WO 03/ 083070 PCT/ US03/ 09457 Endothelial Cells Derived From Human Enbryonic
StemCells This application clains priority fromU. S. Provi sional

Appl i cat iwo oBlo830760/ 367, 689, filed March 26, 2002, the entcmaSosod4ent s 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, isolation, characterization and use
of human enbryonic endothelial cells. Background of the Invention 10 Human
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G rcul ation 46)367,68%fildd Mafchdst ped2, de quticgemitends ofowhick aferipperadiatads have
vascul ogeni c_ potential (Kawanoto, 15 2001). Vascul ogenesis is defined as
the in situ h@@é%{lf?f%@cé-api |laries from undifferentiated endotheli al
cells, as opposed to angi ogenesis, the sprouting of capillaries from
preexistifng bl ood vessel s (Yancopgldasyth€inwntion( 1998) Cell 93, 661- 4).
This potential can be exploited in tissue engineering for induction of

ti ssue vascul ari Thisi mwent@speeitzing yo fthe vsemil exbryogisy stsmyselis and, more
vascul ari zati on, of regeneratjng. 20 tiss S j r it is
often desir aﬂ?e@fg’@l}&a e ea%fgeég’é]ﬁg??re]éf’féﬁo?’i %}gaﬁ%&&?ﬁalv’h%@ %Sféi( gfr:rﬂ)lltu %an
transpl ant at EﬁBr}/oﬁic%ﬁothéﬁal%Eﬂs. (1998) FASEB J 12, 1331-40; Kaihara, et
al., (2000) Tissue Eng 6, 105-17). Vascularization in vitro is inportant to
enable cell viability during tissue growh, indyce structural organization
and pronote integration upon i € of enbryonic stemcells
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cell-derived cells could be created in virtually . unlimted.. unt s_.and
avai |l abl e f ovessek&AWILI0 Beas AL dsghepucERRPE f‘)ﬁ@f‘“ﬁﬁ %ff}Pq%%‘b?j’) @@8"%6@ 15927,
271-8). 1 (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 cells 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).



WO 03/ 083070 PCT/ US03/09457 The vascul ogenic potential of the enbryonic
cells could specifically be of use in tissue engineering for induction of

ti ssue vawouwBasiozati on. A potential source of cells for toFgsosmasT cations
are enbryonic stemcells which, in nmurine systens, were shown to
differentiate into endothelial cells formng vascular structures in a 5
process call ed vascul ogenesis (Vittet, et al., (1996) Bl ood 88, 3424-31).
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Human enbryonic stemcell lines (hES) .recently. establjshed fromthe inner
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successi ve di ﬁ/er entiation steps occur (ltskovitz-Eldor, et al., (2000) Mol
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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 have 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 suspension. 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, 83-

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

PECAMI1, GATA-2, N-cadherin, VE-cadherin, VWF, and CD34. The cells may



PECAML, GATA-2, N-cadherin, VE-cadherin, WA, and CD34. The cells may 2 WO
03/ 083070 PCT/ US03/09457 incorporate ac-LDL. In one embodi ment, a tissue
engi neer iwg osps®ye uct is formed by conbining the human emomysn3/e94s7
endothelial cells with a cell support substrate. A polymer matrix may be
infused with the cell support substrate. The polyner nmatrix may have any
shape, for exanple particles, tube, sponge, sphere, strand, 5 coiled
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In another aspect, the invention provides a method of producing
vasculogenic human cells in vitro. 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 PECAM1 positive cells from the embryoid bodies. The step 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 PECAM1+, and separating
25  the PECAMI1+ cells from the remaining cultured stem cells. The step of providing
may include incubating a population of human embryonic stem cells in a culture
medium and at least partially disaggregating the stem cells. The Vascuiogenic 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  Alternatively, 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



support substrate, or a mxture of both, and delivered to a tissue in an
animal . 30 Alternatively, the vasculogenic cells may be deposited on a

pol ymer m&Dro3xo83y0 i nfusing the matrix with the cell susp@agiusn3/(|st her
with or without the cell support 3 WO 03/083070 PCT/ US03/ 09457
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drawi ng, i n dhringprdiiferaion.Endot hel i al gene expression in hES-derived EBs by
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(B) Quanti t atiéohsiquaahg stundife afammbsssplugingicalsulatin®s. at j ve pixel intensity
corresponds to gene expression level; for each tinme point,

