlet edllswinenie eolls, hepaeqyigsatkidney ocaller bladder ogllsy ap (rij’é'F‘

Ti ssue cover .pl at es juer e covered with 0.1%gelatin (Sigm). Culture were
grown in 5% éﬁﬁﬂﬁlere routinely passaged every 5-6 days after

di saggr egat | Nhtetiaks ahdMetHodsol | agenase type IV (G bco-BRL). To i nduce

formati on of EBs, hES col onies were digested using either Wg/ﬂgroblasts
col | agenase type Cell culture. hES cells (H9 clone), were grown on mouse embry

(Cell Esseatial) in KnockOut Medium (Gibco-BRL, Gaithersburg, MD), a modified

version of Dulbeco’s modified Eagle’s medium optimized for ES cells (liskovitz-

Eldor, et. al., (2000) Mol. Med. 6, 88-95, the contents of which are incorporated

20  herein by reference). Tissue cover plates were covered with 0.1% gelatin (Sigma).

Culture were grown in 5% CO; and were routinely passaged every 5-6 days after

disaggregating with 1 mg/ml collagenase type IV (Gibco-BRL). To induce

formation of EBs, hES colonies were digested using either 1 mg/ml collagenase type

IV or trypsi/EDTA (0.1%/1mM) and transferred to petri dishes to allow their

25  aggregation and prevent adherence to the plate. Human EBs were grown in the

same culture medium without LIF and bFGF. Isolated PECAMI1+ cells were grown

on plates coated with 1% gelatin in endothelial growth medium, EGM-2 (Clonetics,)

and passaged using 0.025%/0.01% trypsin/EDTA (Clonetics). HUVEC cells

(Clonetics) were grown oﬁ regular tissue culture plates in EGM-2 medium. For

30 Matrigel differentiation assay, cells removed from confluent culture by trypsin

treatment were seeded in Matrigel-coated 35 mm plates (BD- Biosciences) at a
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IV or trypsin/EDTA (0.1% I nmV) and transferred to petri dishes to allow
their 25 aggregation and prevent adherence to the plate. Human BBs were
grown in the sane culture nmediumw thout LIF and bFG-. |sol ated PECAM +
cells were grown on plates coated with 1% gelatin in endothelial growth
medium EGW 2 (Conetics,) and passaged using 0.025% 0. 01% trypsi n/ EDTA
(Conetics). HUVEC cells (Conetics) were grown on regular tissue culture

plates in EGW 2 nedium For trig differentiation ass I
renoved fromcoopdniugian qulxm%gcgg P‘i’rygé(? rt ?f@iﬂ%n‘fle’%@?‘é s%%%'e%@iljﬂﬁ of
Mat ri gel - coat, BRRHRSE! .aCofd fokthatieh eeatevaluacsd of
1X105 cells 53“53669?} g#@aﬁ?ﬁre me |uﬁ1ﬁ9%fata%adr 38 mn of _incubation at
37C, | nl of JrRthitphiesmigeiepy E6hduksar Fatays aftorsceding theeadl- by

cont rast - phase m croscopy 24 hours_aqr days after seeding the cells.
Reverse Transcri ptReyarse H-ﬂ”@“ﬁﬁéﬁ@#éﬂ@%iy&’al RNAs from

undi fferentiating S d £y EBg: | 20k @&ha drorti SEBE wiNEdspyatéd ni
Kit (Q aggn) . RT- i@rggéﬁ %ﬁ&m%&%?rng?n%f]%?/ using Q agen Onestep,RT-PCR
kit with addisimgn ROEA Mithit KitRtQiagen)nhiRF-PER teiction-w_perfamepd, oy hisig g

R . it K: o T _
of POR cyer ocdimaen Oaetien BI-BE R ik adiition ot d0sme R age ARG (EReo BREPE.
10 of the amﬁdf&ﬁﬁ‘&hﬂgwpﬁg%&he Rk uiiathaiebies ofthe RAUPOR! @saysahyi el d

equal - anpliTrcation as an internal standard. Priner sequences,
reacti on congimbens PURIcydssi forachyset of primses wasekecked fobe Bye lmegierauge
Transcription (RT)-PCR Conditions RT tivatd on L1, for
15 min. Afpl i‘?fl( @&tmmﬁ-ormlﬁq‘ﬂn %g}ﬁ& sapples, ﬁ%gd'{ng{;ed%gnﬁhﬂ eSge

bel ow for cyc . rse GAPIH £ LB NtdAal’ stand:Rd. 1Prithd?. seqpidenpreaClion e
Nunbers Opti na p%@%ﬁgﬁnifnbers were determ ned for each gene to ensure that
condi ti ons wegonditivnk brd bptiaal cycleamabers aeGR fol@Ws:f i cati on PECAM 28 cycl es
VE-cad 32 cygles '
Reverse Transcription (RT)-PCR Conditions

RT and activation 30°C for 30 min, 95°C for 15 min. .
Amplification 94°C for 1 min, 55°C for 1 min, 72°C for 1 min. See below for cycle

numbers. :
Final extension 72°C for 10 min.

Optimal Cycle Numbers
Optimal cycle mumbers were determined for each gene to ensure that conditions were in the linear

range of PCR amplification

PECAMI1 28 cycles
VE-cad 32 cycles
CD34 30 cycles
Flk-1 1 31cycles
Tie-2. .31 cycles
GATA-2 33 cycles
GATA-3 29 cycles
ACI133 27 cycles
OCT-4 31 cycles
GAPDH 24 cycles

Primer Sequences
PECAMI GCTGTTGGTGGAAGGAGTGC / GAAGTTGGCTGGAGGTGCTC

VE-cad CCGGCGCCAAAAGAGAGA / CTGGTTTTCCTTCAGCTGGAAGTGGT
CD34 TGAAGCCTAGCCTGTCACCT / CGCACAGCTGGAGGTCTTAT
Fik-1 | CAACAAAGCGGAGAGGAG / ATGACGATGGACAAGTACCC
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CD34 30 cycles Flk-1 31 cycles Tie-2 31 cycles GATA-2 33 cycles GATA-3
29 cycles AC133 27 cycles "~ OCT-4 31 cycles GAPDH 24 cycles Priner
Sequences PECAM GCCTGITGGTIGGAAGGAGTOCI GAAGTTGGCTOGAGGTGCTC  VE- cad
CCGGCGCCAAAAGAGAGAI CTGGTTTTCCTTCAGCTGGAAGTGGT  CD34
TGAAGCCTAGCCTGICACCT/ CGCACAGCTGGAGGTCI TAT  Fl k-1

CAACAAAGCGGAGAGGAG ATGACGATGGACAAGTACCC 14 Tie-2
CCTTACWGACATTCTTCCIGCAAAAATGTCCACCTGG GATA-2

CCCTAAGCAGC

GAGCTEAGTA AT COOTATEGEAR AABAGRCBACCTGG

ACCCCACTGT
CAGICTGACCA

AN T L AOALVALNA

ﬁeﬁﬁﬁm&mﬁﬁmmmmmemm

. GAGAACAAT GAGBACEE T CAGGAGAATTCTGRORINGEFA NOASPAGIAC T ANFIMCC

AGCCACAT € ViYE o ucts were
separ ated ol % CRGTSIGH) S—-W--h—et HEQ@AﬁM&t@H}ﬁ@Q v ugc
For each ti @Cpdi nt, mw&wm@@é%f! TEGRAGCRERO TRAGAGAMCHA

normal i zed
experinments
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s 1o e xpecintents Werd gn”aa%ep%%&%a ag%heﬁum \iaRGathi N

deviation.

Immunochemical Reagents and Procedures.

n

_ For staining, EBs were transferred to gelatin-coated cover slips with medium .

containing 10% FBS. EBs, following attachment to the cover slips, or cells grown

on gelatin-coated cover slips were fixed with methanol for 5 min at -20°C or with
3% paraformaldehyde at room temperature and stained for 30 min with the relevant
primary antibodies: anti-human PECAM], anti-human vinculin (Sigma), anti-human
von Willebrand factor (vWF) (Dako), purified monoclonal anti-N-cadherin and anti
-human VE-cad (7B4) (Volk, et al., (1986) J Cell Biol 103, 1451-64; Lampugnani,
et al., (1992) J Cell Biol 118, 1511-22). The secondary antibodies were Cy3-labeled
goat anti mouse IgG (Jackson Laboratories) and Alexa Fluor goat anti rabbit IgG
(Molecular Probes). In some cases cells or EBs were also stained with DAPI and
FITC-phalloidin (Sigma). Following the indirect immunolabeling, cells were
mounted in Floromount-G (Southern Biotechnology) and were examined using
either a conventional fluorescence microscope (Nikon) or Ziess LSM 510 confocal
microscope.