15 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 controls, no template (N.T.) and MEF, and the HUVEC positive control
25 (HUV) are shown to the right. (B) Quantitative analysis of gene expression.
Relative 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 PECAMI antibodies (Red), von



mean pi xel intensities of each band were neasured and normalized to nean

pi xel intensities of GAPDH band. The results shown are mean val ues of
three di fweroafs307€xperinents, plus and mnus standard devipaliusas3/oB887 Fig. 2.
Expressi on of endothelial cell markers in vessel-like structure within

hEBs. (A) EBs at day 13 stained with human PECAM antibodies (Red), von 4
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Fluorescent—labeled cells were 1solated usmg a flow cytometry cell sorter. (B) Flow

"

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
PECAMI1+ cells. (G-H) Cords formation by PECAMI+ 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 lumen formation



25 cadherin and (D) VE-cadherin staining, in cell-cell adherent junctions.
(E) Double staining for Vinculin (red). and Actin (green). Vinculin is
found i n wotod/ogweal contacts and cell-cell adherent junctPCarEsoswEse it
associates with actin stress fibers ends. (Oig. mag. for A and C E X1000)
(F) Uptake of Dill-labeled ac-LDL by PECAML+ cells. (G H) Cords formation
by PECAM + cells 24 hours (G or 3 30 days (H) after seeding the cells in
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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 embryonic stem cells which, in murine systems, were shown to differentiate into
endothelial cells forming vascular structures through vasculogenesis (Vittet, et al.,
20 (1996) Blood 88, 3424-31). Early endothelial progenitor cells isolated from
differentiating mouse embryonic stem cells were shown to give rise to three blood
vessel cell 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  beating cardiomyocytes 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) Science 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,



(Yamashita, et al., (2000) Nature 408, 92-6). In addition, it was recently
shown that endothelial progenitors and enbryonic endothelial cells could
di ff er entwatod/oszer® 25 beati ng cardi onyocytes when cocul t uP€d/usos/pv4ae0nat al
cardi onyocytes 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 enbryonic endothelial cells are critical for the earliest
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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 PECAMI 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.
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substrate may , for exanple, WMatrjigel TM, from Becton-D ckinson.
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primary X are Faninin, en I° ’entactin,
heparan sul f ajfipsBY e ogbniC BecloneDickeo). (Watkipel®Vi ¢s &. solebilized basement

membrane matrix extracted from the EHS mouse tumor (Kleinman, H.K., et al.,

Biochem. 25:312, 1986). The primary components of the matrix are laminin,

collagen I, 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., BioTechniques 15:1048, 1993). The matrix

also includes several undefined compounds (Kleinman, HK., 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
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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, et 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



enbryoni c endothelial cells to the surface of a blood vessel follow ng

angi opl asty or 20 before insertion of a stent. Alternatively, the stent may
be seededwwioslosmnabr yoni c endothelial cells. Blood vessel $Crresas/edswi t h
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 enbodi nent,

enbryoni c endothelial cells seeded i.nt,0 I i 25

\3/; ag |toedt ar pdﬁ@@h%n%‘ozﬁfl?fe“ﬁtggé le%beo]?}a%saélg IW}P%@FBI@F%# e?%gﬁggrgﬁg?%pl asty
ent 1 Ngehby B8R Bhtril. CapZl des Will getaiRethe,ged9n tR28na284) .

cells may alrgz)o %% m xegﬁ?\fisqtsh a gel agnd%ﬁ?‘ruzsed ig??) thg,go nmer shee% The

- . . |

Id nst eag of hdbefelltcﬂﬂaydmeﬂth@r&ebmalf he aleived to hardenpndhe fr%a&vPI Came e
esired, the | s be seeded onto a polynmer matrix, 30 for exanple, a
sponge, whi c"r‘??'%lp?ﬂ’gﬁgi npl anted into the desired tissue site. e

Al ternatiyely, thegghbls, FRYpHI§mMET xedriniis bicdegeidablei cBuitable fhed ablbed
onto the 9 WO _03/r08307g PCTF_U%%% 0945,71 irllt eegfﬁo:rﬁ1 @n% g] erio egﬁad c:s of
lto ge mat H;( amatnggs _@I{‘?Wﬁiylﬂiqwn ingdBerart gad nglnds spllagegrG4 =§€l§5‘?€§§}= @?ﬂlb?ﬁr%r

rous matri i rces W r i ; h i f
har deni ng, O?Gﬁheagaekﬂ%ége&g??lg}vdg%& t ?cﬁfzﬁ%ﬁgaq’éﬂ%ﬁ@aﬁt %a];(%{a{JSI iglg:dgﬁeo:rgr e
; el I - E Iuppg r t%ag(angyf:i@fs); rchy(ydioke goirlsy npoly (oetho i ostars), pobi(prepatiampiates),