For uptake of Dill-labeled ac-LDL, PECAMI+ cells and control PECAM-
cells were incubated with 10pg/mi Dill-labeled ac-LDL (Biomedical Technologies
Inc) for 4h at 37°C. Following incubation, cells were washed 3 times with PBS,
fixed with 3% paraformaldehyde for 30 minutes and visualized using a fluorescent

microscope (Nikon).
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von Wl ebrand factor (vW) (Dako), purified nonoclonal anti-N cadherin and
anti -human VE-cad (7B4)  (Volk, et al., (1986) J Cell Biol 103, 1451-64;
Lanpugnani, et al., (1992) J Cell Biol 118, 1511-22). The secondary

anti bodi es were Cy3-1abel ed 15 goat anti nouse |1gG (Jackson Laboratories)
and Al exa Fluor goat anti rabbit 1gG (Ml ecular Probes). In sone cases
cells or EBs were also stained with DAPI and FITC phalloidin (Sigm).

Fol | ow t he i ndi t o nol abel i.ng, |l ' t-G

(Souther s B ot echiior GoyyuRReIRe Bxdks wecrane o AR bIbErO T

{1 uor escence Lo ASGARE {AkICAN) fR"s Flifies WAl shiifled a8ihg CWkoto2 ABT arasRHEpe.
B 1I abel'ed ac- L{)L,

For uptake o PECAM + cel |l s and_control, PECAM cells
wer e i ncubat €UAW)kits Wtk D hotrs ﬁndubaliabﬁfbdﬂlammeéBinﬁéﬂhh%ﬁlesﬂé?EﬂH&ﬂhﬁgq es

Inc) for 4h at 37C. Follow ng incubati L es~we i s My h
PBS, fixed W@ﬁ“ﬁ%’pgﬁgﬁ&%’alﬂﬂ% fgﬁfFSSf)ﬁIiO eésn%an \?lﬁg]tfgl ibze u(lys%ng a
fl uor escept Vq%’l“mgﬁ?‘?m&? (Ni kon). 15 For i mrunohi stol ogy, tissues

epar IniZe

sections Wwere d bl ocked with sniper (Biocare Medical) for 5
m nut es and st ai ndllowwamatect or ABC or ARK (DAB) kits with 2 hours

' bat i ith th i bodi T t.i bodj L.n&l r=Yaled!

PECAM . ant I huimar OF WP RSt ECAN LA Shi T ey 18 W gipbibrelt wiar

Corpor at i on)  Glso BbOFPIWEITPA, HaealwilPBS datbiihg 1996 FBSadiabuisted-5s
I SSOCI a

at day 13 were Wth ©0.025%0.01% trypsin/ EDTA, wa;ﬁgitgaith PBS
cont ai ni ng 5% RSudm dvithftudrascedt-labeled REGAM Lygntikodies, grhasMangen, BEcam

Sl at ed 10s! g« HNGRREYEIAPELEEy LB oL Fplyed HRREE T FRAR SoL shutle
ol ohet | o) A oo el 5.0 o
i( n cul tur ga) f @ndéthpliss égbsgrawﬂl sdbenc Clogetigs).e Far ﬁé@?’ét ggAeﬁg?ﬁl?aﬁ@eﬁlp
00, 20 kL phEASHPS ) AL e S B B a5
Phar M ngen)  qfissaiihicdSRisiedl dissocitiohbudicr (GioBEBRILY Fished (WREPRS egnijningD34-
15 5% FBS. The cells were incubated with either isotype control (mouse IgGl «x,
PharMingen) or antigen specific antibodies: PECAM1-FITC (PharMingen), CD34-
FITC (Miltenyi Biotec, AC136) and Flk-1/VEGFR-2-PE (ImClone Systems). Cells
were analyzed live (without fixation) by using propidium iodide to exclude dead
cells on a FACScan (Becton Dickinson) with CELLQUEST software.
20 Electron Microscopy
Cell seeded in Matrigel-coated 35 mm plates were fixed for one hour in 2.5%
gluteraldehyde, 3% paraformaldehyde and 7.5% sucrose in 0.1 M sodium cacodylate
buffer (pH 7.4) and then post fixed in 1% OsO4 in veronal-acetate buffer for 1 hour.
The cells were stained en bloc overnight with 0.5% uranyl acetate in veronal-acetate
25  buffer (pH 6.0), dehydrated and embedded in Spurrs resin. Sections were cut on a
Reichert Ultra cut E at a thickness of 70 nm using a diamond knife. Sections were
examined using a Phillips EM410.
Biodegradable polymer matrix
Porous sponges composed of poly-L-lactic acid (PLLA) and poly-lactic-
30 glycolic acid (PLGA) were fabricated mainly as previously described (Mooney, et
al., (1997) J Biomed Mater Res 37, 4130-20). Briefly, PLLA. (Polysciences) and
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FITC (MItenyi Biotec, AC136) and Fl k-1/ VEGFR-2-PE (I nCl one Systens). Cells
_were analyzed live (w thout™ fixation) by using propidiumiodide to exclude

dead cells on a FACScan (Becton Dickinson) with CELLQUEST software. 20

El ectron M croscopy Cell seeded in Matrigel-coated 35 mm plates were fixed

for one hour in 2.5% gluteral dehyde, 3% paraf or mal dehyde and 7.5% sucrose

in 0.1 Msodium cacodylate buffer (pH 7.4) and then post fixed in 1% GO

in veronal -acetate buffer for 1 hour. The cells were stained en bloc

over ni ght wi PhGA. (Béchringer Ingelhtint)d :1 weve dissalvedinetidoriam tuyickla ¢pltion 0)

17 cut £ o 5% ralyien el ot b 3¢ el ob it S P g dosiefripte” Bl B Ghor o
exam ned usi ﬂ&hgl{g} bt %d&mﬁ'\éﬁﬂo%e%ia&ﬁ?&t afRllofveRO AT Rllo Wl td SvAperas and

sponges conpose poly-L-Tactic acid (PLLA) and poly-lactic-"30 glycolic
acid (PLGA) therspofigdsrsubatqentipimmersed for 8vhaus fty distitled ivater (chaugedyevesy

al ., (1997) J B d er Res, 37, ,4130-20). Briefly, PLLA (Bglysciences)
2nd 16 Py Gequih BN TR ahe b and afde 4 IRpineHeSReR e TR SREPER o
yield a sol UWhRf hafanodbebeyitRé diathetdr ofedbuth, Aerdlcuio 0.BKAXSOMEL, | Befos@s

| oaded into nolds packed “with 0.4 gr of sodiumchloride particles. The

sol vent was témspleatitioo, epanges atege apaked tine7(8p JHOEE overbight and meshethreed f or

8 hours in distill ater (changed every 5 hour) to |l each the salt and
. Create an in‘?@%mgﬁgéd pore structure. The sponges, which had an average

pore diameter of ZROMbINRIRBNGHD SCIDGnie&AXS mm Before transplantation,
sponges were soaked i'n 70% Et OH over night and washed three times wth

PBS. Tralspl ant at PBEAMt-b calty OXi0Cewer recmendedcial $@ pl 10{1b) mikref culture
ded in,50 | 1 omixpf cult i i
ooy Enese it B e e i TR AR B BB 0.

~ After 30 m npdipfmePabbiifes] N AREE, 30 enifl inewbation @eB?C,0n affowMutrgstion bhe
cel | s+scaffol ds were iggl ant ed subcutaneously in the dorsal_ region of 4

weeks ol d SOMptrigebahe cellstrcattalds wareomplanted; sthoutpneon)s imthegjorsal region of -
LL? p ZPLgn}:gﬁ }}Tg\f]eie%slgltdtégd ﬁﬁéeaf&ﬁ 1‘9!%%@&%%)(%‘ ’orfl'tlxrﬁagfs QHES Hh:ﬂsliﬁan‘td?iow%
15 the implants were retrieved, fixed ovemight in 10% buffered Formalin at 4°C,
embedded in Paraffin and sectioned for histological examination.
Results
Endothelial gene expression during hEB differentiation. To 1isolate
endothelial cells from human embryonic stem (hES) cells, we first characterized
20 their vasculogenic potential by analyzing the expression of endothelial specific
genes and proteins during hES differentiation. Spontaneous in vitro differentiation
of H9 hES cells into endothelial cells was investigated after removing
undifferentiated cells from their mouse embryonic fibroblast (MEF) feeder layer and
placing them into petri dishes with culture medium lacking leukemia inhibitor factor
25 (LIF) and basic fibroblast growth factor (bFGF) for induction of EB formation
(Thomson, et al., (1998) Science 282, 1145-1147). At different time points during
the differentiation process the cultured hEBs were collected and RNA was extracted
fbr analysis of endothelial-related gene expression using RT-PCR. The genes
analyzed included endothelial cell adhesion molecules such as platelet endothelial
30 cell adhesion molecule-1{PECAM1/CD31), vascular endothelial-cadherin (VE-cad)
and CD34; growth factor receptors such as vascular endothelial growth factor

17



enbedded in Paraffin and sectioned for histol ogical exam nation. Results
Endot hel i al gene expression during hEB differentiation. To isolate

endot helial cells fromhuman enbryonic stem (hES) cells, we first
characterized 20 their vascul ogenic potential by analyzing the expression
of endothelial specific genes and proteins during hES differentiation.
Spontaneous in vitro differentiation of H9 hES cells into endotheli al

cells was investigated after renoving .upndifferent)ated.cel t r
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line), and increased ve lg%ihﬁlﬁﬁl
during - 161 f FEHectytdshie khwéeKmﬂaﬁnn Tleﬂ ad. the (tosarjptionofactQas (G S A
98, 10716-2 1)expressed in hES cells and their expression increased during the first six days of EB

differentiation and then decreased (Fig. 1, A and B). AC133 is expressed 1n
undifferentiated cells as well as in differentiated EB cells in a pattern similar to that

 of Flk-1. The levels of Oct-4, which is known to be expressed in undifferentiated