ui t abl e bi odegradable matrices, ar |1 .k i ad, |

g\ gljl agenédGAg)OlE@ﬂP@é@Fﬂneﬁ)s bPplyam eﬁz,e po ,m‘gg%cqﬁligpt?’%%ce?%%béquﬁg% ?%nge

dition ] mey; §4d N haek Y han sod Elsarid I d
aci ds), pol y%@g%sg@gfeg) , lg%%g%c%]ﬁlgp?hgﬁﬁgrgges) , hplpdg Ltla@ca rgf)gc%gdggs; ?Xy
pol yam des, = piokyganiatde polytisers podyy alsebal used msom@br@@abmen%@d%gradables yet

pol ycyanoacry] at es, . hi odegr adabl.e I th j: -
R Rt (R ML R M RS g gl
yet bi ocormgslly PRObYYBSS s, Ms-bie@egdlyRypdIPlrethaney, pahiukéasesoly(ethylene

pol yt hi ophen ol ystyrene, pol yesters, non-bi gdegr.adabl | yur et hanes
pol yureas, puinyl etéigte)s polypropyjenca pekyarctacrybse. Ry Y@%,PO&&%M?I%& | ate,

Phe art v 11 bpBLUBAFSS SRR+ Aew SURP L o SR BBl R e |
list of polygRsplaRPhePs tathprehedsive, Histus ppiyghere approgriate 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 cells 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, a coiled strand, a capillary
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



applications. It is preferred that the matrix be formed with a
mcrostructure simlar to that of the extracellular matrix that is being
repl aced. whislssoreal forces inposed on the 20 matrix by toe/tses/p@andi ng
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endot hel i al -derived growmh factor, may be used to pronot
activities of cells recruited fo hey matrix. Exempl growth factors include

epidermal growth factor, bone morphogenetic protein, TGFp, hepatocyte growth

factor, platelet-derived growth factor, TGFa, IGF-1 and II, hematopoetic 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  inthe art.

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 into a skin defect will promote

11
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hydrostatic force or compressive force may be imparted on an implant that will 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
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simul ate the nechanical forces the inplant will experience in the aninmal.
For exanple, a nmediummay be circul ated through a tubular substrate in a
pul sati | ewb33f83mer (i.e., a hoop stress) or with suffici @t/tspredsto exert
a sheer stress on cells coating the inside of the tube (N klason, 1999;
Kaushal , 2001). Alternatively, a hydrostatic force or conpressive force
may be inparted on an inplant that will be deposited within an organ such

as the liver, or a tepsile stress.may be_ inpar 0 | Bl wil |
be used in amt&@%“ﬁ éf’coé?’&@rts%@é%}{%“@ng’iaye ef%)zfsggs&t%z%ie@sé? at H%e
recruited to,difeaidiP! BREmPBY hise oftichiveysiiié ead@hélial eelid treotheetbélls drymeés.
Bone cell precursors mgrating into a bone inplant ca diffoereé}ti a]tee into
ost eobl ast s. lehtsdObic teyaml :9% taé rastel 3%, atilepsl (% de-BntloDaaldpast do (e 8AE P eash
differentiatg  iato nusclec-cells. haal I ' tubul ar
networks in ?Q(?e?mg%‘?{ rf‘thocfu’éoé ef(@ple’ﬁggs%%%?\%b?ﬁ?ia%é}) E;} | s(gt}g.d' 25 I'n anot her
enbodi nent, the eghyyenigpedatiali @hnesive Sisane cetisk ecrvei ¢elis, mnedheellsel |

type before inplantation. The cell m xture y .be _suspended .i n arrier
such as a cubngan eche @ ihesstamy cgllyanaysle B‘é“é&%?%%ﬂ‘a%’@\ﬁén%wa%reﬁg?tpél@rly, t he
cel s may be_ cp-seeded gnt Q! weBNRE N@sbrybiib ead@Btlidlhat s
absor bed int%eqﬁhgoﬁﬁg‘ﬁ?@% @%?qbzﬁiyuﬁr%grﬂsé?% it may be deslily?abl e to seed one
cel | 30 typecdisrocpiootntie ¢dprodattidnxofhoheadnt ithevasadanig med largg glefegt-a a
gel. Any ratio of enbryonic endojiheljal cell.s to the .other .cell . or
types may beF%@ﬂ@StDﬁ@ngWF‘il e e@mcm%g%“&éﬁ@éa%éiﬁ@ éklnl}l)é{iﬁe art
wi Il recqpgni ' i, Q1 ABYniPCOBRS Ick¥mPRy RbEE that Giayab@@binbiedar
appl i caﬂﬁgn. 5@%%%@%@%?%5 of er%bryoni c _engf)a_%}rle_l ial cells to other cells
are at | eastvithQ%e (eenbyyonid efdqthelial celissof tBvnventionsngluds digamentycells,y lupg o4