20  cells, served as a control (Yeom, et al., (1996) Development 122, 881-94). Oct-4
expression shows the undifferentiated stage of the cells at day O as it is expressed in

the oclls in high levels. Oct-4 expression subsequently goes down, indicating that

the differentiation process is proceeding in the EBs. Human umbilical vein
endothelial (HUVEC) cells were used as a positive control for the expression of the

25  various human endothelial genes. The MEF feeder layer cells were used as a
negative control, and did not express any of the human specific genes examined.
These data demonstrate an increase in expression of several endothelial cell genes
during EB differentiation reaching a maximum at days 13-15 (Fig. 1, A and B).
Some genes were expressed in the undifferentiated cells in either high levels (FIk-1,

30 ACI33, Tie-2) or lower levels (GATA-3, CD34), and others became notable
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15 The tyrosine kinase receptor Tie-2 and the transcription factors GATA-3
~are also expressed in hES cells and their expression increased during the
first six days of EB differentiation and then decreased (Fig. 1, A and B).
AC133 is expressed in wundifferentiated cells as well as in
differentiated.EB cells in a pattern simlar to that of Flk-1. The levels
of Cct-4, which is known to be expressed in undifferentiated 20 cells,
served as a control (Yeom et al., (1996) Devel opnent 122, 881-94). Cct-4
expressi on s liolwving &R fitinhfion ent diffesutistion RS Vaetad GATAR) (Bigad, At i s
expressed in ﬁigﬁ cells in high levels. COct-4 expression subsequently goes
down, i ndi cafff that the differentiation process is proceeding in the
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i n day 13 EBs i ndicated th%t aIanEEBs hadm5 defined cell areas_expressing

PECAML ( H9g. we) notdoutkes single selis bat PEEreups pergamized i ppaific \ghanneldike ous

endot hel i al specific.protein i ndi_cat ‘ . _ .alel 1 ke,
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sites and vogiffdrbathits @ shdbaelisl ce(ly ¥R blobd vessgblibe stradtess.di sper sed

t hroughout the cytoplasm (Fig. 2, A and B). Wthin these EBs, the .
endot hel i al cel | s Toofimhes awg' ﬂu&n@sgémsﬂaﬁgnélkéemse%uﬁﬂ%afgﬂ@@mo%ani zed

in specific channpel-like. - .StEMC a4 FL Qe 24 D and howi pg hES
cells culti v§? %ctis :vgerEBgtg?peghmtﬁeoWd#?%ﬁeﬁt iag?em{::%yzeeﬁd%gl F%x*}a%:aél | s
‘and bl oodl5 vegsiedostdpye Fifr3laémdesrated thdt the tdpillarg arelintreased during subsequent
vascul ari zation-1i ke process, EBs at di ffer&g}l\éii e, ,‘Poi tl]lts wer e ste%i.ned
with PECAM SMtyBtion sepavieitoday 13 <an day AgPE —fpositive cells were observed m

a low percentage of the EBs and concentrated in small cell clusters (Fig. 3A). From
day 6 on, some sprouting of endothelial structures that resembled capillaries became
evident (Fig. 3B). From day 10 on, 100% of EBs contained extended areas of
20  network-like capillaries structures (Fig. 3C). The positive arca was larger at day 13
and the network structure became more complex (Fig. 3D). The time course of cell

differentiation and the development of extensive vasculature-resembling structures
within the EB cormrelates with the RT-PCR analysis which demonstrates the
subsequent increase in RNA levels of the endothelial genes PECAM1, VE-cad,

25  CD34, reaching a maximum between day 13-15 (Fig. 1).
Endothelial cells derived from hEBs. Based on the analysis of endothelial
| gene and protein expression, we determined the method and time point in which to
isolate human embryonic endothelial cells. We decided to use anfibodies against
PECAMI1 for the isolation, as PECAM!1 has been shown as the definitive marker for
30 mouse embryonic endothelial cells, and in human EBs is expressed in vessel-like

structures in correlation with VE-cad and vWF expression (Fig. 2 and 3) suggesting
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15 mcroscopy. Fig. 3 denonstrates that the capillary-area increased during
subsequent maturation steps up to day 13. On day 4, PECAM - positive cells
were observed in a | ow percentage of the EBs and concentrated in small

cell clusters (Fig. 3A). From day 6 on, sone sprouting of endotheli al
structures that resenbled capillaries becanmre evident (Fig. 3B). From day
10 on, 100% of EBs contai ned extended areas of 20 network-like capillaries

t t Fig. 30 . Th iti | t d 3

et vor kot ruckat it hedrervabs scBRpeeor Agmapp PR il A o Ee
diff tiati d_t I t ' sbiated

ructures ViR EHE L R B B B R et ah

structures rrel[flates wth t PCR anal ysi s which
denonstrates §thiped Silhshbre0tntialsslehasi-PECANMI hotvtsidiessndithe PERdddhepsitye

PECAML, VE-cad, 25 CD34, hi [ bet n. d - .(4Fi g.
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endot hel | %ﬂ. Ftng,hgrpoqgfg gﬁiﬁbmﬁuggaisogmoepmhm@ el atdagedrahdindioaride t i me
I C S

point in at’e "human "enbryohi ¢ endothelial cells. W decided to
use anti bodi egxReRionsbf cRGSHal featl tiackers ol lsolated, PREAMEGA vl 4aftasetsyedhown

as the definitive marker for 30 _nnu enpryoni ¢._endot, held | in
ClémandEBsdi s %ﬂ&eﬁsi@dfiulﬁlf@elﬁ%lmg ;‘gfsr ﬁ’ﬂ%ﬂgj&?ﬁagﬁ?ﬂ%ﬁ; fﬁﬁt ;vﬁ; Eﬂi‘:
-cad and v SSi40 . . erve
¢SRS 1 Ofhol el byZPALS, Sfigd UBOGRIFhat ik Lhgtbasidn p

as a marker uran e endot hel 1"al cells as well _ (Vecchi

et al.,
(1994) Eur J Gpd4 BiDIFIE3, i4sbiie] PHEEAMIL delis i swoilar 1 sodHUVES, cels.
tained with fl > t-1abel ed anti- PECA ti bodi . PEG _
posi 1 ve 16.al Fapasyn o BEGEMIC dbengompply by uih, SRl il e
an endot hel i a gl%%“pg%@ X&ﬁgﬁ%? REPEAAMG ¢ ikSlated @olls i(T8%) | nihdditior to
or The  expres 0

assayed them SI' 0 endot helial cell markers. Isolate
PECAML+ cel | SFA@IS esnspser ave sadivdgahe i distubutione) ofanehesionc rmelepwles,e Py

i ncubated with fluorescent-1ahel ed antj ' a 0.
4B shows t hat imEaneElverescenes, TEFIFEDY- ?ﬁ&@i-ﬁaﬁe@ﬂ%@?ﬁﬁ%@%ﬁ;@% %% ML+
cells is siml £.Q,: E it : MNesRiiRE 208 (B effciieliun-spaiifio VE-
conpar abl e buf m?ﬁ“ﬁ‘?éﬁer exgragjs‘isni%ggﬂ%n the HUVEC cells (98% conpargd to
PECAML+ i §9| atadheialdrs diskiifted stradhertnt type jurstionn(SigafalyaidD), Reelass (dicet t he

di stribution of adhesion nolecyl eg by. . inmmunot ;
PECAM + cel | s 2dRastons qbamﬁpeég@:ﬁtéyaﬁzgg‘r’ nfgraction Rt UBE SRR aforBhlahiAE 8fStem

(Ayalon, et al., (1994) J Cell Biol 126, 247-58). Actin stress fibers are foun
" throughout the cells and end-in both the cell-cell adherence junctions and focal
contacts as seen by double staining with vinculin (Fig. 5E). The tight junction
20  component, PECAMI, is distributed at the intercellular clefts, and the endothelial
marker vWF is highly expressed in the cytoplasm (Fig. 5, A and B).

Take-up of ac-LDL has been used to characterize endothelial cells (Voyta, et
al,, (1984) J Cell Biol 99, 2034-40). To evaluate whether embryonic derived
PECAM1+ cells are able to incorporate ac-LDL, cells were incubated with Dill-Ac-

25  LDL and subsequently examined by fluorescence microscopy. As shown in Fig. 5F,
embryonic derived PECAMI1+ cells were brightly fluorescent whereas the
fluorescent intensity of PECAMI1.- cells was at background levels.

The characteristics of human embryonic PECAMI1+ cells were also assessed
by culture in matrigel, an extracellular matrix basement membrane that can be used

30  to promote differentiation of endothelial cells (Grant, et al., (1991) In Vitro Cell Dev
Biol 27A, 327-36). When PECAMI+ cells were cultured on matrigel they were



organi zati on of endothelial junctions; N -cadherin and the

.endot hel i um specific VE 15 cadherin are distributed at adherent type
junctions (Fig. 5, Cand D), a class of cell adhesions characterized by
their interaction with the actin mcrofilanment system (Ayalon, et at,
(1994) J Cell Biol 126, 247-58). Actin stress fibers are found throughout
the cells and end in both the cell-cell adherence junctions and focal
contacts as seen by double staining with vinculin (Fig. SE). The tight
junction 20 cblprspontanECiMEcrgamizi intoordlike diraetures avlientropigtainad) inrcudhes t s,

dth d lial [ I ghl . d i h | Fig.
5 A and B enkeeTR) B ey B pad Hechietiedh EGORGRY Relih SR B b, °
celI's (Voyt a,se@fon BldicatedIBd) tht {odlid hBrOh 198 en 1P 540) suggbsﬁi:i%dﬂh@'ftﬁe véIgd her

enbryoni c derived PECAM + cells are able to incorporate ac cells were

i ncubat ed wi thaveithe -capadsy tdldiffemdntiath sanglu fomm \iubeciie ribmchyess npdaregiiahlee

- m croscop$. As é,hown in Fig. 5F, enbryonic derived PECAM + cells were
brightly Pl udPBYE8RE whereas the fluorescent intensity of PECAM - cells

was at background heuelisntadhe shPEEUIer i 8d/sConof SUTDBRAIRITDr Y6 Niraly2eCidl +

cells were also assessed by culture in matrigel, an extracel|ular matrix
basenent nenithemageuticgtotantial bf hESaterived en@tbﬂ@&@ﬁﬁsﬂw sladied: their bghavder in

327°36) . et TR SR TRE SRl SRR Tt DREARTGA SRR Wi .

spont aneousl| %cﬁﬁ&ﬂ%%hﬁﬁoﬂljﬁ uS&d &k dchiFBlds fbrigdsue efignb@hg @uttiadd, Redl., (1996) t ur e
for several days (Fig. 5 G and H). Electron m croscopy analﬁ&zls of the

cord crodd® ¥uthlen2i B-6ht Shongeatseeded widh embreanic deri CAM cells wyre
ting that . the cells, have t ity 10 di i
Cubac T ke st AR St SyboRitPotl S EBESCHY plife, Cl SRt bEk At

PECAMr cel | s (hﬁ&&lﬁ@hﬁé?m&ﬁgnér 6f etk Qverd detebiad nap énfldramptide was aliniafal hES
derived endothelial cells, we studied their behavior in vivo. The cells

vere seeded dmphanghmaintained in pice/fry anlegslod «dpya dieprme saranselatedsby dibgeyss:
commonl y used, ff S r, L AERgknesri t 1.9096)
10 Nat Med 2d°°§§"2?ﬁg’€ .“s%lﬁ%n‘&étg vids, BéMfeald hll’gngi;";‘/’g%ib((:l&g}e%\gxgee P ﬁk’%%% s
were i nbantek@minatioh aishighaitibatiee tbatt are Hwensdf spBEifio aridcdo nét redot withnmeigef
i nplant retrieval (up to 14 days), no signs of infectiqa1 ﬂere %eé& d and
i nf | anmat i on TMSEOVEFssISsshow microvessels that aré immunoreaciive with human

and CD34 (Fig. 6, A-E). Some of these human-positive vessels had mouse blood

cells in their lnmen suggesting that microvessels had formed and anastomosed with

the mouse vasculature, becoming functional blood-carrying microvessels.
20 Discussion |
This study indicates that human ES celis, when induced to form EBs, can
spontaneously differentiate into the endothelial lineage, ultimately forming vascular
structures. Qur data demonstrate an increase in expression of several endothelial
cell genes during EB differentiation reaching a maximum at days 13-15. Some
25  genes were expressed in undifferentiated cells in either high levels (Flk-1, AC133,
Tie-2) or’lower levels (GATA-3, CD34), and others became notable following EB
formation and differentiation (PECAM]1, VE-cad, GATA-2). In the mouse, these
genes are not expressed in ES (or expressed in very low levels that disappear by day
1 as EB are formed (PECAM], Tie-2)) and start to appear only around day 3 and
30 later. (Flk-1 at day 2-3, PECAM and Tie-2 at day 4, VE-cad and Tie-1 at day 5)
(Vittet (1996); Robertson, et al., (2000) Development 127, 2447-59). Mouse and
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I mplants maintained in mce for at |east 7 days becane encapsul ated by
fibrous connective tissue that was perneated by nduse bl ood vessels.

Hi stol ogi cal 15 exam nation using antibodies that are human specific and do
not react with mce mcrovessels, show m crovessels that are

| mmunor eactive with human PECAM and CD34 (Fig. 6, A-E). Sone of these
human- posi ti ve vessels had nouse blood cells in their |unen suggesting

h |'s had forned and
becor ng. funchimaESela i iy mAguaIaEy opsataice oy g TR S NI Bt
e Sat e L ateofRRES Ofirfbrontlifl hiBNe Bl oo YifinbRs caf %y nbbEkENBUS! Y
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and ot hers becane nota ng EB formation and differentiation
(PECAM , VE- cagdiu@hErer)in the presenamuswt(ﬂ‘bsmpsgeﬁwsa; Kug et aby (24 Mt n

ES (or expressed in very lo at di sappea da

f or med (PECAI\/B‘O"'@HI’EOIZ}? %Fﬁ]tj‘\‘,’\it fgﬁ% c%ﬁﬁvmg M andgﬁglrater
(Flk-1 at day},&ﬂ% Lr3aYES: cofs- ARg m‘éthdﬁeiem"es daygene
(Vittet (1996); a%)ertson et aI ?2000) Devel opnent 127 2447-59). I\/buse

and 21 humanefgessin @atﬂérhﬁ eobsenveduinpthsl traysition fromat the nundifferentisted | teetheand
growth factor _requirements ndi £ferenti at se ce can
be mai nt altheddifferentigtad ?tégeeﬂf&]&’tggls Il§ ?ﬁgﬂfﬁ% BH) eselé8 of%@@@%ﬁ? o
growt h fact Orgulaﬁgé}@ &tf&eﬁﬁﬁtedmeébuts%aﬁlhe reRebdao("Wdaputiaf sahe atlls fr()ﬂ:999) -

Enbo J 18, 42 wever s will differentiatg if g
wi t hout f eedethenifferentiftetsteze oEhES cellsrtidur émdifferent drsisdefiuifiops (e

578 CThus, EoRe PORBROAT A At ate 5 RS el lepr P éﬁ%ﬁ@%&ﬂﬁﬁ%
bet ween mouS e 3l o ks G fo SN R Tfénbdsascanaapedrly iganm arpoessi on

patterns obser e transition fromthe undifferentiated to.the 10
di f f er ent 15t edemiqgnem;‘ arichdiffesinices in behayiop of mioyse and kymgn kS ¢sllsy the PaEFof

et < BTt ol 68 bRh6n Yiotwl Hee? ofiffle BRCAL AiRhohSes in

mechanism of embryonic endothelial differentiation. Our preliminary resulis

indicate that growth factor cocktails (including bFGF and VEGF) known to induce

endothelial differentiation in mice EBs do not have the same effect on bEBs (data

20  not shown), pointing again to potential differences in the molecular mechanism

underlying this process between the two systems, and emphasizing the need to
analyze developmental processes using human systems.

The assembly of developing vascular-like structures could be observed

during EBs outgrowth, as soon as the cells acquired the set of endothelial markers.

25  The data also indicate that the capillary area in the EBs increased during subsequent

mauxraﬁon steps up to day 13 starting from cell clusters that later sprout into

capillary-like structures and eventually become organized 'in a network-like

arrangement. The increase in RNA. expression of PECAMI, CD34, VE-cad and

GATA-2 genes during EB differentiation correlates with the observed increase in

30 mumber of endothelial cells expressing PECAMI1 and VE-cad proteins as

demonstrated by antibody staining of differentiating EBs (Fig 2 and 3). Antibody
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the undifferentiated stage of hES cells or due to different basic
.definitions (regarding gene expression) of the undifferentiated state of
hES cells kept in current culture conditions. However due to significant
di f ferences between early human and. mouse 15 devel opnent, and differences
i n behavi or of nmouse and human ES cells, the pattern of human endot heli al
gene expressi on shown here mght indicate differences in nechani sm of
enbryoni ¢ endothelial differentiatjon. Qur prelimnary results indicate
that growt h f&eméng dse kdigates thatpé difierant stagss of meptiyatipr), mowunerkersappeas do
endot helial djiff .2t b.0n. | 1C B vV hEBs
(data 20 not 2%18%@%&5%? Iﬁyﬂpl‘aggg]gicﬁngo%&g%eﬁ%a%ﬁlﬁ? ergefr%{ggge ?Ir‘]sftﬁ %'(Sae ke
ol ecul ar nmechafins RS weHE! diMilas td thive PES GRS, bai wpentahdvaslywdiffey&itiares anénd
enphasi zing the need to analyze devel opnental processes using human
systens. The @kgawip|iy wtrodaveselilike sﬁa@ggﬁsﬁm i Rattesn thatt iepagbley gmbrynnic
- observed urj, Eulﬁﬁﬁatﬂ: tgrowm h, as soon as the cells acquired the set of
endot hel i al narkers. The data also indicate that the capillary area in
the EBs increased Hiutliengesenbsmdyend isohited add maimtdined inipulture daglothdlidtealls i ng

fromcell clusters that _later sprout into. ca%i | lary-1ike_ structures and
eventual |y be‘i@ﬁ@d(ﬁ’fﬁ'ﬂhﬁgé&nﬁ ditferendialish e witrRe E&M&#Bﬁlgshﬁ@‘?%&‘@ﬁ%e in
RNA expressi o %g@/[ls : i R9.£B
differentiati iglnﬁ{?oglr%e at ggt%gf% %Eleaﬁo s@f?\%@‘&ﬁ%@% gcaeggr@nm%éi’n%n%gr (2(%00)
end_ofJ hgl i al _CAﬂ_'tbﬁo.Q]g@‘Ij Ehvinthy ff' VRSCBibI méglﬁibdzﬂbmé pr'?,o;osdm. t_ogmd 'msi; rzpmlred by
anti body staining of differentjating : iig 2 an .. Anti body