| east 75% and, at ] eas 0% Snmller. ratdos, .fqr 5, 10%
may al so be &H (995]66%1355 c;ﬁsy s@@ol%tr%}ﬁgl,e ?eﬁilé’l ﬁé&f‘ﬁ‘g %@%gé;g%lﬁvgk??%g Eﬁ(}églg | l's,
nerve cells, .qUsGlig 6&ls herveOtUBNh&fkdcYtesOkidehasells!t leddeel dedls, amd/ bbee-

conbi ned w tﬁ t he errbrfbnie%veendot hgrlgli aol§’t cells. For exanple, osteoblasts
may be conbi fimthing cd¢llst he enbryonic endothelial cells to pronote the

co- production. of .bone | ts vascul ature in a |large defect. Fibroblasts
conbi ned(févi t ﬁ“btﬁf)‘f’ St Wé’gfhel ial cells and inserted into skin will 10
produce fully vasganized HiEy ddis (HOchee), sveesplosmyorcmbiss dnitaryo fiagoblests

conbi ned , .
(Cell Essential) in KnockOut Medium (Gibco-BRL, Gaithersburg, MD), a modified

version of Dulbeco’s modified Eagle’s medium optimized for ES cells (Itskovitz-
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 on 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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with the enbryonic endothelial cells of the invention include |Iiganent
cells, lung cells, epithelial cells, snooth nuscle cells, cardiac nuscle
cells, skwbaBag3onuscle cells, islet cells, nerve cells, REFAISOVYHET,

ki dney cells, bladder cells, and bone- formng cells. 15 Materials and

Met hods Cell culture. hES cells (H9 clone), were grown on nouse enbryo
fibroblasts (Cell Essential) in KnockQut Medium (G bco-BRL, Gaithersburg,

MD), a nodified wversig sDul.beco’ i fd - S meql km.zed for
S cell o (11REUIERON bR 0 crelicpet So0hnsr Gt fuidty ™ dE S0Pl oF
contents of whikRoAREe 37NCArAPsPHedinAOwaS heded. bYordefanatimeivas Fvasued bpver
plates were covered with 0.1%gel atin éSI gna) . Cultt ree were grown in 5%
CO/Zmand Y\/lerecmmstr}imsqmp‘{:/w%gé b@@i@r f@ysd / Sé‘?‘i”}%ﬁ (5??_&%1ggrfegglt3 i ngh\I/E\ASt h 1
ng col | agenase e co-BRL uce formation o S,

col oni es were di g%%‘%/egrﬁ %gf’%ﬁlp§?¥ ﬁlgﬁ %C]r{rﬁzﬁnglc'ol | agenase type |V or

trypsi n/ EDTA (0. 194N antotr ansffecntaingohFfteells did fims: EBsavtrevisalhigir 25

aggregation and prevent adherence to the 194: te. Human EBs_.wer rown in the
sane cul t ur eusiegi RNEasyt Mouit Kity (Qiggen)pr&2- go@&?té‘ﬂl PReAT PR |T WAFE gr own
on plates co 1 9% 4 B i HhiGREH -SRI 3

(C onetics, )6%%%%“61%?%&&%?@?%5&811ggg@ﬁ gbg%&utﬁlrtiggf%r%lg%TA (g%%eti cs).
HUVEC cel | s afdGvith@0hg RNAveTe cgsurencrmnquangjtdtive resudts o€ thelR THER pisayedhei n

EGW 2 nedium For 30 Iatrigel differeptiati on ass cel l.s .r eppyv om
confl uent cuhdmpb® APCk 9&‘? OTP?‘@aﬁeﬁﬁﬂ?nW@fSew§se®8§gddi tﬂ%ﬁﬁﬁrﬂilegl qaggaé{g%d 35
mm pl at efq ( BL} ﬁieo .18@55?15?;] aly RAditlon NPHOSAORIDIE Wert/ AL A Field equal

a 0 ce

concentration s per 300 | of culture medium After 30 mn of
i ncubat i on aimpif&atibnnof GARRMI asmancigteanrlestandasd.d POnARSFPOIFNGREs 1830 at ed
by contrast-phase m ¢rosco 4 hgurs or s after seeding the cells.
Reverse Tr anSdHAns SR Pﬁf‘}i@%ﬁ% qtiféﬁ ye ag%oflgc{%%/ﬁ' RNAs from

undi fferent igting.n BER I RMidBs were isolated using RNEasy M ni
Kit (Q agen evg?smﬁarr@glé @g‘zpvas Zper —or-fred—by—tsing—GagemomeStep RT- PCR
kit with adfgRTeshciption) untes mIdee PRSI B (G bco-BR)  and with 4Qng
RNA. To enslpg g&Monduant il bald e i S i 10hinthe T REMRabsaybr dytle

numbers.
Final extension 72°C for 10 min.
Optimal Cycle Numbers

Optimal cycle numbers were determined for each gene to ensure that conditions were in the linear
range of PCR amplification