‘stai ning 0l <oculfidl eheadothelial cels fpmy E$éil?w§flé’§é§ %ﬂq@éﬁaﬁmﬂs plolyman. -
mar kers appe ] g%@v?ﬁ'- LdtSre wideRe s rate
for the fi rs?&ﬁﬁ{gm?ﬁeg?g%gﬁae%ﬁﬁghég%ﬁ?e s m Ilg?’ to r%aice Eég%igfg& cani

spont aneous| yclardcteristing.i at e and organize in vitro in vessel-like
structures in a pattern that resenbles enbryonic 5 vascularization. In the

present study we isqlated and mai ptai.ned in culture endothelial..cell
fer 1 ved from hES cOMeE cEpeBicoih PLIEARTAUgR T SHBATE dhdrss akLESH IR been
used in the Padth 8Y%dhfidehfén bf MAbieificafior 08 pidedics AF the ivinfidin ifzeloked et
al ., (2000 Arterioscler Thronb Vasc Biol 20, 1443-51). This procedure. to

obt ai n a Bur eheréincullt us eintededh dbathdlie apecifidationf amhneEgnplesobe tonsidergdcad t ur e

hi gh numbers %cemrﬁlllarlr'ya rr]mly, with the true scope and spirit of the invention being indicated by the

following claims.
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- enbryonic endothelial cells that can be grown in culture w thout | osing
endot helial characteristics. Oher enbodinments of the invention will be
apparent to those skilled in the art froma consideration of the
specification or practice of the i nvéfiti on disclosed 15 herein. It is

i ntended_that the specification and exanples be considered as exenplary
only, vFEAIME: true scope and spirit of the invention being indicated by
the following clains. 23 24 CLAIMS 1. A nethod for the production_ of a
popullat i ors Bethedifey thinroduction 19é pipgpulatipn of pmbionicoerdpthelialeells i aitrsr fomi ¢

stem cel | QAR b3y » il .a popul ati on of human
enbr yoni cﬁg@em ce?’?ds?l;gc %P‘lgrgéﬁi?@nn’%{'?%%g%tgfon of enbryoi d bodies
contai ning the stgwoviliig spdpolativnl dfbinimag enbeyatiesemalells, i n t he absence of

LI F and bFGF, and jsql ating PECAM enbryonic endothelial cells fro he
enbryoi d cells. Smutpg@ng, e, fosmation of bayoif bodjgseritsintng the MY &5 %tby

endot hel i al &ﬂ*lh’ﬁ l?seﬁ i of claim1, wherein
at | east 45% o0 tﬁg{egsr%?%rrlﬁ @qgﬁgot %?t}h@cagl rb?kﬂie’gg{?ess one or nore of

pl at el et endot hel isalating PECAME embryominl encothelidl qeREGAM the e@hTyoid ¢lldN- cadher i n
(N-cad), vascul ar endothelial N-cadherin (VE-cad), and von WI I ebrand

factqr (v . 4.. The ul ati.on .of, claim 3 er ej. | east 55% of the
enr gont ¢ 1ok agpileneitef S8 € wisteR dnledhiTori pbell Bramnatelobs. N Caq,
VE-cad, and vWF. 5. The popul ation of claim4, wherein at |east 65% of the

enbr goni ¢ TaedwlpiRktioal ofc€lhing 1, ettt € SatOlegst Of5%wyfethe f enrGodit , erlddihelial cdllscad,
VE-cad, and vVW-. 6. The popul ation of claim5, wherein at |east 75% of the

enbr yoni c c&prgst ¢l aranore of pipteletgndethelialhrellpdhagier melecplrch (FEC&MIA. GATR-c ad,

VE-cad, apd\y 4 N 0 | i W’@FE@ a t _ t he
enbr yoni caér%}é[)%ﬁlgﬁ? a@h (E;caéiP’I {s?dgl:@k%pr%gdsogﬂ%%g%r% %br e b@&kﬂd %@\%Xﬁgg%ﬁicad,
VE- cad, affisttor(FWH. The popul ation of claim7, wherein at |east 95% of the
enbryoni ¢ endot helial cells

4. The population of claim 3, wherein at least 55% of the embryonic endothelial cells
express one or more of PECAMI1, GATA-2, N-cad, VE-cad, and vWF.

5. The population of claim 4, wherein at least 65% of the embryonic endothelial cells
express one or more of PECAMI1, GATA-2, N-cad, VE-cad, and vWF.

6. The population of claim 5, wherein at least 75% of the embryonic endothelial cells
express one or more of PECAMI, GATA-2, N-cad, VE-cad, and vWF.

7. The population of claim 6, wherein at least 85% of the embryonic endothelial cells
express one or more of PECAM1, GATA-2, N-cad, VE-cad, and vWF.

8. The population of claim 7, wherein at least 95% of the embryonic endothelial cells
express one or more of PECAM1, GATA-2, N-cad, VE-cad, and vWF.

9. The population of claim 1, wherein at least 45% of the embryonic endothelial cells

incorporate ac-LDL.

10. . The population of claim 9, wherein at least 55% of the embryonic endothelial cells

incorporate ac-LDL.



express one or nore of PECAM, GATA-2, N-cad, VE-cad, and vVWF. 9. The
popul ation of claim1, wherein at |east 45% of the enbryoni c endotheli al
cells incorporate ac-LDL. 10. The popul ation of claim9, wherein at |east
55% of the enbryonic endothelial cell® incorporate ac-LDL. 25 11. The
popul ation of claim 10, wherein at |east 65% of the enbryonic endot heli al

cel | 41. | ndbepspaiationcaf| gheim 19, wheeeim @b lgast 65% of the embivonic epsdothelial gelly east

75% of th I dothelial cells incorporate ac-LDL. 13. The

popul at i Oﬁnc(;%gﬁ)cﬁtgi@?n ., wherein at | east 85% of the enbryonic endotheli al
cells incorporate ac-LDL. 14. The popul ation of claim 13, wherein at |east
95% af. t h&hendopylation afndainhdllj sihereit las leasn Z6Yopof tHecerabrybhic. erldothelink cells
popul ati on of claim wherein at |east 10% of the enbryoni c endot heli al

cel I's exphomorgedd-Lil  The popul ation of claim 15, wherein at |east 12%
of the enbryonic endothelial cells express CD34. 17. The popul ati on of

clai 316, THe&sdpultidh dfedsim 1278Bbred @t FEHBF ¥9% 6f BROGhPSLLR| erfddtlctial BYRY €SS
CD34. 18. The population of claim 17, wherein at |east "16% of the emnbryonic

endot hel i dcogprrpts acdPe.ess CD34. 19. The popul ation of claim 18, wherein at
| east 18% of the enbryonic endothelial cells express CD34. 20. The

populgti o f i.m. 19, ergi | t %,0 e nj halJ al
ol 14 8 bbb o3 cMRFIE, BuBhein 3 Moot B3y ot bSO Rrnerio B o8l 2
support siddtgorite acA.human enbryoni c endothelial cells supported by the
cell support substrate. 22. The tissue engineering construct of claim 21,
wherein the humap enbryonjc endothelial cells are vascul ogenic.

?5. T?le popuﬂltion ofy claim 1, wherein at least 10% of the embryonicgendoﬁ'nelial cells

express CD34.

16.  The population of claim 15, wherein at least 12% of the embryonic endothelial cells
express CD34.

17.  The population of claim 16, wherein at least 14% of the embryonic endothelial cells
express CD34.

18.  The population of claim 17, wherein at least 16% of the embryonic endothelial cells
express CD34.

19. The population of claim 18, wherein at least 18% of the embryonic endothelial cells
express CD34.

20.  The population of claim 19, wherein at least 20% of the embryonic endothelial cells

express CD34,

21. A tissue engineering construct comprising:
a cell support substrate; and

human embryonic endothelial cells supported by the cell support substrate.

22.  The tissue engineering construct of claim 21, wherein the human embryonic endothelial

cells are vasculogenic.



26 23. The tissue engineering construct of claim2l, wherein at |east 45%
of the human enbryonic endothelial cells express one or nore of PECAM ,
GATA-2, N-cad, VE-cad, and vW. 24. The tissue engineering construct of
claim23, wherein at |east 55% of thé&®human enbr yoni ¢ endot helial cells

express o or. nore of PECAM, GATA-2, N-cad,. VE-cad and VVE. 25. The
tiss -en@’?‘ﬁe‘éﬁs}‘ﬁgeﬂ%ﬁ%%é’m c&uﬁt‘iéﬂm,ﬂm@h%ﬂﬁ ak lqaétaggfoa\éat%? human
enbryoni ¢ cgRARIAEL AR . ad,
VE- cad, aeﬁ‘? VW, %‘%&he%ﬁieke?llsge?gfeéiE’g‘?ﬁgg@hgpg%ﬁg{h?gct of %?g}%ﬂ’%w\?\ﬁ’er ein

at | east @BdoWF.t he human enbryonic endothelial cells express one or nore
of PECAM, GATA-2, N-cad, VE-cad, and vWF. 27. The tissue engi neering

construct .of claim?26, wherein at |.east % of the h n Mk yeni.c
endottiol 1 Re il Sogmeatis shadtoit air i Pecirica oy SN Rl Py

and VW. 28bryaee ddosiittiaPodisRBredsd oné 8Nalotd/6f PREAMBIGAPA 2, Wnes®i VERA], east
95% of the human enbryonic endothelial cells express one or nore of

PECAM , GARAVWF.N-cad, VE-cad, and vWF. 29. The tissue engi neering
construct of claim 21, wherein at |east 10% of the human enbryonic

endothel i G [ t4 s]| j C f

cl ai %?’29, %lh et(r%g!l % eglégﬁeglz% Qﬁ%ﬂgf O({fh%ig uniaﬁw%rrﬁgy%tnn?egye ﬁgoé't ﬁgﬁpéﬁ%ne | s
express Cembryodic endothelinbsslls expgiss on¢ bnmoeOoSPECAM RIGATAFINNBQad, Wikycad,n at

| east 14% of the human enbryonic endothelial cells express CD34. 32. The
ti ssue endt &‘é?Fl-ng construct of claim 31, wherein at |east 16% of the human
enbryoni c endothelial cells express CD34. 33. The tissue engineering

consbpuct TR idsAd BngtechlE 'BhiinRl dredsim 1370 WerbifCath IR 75%TBE ¥RE iHaman
endothelial cells exXpress CD34. 27 34. The tissue engineering construct of
cl ai m 21, embeoainemiotheiabtelsExpess bheohmosnof PECAM1, GATA-2, N-cad, VE-cad,

and vWF.

27.  The tissue engineering construct of claim 26, wherein at least 85% of the human
embryonic endothelial cells express one or more of PECAM1, GATA-2, N-cad, VE-cad,
and vWF.

28.  The tissue engineering construct of claim 27, wherein at least 95% of the human
embryonic endothelial cells express one or more of PECAM1, GATA-2, N-cad, VE-cad,
and vWF., |

29.  The tissue engineering construct of claim 21, wherein at least 10% of the human

embryonic endothelial cells express CD34.

30.  The tissue engineering construct of claim 29, wherein at least 12% of the human

embryonic endothelial cells express CD34.

31.  The tissue engineering construct of claim 30, wherein at least 14% of the human

embryonic endothelial cells express CD34.

32.  The tissue engineering construct of claim 31, wherein at least 16% of the human

embryonic endothelial cells express CD34.

33. The tissue engineering construct of claim 32, wherein at least 18% of the human

embryonic endothelial cells express CD34.



enbryoni c endothelial cells incorporate ac-LDL. 35. The tissue engi neering
construct of claim 34, wherein at |east 55% of the human enbryonic
endothelial cells incorporate ac-LDL. 36. The tissue engineering construct
of claim 35, wherein at |east 65% of #he hunan enbryonic endothelial cells
i ncorporate ac-LDL. 37. . The tissue eng| neer| ng construct of claim 36,

wher 8fn atT%lee‘é%‘;Pe 7HGInSEring ccopsfrgh ofe gﬁa@t Alefgast 48% € the dwiiy at e
ac-LDL. 3 L SR ct of claim 37, wherein at |east
85% of th%ﬂ%ﬁg’"é ﬂ%&%ﬁ‘?ééﬂgﬁ@rﬁﬁefe%gﬁ%% | s incorporate ac-LDL. 39. The
ti ssue engineering construct of claim 38, wherein at |east 95% of the human
enbr $6ni ¢ Thediidshe | engineerhg sconstamt pmfralhﬁndm- LEhereiOat Tdast 56%s o€ thediuner i ng

construct of claim2l, further co r|S| a polynmer matrix infused wth
the cell fﬂ’é’&‘ﬂ"t‘c Qi%’il}ql’éf‘éetlgﬂco s‘;]g'e engi neering construct of claim
40, wherein the polynmer matrix conprlses pol y(glycolic acid),

col | agen- ghkCeEag hRflekarg coﬁ%ﬁ&gﬁncla?mﬁ'ﬁﬁérbﬁ 8C Akt GBSP{J y€ 188 tHuenan

co-glycolic acid), poly(anhydri , hydroxy acid), poly(orthoester),
pol y( pr opyibiyasi @QS& %‘@l écmmorat@ aodél’lypyrrol e, polyaniline,

pol yt hi ophene, polystyrene pol yester, pol yurethane, polyurea,
pol yget hy MLDY, e I I y c J a
pol yg?hyl LeIElg ? éPé?“r%%e")‘“&?}f‘P &pégﬁ%(%g%gona%l 55'{914}& éln%/)?ctg?rbl}ur% I on

t her eof . %br?ﬂi@cénmwsﬁ@@immﬁtewmmuct of claim40, wherein the
pol ymer matrix has a shape selected from particles, tube, sponge sphere,

stra colled strand, illary net oo Film flb d .sheet.
e o %Ssaﬁgqnﬁg@m% coBmiEie (i Ak 17 i VROTBIn i st et ﬁﬁ? yivgtan
matrl X Co%bkﬁﬁcéhdoﬁ{eﬁ‘ﬁ&llfs%%o%oﬁga%&hﬁﬁ to the polyner via a nmenber of a

coval ent and ‘a non-covalent interaction. 28 44. The tissue engineering
construct of claim2l, wherein the cell support substrate conprises a gel.

45. e tmumsnﬂmnmmn@ coostaict Lt clefm A% whetdin aihésasti ASthef db¢ hwmapr i ses
one or L& ryomc e:mcfQ hlG'l:ilﬁngel Trclico%())olrlat%%e-r}.[?ffe

40.  The tissue engineering construct of claim 21, further comprising a polymer matrix infused
with the cell support substrate.

41.  The tissue engineering construct of claim 40, wherein the polymer matrix comprises
poly(glycolic acid), collagen-glycosaminoglycan, collagen, poly(lactic acid), poly(lactic-
co-glycolic  acid), poly(anhydride), polythydroxy acid), poly(orthoester),
poly(propylfumerate), polysaccharide, polypyrrole, polyaniline, polythiophene,
polystyrene, polyester, polyurethane, polyurea, poly(ethylene vinyl acetate),
polypropylene, polymethacrylate, polyethylene, poly(ethylene oxide), poly(carbonate),

and any combination thereof.

42.  The tissue engineering construct of claim 40, wherein the polymer matrix has a shape
selected from particles, tube, sponge, sphere, strand, coiled strand, capillary network,

film, fiber, mesh, and sheet.

43.  The tissue engineering construct of claim 40, wherein the polymer matrix comprises a
growth factor attached to the polymer via a member of a covalent and a non-covalent

interaction.



46. The tissue engineering construct of claim44, wherein the gel further

conprises a nenber of the group consisting of collagen I, collagen IV,
lam nin, fibrin, fibronectin, proteoglycans, glycoproteins,
gl ycoam nogl ycans, proteinases, coll ajenases, chenptactic agents, growh

factors, and any conbination of the above. 47. The_tissue engi neering
const¥fuct 1o tispug engineering ponstrucicefipiaimsd I gvherqin the ogll supporbsubsirate somprises t he
cel | supp%%elsubstrate. 48. The tissue engi neering construct of claim 21,
further corprising at |least one additional cell type. 49. The tissue

engi neering construct of claim48, wherein the ratio between the enbryonic
endotdiel i dTheaskhes ermginkering cadsinict ofialaimeld] wherein il gdl compsisesloi® oSRoreTde

ti ssue engineerjngpgonstr.uct | ai m 49, wherein the ratio between the
enbr yoni c%éﬁ&{:‘ﬂgl i ap ecérﬂggn- the additional cell type is at |east
2.5:7.5. 51. The tissue engineering construct of claimb50, wherein the

rati agbet veeiiskRrRiiiNAR LS BCSH Rl £, vt R HihoR doinbhi o meibér type
is at least 1:1. 5Z2. The tissue engineering construct of claimb51l, wherein
the rati o dfethfe@roupheorsistingoof ccollagemt hetdligen elV,s lamigin, hEbenidifibrenestincel |
type is at_| t 7.5.2.5 53  The ti.ssue engineering canstruct .of claim52,
wherei n t REFSYEIESREBORRS EHAHRPE e tsr olifgenasteycfmotactie

addi t i onalagafts,| gréwidefattorsdind &sdonthidaticadof thsbdvessue engi neering construct
of claim 48, wherein the ratio between the additional cell type and the
enbrygnic _endothelial cells is at least_9:1. 55. The ti s?_ue, engi neering
constuct 1o tisses pRgipeerifgesonstinct o€ claim 2k, fpeherscomprisingeg ligpishsarkgispixedc el | |
nerve cel l; i t cell, or stemcell. 29 56. The tissue

engi neeri %ﬂ%ﬁgﬁgﬁ@tﬁggﬁh@ a?erh 21, wherein the cell support substrate is a
tube and the enbryonic endothelial cells are disposed on an inner surface
of tH8. t udde tBue Fgnderiag wensnyt € elaimd 1 dather wompoising] atileast One akiditional t he
tube is a nenber of a decellularized blood vessel, a synthetic polyner
tube, and " @l agen tube. 58. A nethod of produci ng vascul ogeni ¢ hunan
cells in vitro, conprising: providing a population of human enbryonic stem

cel | 49. culThyrtise: EdEndetiaf cofbthset iof cldi® £8)SeRedin Qhe kdtlo Béttheb @l émbsbhisul at e

formati on of _enbryoid bodies containing the cultured stemcells; and
endothelial cells and the additional cell type is at least 1:9.