PECAM1 28 cycles
VE-cad 32 cycles
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

Primer Sequences

PECAMI1 GCTGTTGGTGGAAGGAGTGC / GAAGTTGGCTGGAGGTGCTC
VE-cad CCGGCGCCAAAAGAGAGA / CTGGTTTTCCTTCAGCTGGAAGTGGT
CD34 TGAAGCCTAGCCTGTCACCT / CGCACAGCTGGAGGTCTTAT

Flk-1 CAACAAAGCGGAGAGGAG / ATGACGATGGACAAGTACCC
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nunber of PCR cycles for each set of primers was checked to be in the
l'inear range 10 of the anplification. In addition all RNA sanples were

adj ust ed Wo ogiogdodo equal anplification of GAPDH as an i nt ecmalsosvastar d.
Primer sequences, reaction conditions and optinmal cycle nunbers are as
follows: Reverse Transcription (RT)-PCR Conditions RT and activation 30C
for 30 mn, 95C for 15 mn. Arrplification 94C for 1 mn, 55C for 1 mn, 72C

for_l m n. See—bel-ow IO Firm m72C for 10 mj|n
ot ral Gk e Rubol G B AT B e AR AT baT T2 o sach jene
to ensure th@h&@nd tEONSAVELGCGTA G GAQVERA CTRETRGETGTATRCRCANY! i fi catijon

PECAML 28 cycte
DT ovol oo ks ARALCLEACTOR RaoiRgat ERCAVERBTAGRKCE SF VO BS 15t C
cycles GAPDKCR4 cy "bﬁGTCWA@@*G@&MMd@G@ZW@AAATCTGTC TA

GCTGTTGGT = ﬂg _WA%WGGCGCCGGTTACAGAACCA
CCGGCGCCAAA CACCTCCAAGTESTE

TGAAGOCT AGOTTSTIEACCT ACCCACATA CIAAGBFAFEA T TARITRAGCOGCCAGCATCG
CAACAAAGCGGAGAGGAG ATGACGATGGACAAGTACCC 14 WD 03/ 083070 PCT/ US03/ 09457

Tie-2 CCTTAGTGACATH@I&@%WI@WM GATRQ% agarose gels with ethidium
CCCTAAGCAGCGCAGCAAGAC] TGACTTCT G%A
bromide (E-Gel, Invitrogen). For each time point, mean pixel intensities of each

band were measured and normalized to mean pixel intensities of GAPDH band. The
values for three experiments were then averaged and graphed with standard
5  deviation.
Immunochemical Reagents and Procedures.

* 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

10 3% paraformaldehyde at room temperature and stained for 30 min with the relevant
primary antibodies: anti-human PECAMI, 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

15 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
cither a conventional fluorescence microscope (Nikon) or Ziess LSM 510 confocal

20  microscope.

For uptake of Dill-labeled ac-LDL, PECAM1+ cells and control PECAM-
cells were incubated with 10pg/ml 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

25  microscope (Nikon).
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GATA- 3 ACCCCACTGIGGCGECGAGAT/ CACAGCACTAGAGACC  AC133

CAGTCTGACCAGCGT GAAAA/ GBCCATCCAAATCTGICCTA  COCT- 4

GAGAACAATWAGAAEIBTIN CAGGAGA/ TTCTGGCGCCGGTTACAGAACCA  GAPDH  PCT/US03/09457
AGCCACATCGCTCAGACACC/ GTACTCAGCGGECCAGCATCG The amplified products were
separated on 1.2% agarose gels with ethidium bromde (E-Gel, Invitrogen).
For eiach E:II{TE poi nt, meian pi xel intensities of each band wer e nmeasured and
normal i ze o nmean pixel intensities of PDH b .

experiments were ¥9eHnEVBeHSRIPEYH {58 SREPTR ‘fvﬁre &%p ar ”“Z\éﬁlbgg(é{eg%g%hr =

| munochenm Céﬂl 3@9@&&@ NGBy R5iesl yhiattes A shlipddusigg ERSorMABE br aRiCer r ed
to gel atin- co cover slips with nedium containing 10% F

fol | owi Ing at Mh)r?tﬁt with ZtMM$Dmlhatlngptbth%$nt@éﬂle§ ah%ﬁﬁlboéﬁsd‘é?cg%icwdﬁ oat ed
cover slips I X 2
par af or mal de%’dﬁ Whﬁg r}l ure % gPal n afncc)lr ngbﬁ?nm\#ls\n@t)%@t%é{%

rel evant s pryigdn/Cerpbtatied).es: anti-hunman PECAI\/Il anti-human vinculin

(Sigma), anti-human von |l ebrand factor (vW) (Dako), purified
nmonocl onal anti -I\Flpaﬂdﬁ)étpmﬁﬂ”and anti -human VE-cad (7B4) E)Vol k, et al.