50. The tissue engineering construct of claim 49, wherein the ratio between the embryonic

endothelial cells and the additional cell type is at least 2.5:7.5.

51.  The tissue engineering construct of claim 50, wherein the ratio between the embryonic

endothelial cells and the additional cell type is at least 1:1.

52,  The tissue engineering construct of claim 51, wherein the ratio between the embryonic

endothelial cells and the additional cell type is at least 7.5:2.5.

53.  The tissue engineering construct of claim 52, wherein the ratio between the embryonic

endothelial cells and the additional cell type is at least 9:1.

54.  The tissue engineering construct of claim 48, wherein the ratio between the additional cell

type and the embryonic endothelial cells is at least 9:1.

55.  The tissue engineering construct of claim 48, wherein the cell type is selected from

muscle cell, nerve cell, connective tissue cell, or stem cell.



I sol ating PECAM positive cells fromthe enbryoid bodies. 59. The nethod
of claimb58, wherein the step of isolating conprises: dissociating the
enbryoi d bodies to separate the cultured stemcells; incubating the
cultured stemcells with a | abel ed PEEAM ant i body to distinguish the

portion of the cultured stemcells that are PECAM 1+; and separat.ing the
PECANP+ thpélsweo%ﬁamr@npsﬁan%W%OEQH% P wheretn the celd support sybstrate dsha bst

cl ai m 59, I sr(F.gP% d a

fluor escent rml et &&@Eeﬁ%elm @P I'm E;'g gﬂ es’?lgaél@ét) eyg?’gp of

provi di ng conprises: incubating a population of human enbryonic stemcells

I n a5@ul t dhe tiwsde umgireadng atonstess tofpelaim a¥d, ywljebrs'mggwegmei 15ga tthemberl bfirked
stemcells,. s f .a su pens for th nuf act a nedi canent for
stinul ati ﬁ@ﬁ@%ﬁ%@&?@s@se {1\98 Hﬂ]é'"l"ﬁg‘b[er%"ﬁ{ 8‘? &scul ar di sease
in animals, the step of preparing said suspension conprising: perform ng
the mgt hOQ\ﬁ%ﬂ@HQﬂfﬁl—&&cﬁl@@ﬁéﬂWmﬁnérh&llbw{zmtoedmﬁﬁ%%é +cells in a
menber of a liquid carrier, a cell support substrate, and a m xture of
both. 63. Th@omgﬁp@ldatmn@hwmen&ry@uwmeﬂg, infusing a polyrrer mat rix
with the ce for lLver L capent
wher ei n sai déuslﬁuz%ﬁgﬁg%{ecﬁpsgel% i &ec%rsr%}clgs%fgglﬁa f&ﬁgt&f‘s at%ymer mat r| X

into an aninal . S%bﬁéldmL@ﬁtdﬁﬁngH&ldﬂltﬁ&d@tezﬁBells;\laﬁi ein the cell support
substrate conprises_a ge he use of claim 64, wherein the gel

conpri ses on’é"léffm&BE@Ag\ﬁl mmlﬁﬁmaﬂw enbyyoidodiesnc 66. The use of
claim64, wherein the gel further corrprl ses a nenber of the group

consiss! i Nehe et S 33, WiRAMR flha?m&m fridagi n, fibronectin,

prot eogl ycans, glycoproteins, glycoam noglycans,” proteinases,

col | agenasesd1ssolamnmg&metembla'gﬂirhcshesgo eepanaté &wta)ﬂim‘edesmin calhy conbi nation of

2l | owi ng. t nangutets sl e ool wiB Bbdled BF AR Sipaict SisBBTE e

matrix has a Shapﬁ)ﬁ@ﬁ@ﬁﬂﬂd:uftﬁ&@s%EélE'tB&arePE@ﬁMﬁp%ﬁe sphere strand,
coiled strand, capill ar]%/ network, film fiber, mesh, and sheet.
separatmg the PECAMI1+ cells from the remammg cultured stem cells.

60.  The method of claim 59, wherein the label is a member of a magnetic moiety and a

fluorescent moiety.

61.  The method of claim 58, wherein the step of providing comprises:
incubating a population of human embryonic stem cells in a culture medium; and

at least partially disaggregating the cultured stem cells.

62.  Use of a suspension for the manufacture of a medicament for stimulating vasculogenesis
in vive and the treatment of vascular disease in animals, the step of preparing said
suspension comprising:

performing the method of claim 58 and
suspending the isolated PECAMI + cells in a member of a liquid carrier, a cell support
substrate, and a mixture of both.

63.  The use of claim 62, further comprising infusing a polymer matrix with the cell
suspension before delivering said medicament to animals, wherein said step of delivering

comprises implanting the polymer matrix into an animal.



69. The use of claim63, wherein the step of delivering conprises disposing
the polynmer matrix about the outside of a blood vessel. 70. The use of
claim 63, wherein the polymer matrix conprises a growh factor. 71. The use
of claim 70, wherein the growh facto"?5 is selected fromepidermal growh

factar, ne nor.pho eti rotein, TG(i, hepatocyte growh factor,
pl at éﬁet-ﬁgwi%a%g}%&ﬁ Of'ﬁic‘{?%ﬁr?ln%%lq"&@ms'ﬁﬁ*&aﬁ 0 BBBetic growth

factors, heparin binding growh factor, peptide growh factors, and basic

and g6i di ol We0bt Satm WAOWHRrERhO ST cHRPMSesISRNN iR (B MATREEEL Magful ar

endot hel i al -derived growfh factor EGF), and muscl e norphogenic factor
(MWP) . 72 .coltagendSAGof claim 62, further conprising depositing the cell
suspensi on on the inner surface of a tube. 73. The use of claim72,

bory 367 ' A e bR R Fhetip §F BefrBebEmBlerS o HanB Dt e Boup Tondille' 75 ©
further cofpollagég LatdiapendV, Naméssth] $ibtif, lﬁbﬁiﬂe&tﬁ{,aﬁ@tdbgfy@%l%, tg;ﬁcopﬁdtﬁhs,Of

delivering the cell suspension to a tissue in an animal. 5. The use of
cl ai m 74, gxsoeminoghisaps, i 5pisinages; eplagenasesnehergtactior agants: growiafastary rand

struct ureaﬁ Ebrﬂgintaﬂﬁrhﬁf‘ﬁxga (f_wéﬂ lowing the cells to proliferate before the
step of delfvering e cel suspension to a tissue in an animal. 76. The

use of claim 74, further conprising inparting a mechanical force on the

cel | $7dur iTing us¢ bfclaine f4,0¢heatih ahe mgthiol durtledr lcomiprisgrablomfig the @cbeflordent he st ep
of delivering the cell suspension to a tissue in an animal. 77. The use of
cl ai m,76, erei he chanical, force is clic. 78. The u of cl.aim 76,
wher 880t ASHEE L A1EE B opbaele teaiiner el hina ettt ol PHEER. noop
stress, sh@R) ssdng8Sipheldy sita! @iled sHhiE LapillaQ MIOSE ABn Sl SBesh2BAd §IRAEI | €
stress. 79. Th%i t%g?of %:II aim 62, wherei ?\pthe tissue is ischemc. 80. The
use of claim62, wherein the tissue is selected fromthe group consisting
of &8nnedhewsetafsdeim 63y whprein thesstep of eleliverings eqmprises dlisnoging the polpanergy |

The use Ofrnaﬂli?.hﬁ&ﬁ%he éﬁ’ﬂﬁﬁgb an&‘Sd%&%Of delivering conprises depositing
on the

the cells inner surface of a bl ood vessel. 82. The use of claim 62,
wherein the cell support matrix includes a growh factor.
70.  The use of claim 63, wherein the polymer matrix comprises a growth factor.

71.  The use of claim 70, wherein the growth factor is selected from epidermal growth factor,
bone morphogenetic protein, TGFp, hepatocyte growth factor, platelet-derived growth
factor, TGFa, IGF-I and II, hematopoetic growth factors, heparin binding growth factor,
peptide growth factors, and basic and acidic fibroblast growth factors, nerve growth factor
(NGF), vascular endothelial-derived growth factor (VEGF), and muscle morphogenic
factor (MMP).