(1986) J Cell Bio £ caby
118, 1511-22). Theo%k ‘%318%%%%@‘%‘?1\)5%35%\%@3% B atd %?(3%& ?é*a%aﬁﬁ%ﬁﬁ' ?nlouse

::? (()Bb(e g ?c klsono b@Mympklm%ﬁnMTAL evashcll| vt PBSa:Dnmnnng 6%HBBE and @cubmtsecul ar
n sone cases ce

FI TC- phal | oi Enrn’)O(rsingwﬁl} ﬂuptﬂzP%hlﬁ?gfe@mgC?‘hﬁls@ég i hﬂ%ﬁﬂﬁf%ﬂﬁ%ﬁﬂ&&gﬁl L vere

mounted g Fiar OﬁRI%E’%sc&rt(ﬁ%féd‘%émb Blepd aobnal 9.%% aarﬂévw»% n@ﬁ@!%dﬂe@oﬁﬂal ng

either a conventl ona uor escence m croscope kon) Z| ess LSM 510
conf ocal ZO(MCSmﬁcﬁpetonFMChnpﬂoakeandf phit¢d ﬂlnaﬂ% @Pléﬁ@l LCBE‘ECdPé@Nﬁ/I withe| | 5

and control PECAM S wer uba 1 / I CsabiDL

( Bi onedi cal ?’&Oﬁl?f’é‘l L]sgml“ﬁ @?’“%KEEQP%?: E%i %‘/\1,15]51L ?éncu ! %baﬁ cel(;lel I's

were washed g eg%ssPE’@AfQIlE—B%ls bW h Bhlhire 386 @@ﬁs’shgﬁsnaiddﬁhvm telts @ere

m nut es and VI ized using a fluorescent 25 mcroscope ( 12

03/ 083070 PCﬂIisHﬁ@EBé@QSiﬁg cell dlssoc1at10n buffer (Gibco-BRL) washed with PBS co talmng

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.

5 W

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% OsO, 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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For i mmunohi stol ogy, tissues sections were deparaffinized bl ocked with

sni per (Biocare Medical) for 5 mnutes and stai ned using Vector ABC or ARK
(DAB) ki twowBB3020 hours i ncubation with the antibodi es. TReTarsvs/adi es used
i nclude anti-human PECAML, anti-human vWF (DAKO), and anti-human CD34 (Lab
5 Vision Corporation). Flow Cytonetry. For isolation of PECAML positive
cells, EBs at day 13 were dissociated with 0. 025%0 01% trypsi n/ EDTA,

washed with PBS cont ainin 0 EBS nd in -

f1 uor escent -¥ W@Qﬁ/gﬂ%ﬁ?%bé e¥e r@l—"ﬁ%f’ﬁfﬁé‘é %3@215[8 m%gomtcl(e)r.l

Fl uor escent f%lﬁ' 8 0.5PhAlFdhMHSoRGion AsOMaad i@ nfoldsc padked or t er
(FACSt ar Bedct on pgﬁjylﬁ?ljndf/v and plated on 1% gelatin coated plates with

endot hel i al with 0.4ggrouft sodiven chiridCparticles.c The selyent avas allomedde cxngsitaand al

cell marker PECAML+, cel | s. gr own i EC
cells were tg‘Fng%‘Egeﬁtsé‘BS‘?ﬁlgF‘?{BgE’éﬁnFrs o%it}@flri%on mﬁ ?%QE %%L)ElL shed
w t{‘ PFS (scoﬂ&&h?tdﬁgaaé}% 1RYedtBind Iﬂé@teaﬁﬂ in&r&@ﬁlectbcﬂ]@bfﬁiktwbtwﬂ Hl“hz:i Sphmgesi sot ype
control (rouse

arM ngen) or antlgen spemﬂc%
PECAML- FI TC whichhitl mgeavpragenare disppter Of20 Q1R ers; 3tde 0 Jefore
Fl k- 1/ VEGFR- 2 P nCI one 0 alnldv‘g s(méﬁttmhlt
fixation) by Elﬁé aBPB?pfpd) ér%sl%v%{mg gk oluléfg((:) mgfﬁéad%”%:%ﬁl S onaa FACScan
(Becton Di ckiipsomithwBS) CELLQUEST software. 20 El ectron M croscopy Cell
seeded in Matrigel-coated 35 mm plates were fixed for one hour in 2.5%
gl uteral dehyde S%Q%Iﬂ@@ﬂﬁﬁll’d@ﬁ%@”ﬁ% 7.5% sucrose in 0.1 M sodium
cacody! buf fe M 1hs0LY OBQ4l i of culture
ver onal - cet ate b%@éj%&%—%?éli@ﬂ%ﬂp%e@?%ce}%%uesﬁS Welre i-k[@al ned en bl oc
overni ght Wi ldRnbdMatige] (R Bitseicnves) endalidweldetahsab 25ols PRk ARHES. 0) ,

dehydr at ed and enbedded in urrs resin. Sect.i .Rei chert
Utra cut E Belymer ﬁpelk%?éssAgg T 7 H}de?ur]i’éugl d?%ﬁ:\é\%ﬂn?@“; f%g(g?l a’gﬁ% 0\C/i\‘/er e

exam ned usi pg, e'i’WhL' ms%@sw el ButRAS SR infThé ﬂbmamgmsof
sponges corrpose -L tic aci PLLA) and poly-lactic- 30

acid (PLGA) We&ké alnlrS@EI adcarCBILY.SED pracomiolisT ¢r désleys plier t{%ﬁﬁ%‘??o%t

:ln d ( 1997) ‘E]heB{n? dts I\v/vaére reﬁeevedo’ it gger%{?g}ﬁ i1B108 Itrefedl fornfadiny SChnCes)

colic

embedded in Paraffin and sectioned for histological examination.
Results
Endothelial gene expression during hEB differentiation. ~ To isolate
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 i 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
for 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
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16 WO 03/083070 PCT/US03/09457 PLGA (Boehringer Ingelhein 1:1 were

di ssolved in chloroformto yield a solution of 5% polynmer (wWv), and 0.24
m of thiwolslosioron was | oaded i nto nol ds packed w th 0. #£Cgrusos/oseti um
chloride particles. The solvent was allowed to evaporate and the sponges
subsequently inmmersed for 8 hours in distilled water (changed every 5 hour)
to leach the salt and create an interconnected pore structure The sponges,

whi ch had an avera of .2 t f
t ranspl ant atrP?ﬁE’tors&Jhdm E@Me %*O@% é?ﬁ%néﬁ/(té? f%?tg was R@e ore
three timesguiriis.Rig A@tﬁ?@ﬂt@@t@éétp@rfaaé maﬁearlafrvumlameﬁﬁwvneﬁcmm s
(1X106) were resuspended in 50 1:1 mx of culture medlg1 and I\/atrl gel

( BD Bi osci ermdqaro@ndoatdlb\,@@LtS@eraﬁ%s6994&@1&”%’1 peiay BLdR0-» @honges.
After 30 mn tion in o] a t he
cel | s+scaffcﬁlé§f)m2? Qs f gl%gtsgcuéogtér?\\g%%s 9&?% t*t (fgr}sualvar gl ?gin99g? 4
weeks f)' g SC}ermp%nt ?ﬁ J4§9$@l @attsga@tcuu €993y Pesc mfl dazycéSaf(t/'é’rA 90 9355-8;
transpl antati on, ants were retrieve i, X 10%
buf f er ed ForW&iSS,rﬁtall @QQS)HEM%@@ 123, PakF Peie ﬁYrth é‘ﬁc@%ﬁe@ 862%5 G52=""

hi st ol ogi cal ,.exam nation. Results Endothelial gene expression during hEB
differenti atff)On To isolate endothelial cells from human enbréoni c stem
(hES) cells, we fisskowhal Bigt &fthe ésveRMftcndothelicd scarkerg PHCANbt ¥Rtdadlangy

anal yzi ng the expressi on aof endot elial specific enes_an [ L during
hES di f f er enEP3 iiesiseasesh @Hﬂﬁ&@&gﬁ eFEn{iption, rﬁ?“:ht‘ H%?‘H?%r?t %Sf I?éﬁ;%%dcel | s
| nto_endgf NelnRbife! 4 SaiffiRnlifiee tp;r&c%@%%fde lentGIRBNAIN Gells NAGATRX @ taat ed

cells fromtherr yoni ¢ ‘f1broblast (MEF) feeder |ayer and placing
theminto peépresded bﬁﬂietwamdtmsaldlra.mailqaﬁyi |t<mmrldalam Palike theanppss Histesh