72.  The use of claim 62, further comprising depositing the cell suspension on the inner

surface of a tube.

73. The use of claim 72, wherein the tube is selected from a member of a collagen tube, a

synthetic polymer, and a decellularized blood vessel.

74.  The use of claim 63 or 73, further comprising allowing the cells to proliferate before the

step of delivering the cell suspension to a tissue in an animal.



83. The use of claim82, wherein the growh factor is selected from

epi dermal growth factor, bone norphogenetic protein, TG-(i, hepatocyte
grow h factor, platelet-derived gromh factor, TG-ct, 1G-1 and II,

hemat opoetic grow h factors, heparin Bi ndi ng growth fact or, peptide growh

2 R St st ou e B AT B Db it
muscl e norRBALSRd Gep fofi‘(iﬂlgﬁ' Jf%\/?{g)cef@ Pﬁ]ﬁ”eﬂd?eebc% th@|stBpSdF ddINelifigthe cell

conprising conbining an a type w t the “enbryonic
endot hel i abspeebibs to 8&ssuEheangmingld. cl ai m 84, wherein the ratio of the
additional cell type and the embryonic endothelial cells is betmeen 1:9

d Th 84, .wh th f.th di t |1
ype Bna cits WRGF SBAnC BifheT hanprstng unptng s gh@hedest i oo pe i dne’T
use of cl ahensp oPRBORANY KIS cERRd itO RblifehRe qs*é%r)éOﬂﬂeCs,teﬁctqt Bﬁi\*eﬁhFC@H &illt 0

the additional  cell type is greater than 9:1. 88. The use of claim 84,
wher ei n t /f8sReasios tap swslieer aainral.om connect i ve tissue cel | s, nerve cells,
organ cells, nuscle cells, and stemcells. 89. A nethod of producing a

. | SL:0gs f \ thod of cl 58;
Suspeda ng FRE P Gpinf IR e nB RS BIGAE (%0 1l i 0 carrier, a

cell support substrate, and a m xture of both; infusing a polyner matri x
wi t h 78he dddeluse w$ phnimi%nwham‘h el mmhagicahﬁ)rmctedlﬂmnm gnroup ichbpsisting on
t he pol yner, matr.i Xx. . TheHehod of claim 89, \Aherelalé(i rrer mat ri x
has a shaP&heeh ¥ESeF P"rr&H‘Ffﬁa OFtalic StresHROMNIERsiYSStressy @nSI coil ed
strand, capillary network, film fiber, mesh, and sheet. 91. The met hod of

cl ai me89, mf@%&@bﬂclhﬁeegabﬁerﬁumﬁgsuém§é1{ea{1@ conprises a gel. 92. The
nmet hod of claim 91, wherein the gel conprises one or nore of MATRI GEL and

coI I %gen GAG. 93. The nethod of claim92, wherein the gel further corrprl ses
Jhet we gf slmm §3nsvherdimghoftisses lingelected Fom| thee grouy, congifting nof

fi bri n, fi 9&:?&389{: hgh’uepl{lﬁéc?é)ﬁ% m%[%%vetusg,hg%ﬁ%géa%'t&% gl ycoam nogl ycans,

protelnases col I agerases, agent

81.  The use of claim 62, wherein the step of delivering comprises depositing the cells on the

inner surface of a blood vessel.
82.  The use of claim 62, wherein the cell support matrix includes a growth factor.

83.  The use of claim 82, wherein the growth factor is selected from epidermal growth factor,
bone morphogenetic protein, TGFpB, hepatocyte growth factor, platelet-derived growth
factor, TGFa, IGF-I and II, hematopoetic growth factors, heparin binding growth factor,
peptide growth factors, and basic and acidic fibroblast growth factors, nerve growth factor
(NGF), vascular endothelial-derived growth factor (VEGF), and muscle morphogenic
factor (MMP).

84.  The use of claim 62, further comprising combining an additional cell type with the

embryonic endothelial cells.

85.  The use of claim 84, wherein the ratio of the additional cell type and the embryonic
endothelial cells is between 1:9 and 9:1.

86.  The use of claim 84, wherein the ratio of the additional cell type and the embryonic
endothelial cells is greater than 9:1.



factors, and any conbination of the above. 94. The nethod of claimclaim
91, wherein the nethod further conprises allowing the gel to harden. 95.
The net hod of claim89, further conprising inposing a nechanical force on
the matrix during the step of all ovvi3ﬁg. 96. The nethod of claim 92,
wherein the nechani cal force. itiacy_cl ic. 97. The net hod of claim 92, wherein

the Mécharfitedise phflaun 8¢, whergin taeg ratjoef the emryonys endgthedial oells toytherpddpional og s
shear str t}:ﬁ@cj ' ress, conpressive stress, and tensile stress.
33 98. A%rr%t 0 g%éfoe?(&)}%ﬁ‘cfing vascul ogeni ¢ human cells in vitro,
conprising: providing a population of human enbryonic stemcells; culturing
t he $Bem ddkluseiof ddim &hswhereinothe lcells aredsdide®id froms conmattinectissoe walls, arercs
enbryoi d bodi es conhai ni n?cct[fﬂe cul }ureg} stemcells; and isolating fromthe
enbryoi d 58 Q5E0SHE TS B8 FESITR 6¥'For one or nore of GATA-2, N-cad,
VE-cad, and vWF. 99. The nmethod of claim98, wherein the step of isolating
conpipses A mdtddFipeddutihgld Was QU MRIcEird) QBhipeising: separate the cultured stem
cells; incubating the cultured stemcells with |abel ed antibodies for one
or more of Resfosmng the mathod g daim 5&%nd vWE; and separating cells that

express one : f . - . L.nJ ng
cul tured st e%{s e%lgg. @lféW@gEgmﬁg Eg%égﬁ%%g%mﬁ%?)f;é%dnda%g%? %Flgglén)ifﬂogﬂ
medi canment for stsubstrate) g a mbaaelofdemesi s in vivo and the treatnment of
vascul ar di s,egs},sf,e in animals, the step of preparing said suspension
conprising: ¥ r&wﬂm@aﬁﬁmﬂaﬁw@w&mﬁn@@%ﬁw suspendi ng the isol ated
cells in a AR ) g,ﬂlgp bstrate, and a
m xt ure of B%{Eﬁﬁﬁ%g{f}aﬁs nmet h%éﬁg?b%?lgga%ioﬁgh%p@ scuf"{a?rﬁ%truct ure,
conprising: performng the nmethod of claim97; suspending the isolated
cel | 80i n dheemdteed off claint BRuiliereiartheé polymer owittix bagppshapesalested ditoay particles,

tube, sponge, sphere, strand, coiled strand, capillary network, film, fiber, mesh, and sheet.

91.  The method of claim 89, wherein the cell support substrate comprises a gel.

92.  The method of claim 91, wherein the gel comprises one or more of MATRIGEL™ and
collagen-GAG.

93.  The method of claim 92, wherein the gel further comprises a member of the group
consisting of collagen I, collagen 1V, laminin, fibrin, fibronectin, proteoglycans,
glycoproteins, glycoaminoglycans, proteinases, collagenases, chemotactic agents, growth

factors, and any combination of the above.

94,  The method of claim claim 91, wherein the method further comprises allowing the gel to

harden.

95.  The method of claim 89, further comprising imposing a mechanical force on the matrix

during the step of allowing.
96. The method of claim 92, wherein the mechanical force is cyclic.

97.  The method of claim 92, wherein the mechanical force is selected from the group
consisting of hoop stress, shear stress, hydrostatic stress, compressive stress, and tensile

stress,



and a m xture of both; infusing a polynmer matrix with the cell suspension;
and allowing the isolated cells to proliferate on the polyner matri x.

33

98. A method of producing vasculogenic human cells in vitro, comprising:
providing a population of human embryonic stem cells;
culturing the stem cells in the absence of LIS and bFGF to stimulate formation of
embryoid bodies containing the cultured stem cells; and
isolating from the embryoid bodies cells that are positive for one or more of GATA-2,
N-cad, VE-cad, and vWF. |

99.  The method of claim 98, wherein the step of isolating comprises:
dissociating the embryoid bodies to separate the cultured stem cells;
incubating the cultured stem cells with labeled antibodies for one or more of
GATA-2, N-cad, VE-cad, and vWF; and
separating cells that express one or more of GATA-2, N-cad, VE-cad, and vWF from
the remaining cultured stem cells.

100. Use of a suspension for the manufacture of a medicament for stimulating
vasculogenesis in vivo and the treatment of vascular disease in animals, the step of
preparing said suspension comprising:

performing the method of claim 98 and
suspending the isolated cells in a member of a liquid carrier, a cell support substrate, and
a mixture of both.

101. A method of producing a vascular structure, comprising:
performing the method of claim 97;
suspending the isolated cells in a member of a liquid carrier, a cell support substrate,
and a mixture of both;
infusing a polymer matrix with the cell suspension; and

allowing the isolated cells to proliferate on the polymer matrix.