factor 25 (LI P) and basic f bl ast _gro f on of
EB for mati ont e(\‘ﬁg}ﬁsgqqepfgf gﬁ(f) tﬁ@’@g% gimnén%ﬁlfgegﬁm #{%&}L %‘?d q%}b%li

di fferent “f@g rﬁﬁt B SKliflaA %t A1 @0di bRt qma),aetﬂdomcwa@atesaytshghdyldlmmgd hEBs
were collected and RNA was extracted for anal ZSI s _of endot hell at ed

gene expr essdicﬁfermnﬁhﬁgl KaHarn, ghel., @A PraadYark daad el Uded Thd® I%@ﬁg cel |
adhesi on gm %ﬁg lt}(rarcs)snsnlaJ (f(rllna%g T ce%% ﬁe—Zeﬁﬂoﬁtg%taln@énptlon 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). ACI33 is expressed in
undifferentiated cells as well as in differentiated EB cells in a pattern similar to that
of FIk-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 cells 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 (Flk-1,

30 AC133, Tie-2) or lower levels (GATA-3, CD34), and others became notable
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30 cell adhesion nolecule- 1 (PECAM/CD3 1), vascul ar endot heli al -cadherin
(VE-cad) and CD34; growth factor receptors such as vascul ar endot heli al
growt h f awpDm®s/083070 WO 03/ 083070 PCT/ US03/ 09457 receptor  PCT/US03/09457

(FI k- 1/ KDR/ VEGFR-2), and Tie-2; transcription factors GATA-2 and GATA- 3;
and AC133/CD133, a cell surface marker of vascular/henatopoietic stem and
progenitor cells (DeLisser, et al., (1994) Immunol Today 15, 490-5;

(
Lanpugnani 992); _Young,.et al.. 1995 3 I
s (1o03) bisaies BT Rmd gbaah CheEME VeI RTABTRRL I |7
Sci USA 90, g&@g?_s; Weiss, et al., (1995) Exp Hematol 23, 99-107; Peichev
et al., (2000) Blood 95, 952- 8). As shown in Fig. 1, t | evel s of ,
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uring differ hab b Anal Nadibcudsast &i- S A
98, 10716- Zlfr.l&%él%(ﬁa&? yé’%’g%%fgﬁ%%(gse r%%degf%g%@ﬁdeﬁ-% %grénd 1!(3 %e t?anslccre?tlpti on

factors GATAadhdidn 8it&0 anéxywne ¥éidldbiand HEzStare(MWFhrid latgsi igrameles edispaped

i ncreased during the first _si f i.ff. Lat i

decr eﬁsed (_Flﬂgpgahoumlﬁfﬁ%ﬁ;ﬂ;@eg@ O"‘%‘Eg?'eg}slhﬂgﬁe?gé Eﬁ%’: H%P gﬁ@(ﬂ?élgﬁ}gglscel | s
as we i I i I N i i -li

B TR | el SoESd 8 ShglSeaR bt b gRup oo ottt li

152 di }‘ ferent i atrectu®® (Eigl 2D anéiB)cowingatheidrts eglls(cvltiiptedeas Fps spoptpgemisly

vel opnent 122, 881-94). -4 ex Sskon ndi fferenti ated

stage of the déé?rF%tlaé? F%‘%&?Og%ggl Gejls ?Jg‘{‘gk?%‘? ¥%S§§g%¥¥$15$ﬁgﬁ%&éel I's in high

| evel s. Cct-4 expris finfier SHREL @S Vabotl4RAG0NRS, proceds,CBBE Ny diffatent ttinee

differentiation process is proceeding in the EBs. Human unbil.i cal }zeip
oca

endot hel i al  EHINECyereeklainede mithy PEE 1aa1§3>_§idi€isvén4:oqﬂa}}’&|edf‘b%m& Hon
col 15 wend ugeeraecy- TgSrroet Hats P iy BT ercall alfene hASRRenl ver
human speci f ijgatGRAGE s@ﬁ@([jﬁ) i@day 13Thes dagldl REGAMDhgtosiive calls waerahsswed in
expressi on of several endothelial cell gene .
a low percentage of the EBs and concent atef 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 area 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 correlates with the RT-PCR analysis which demonstrates the
subsequent increase in RNA levels of the endothelial genes PECAM1, VE-cad,
25 (D34, 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 antibodies against
PECAMI for the isolation, as PECAM1 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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during EB differentiation reaching a maxi num at days 13-15 (Fig. 1, A and
B). Sone genes were expressed in the undifferentiated cells in either high
| evel s ( FWk-03/08800 AC133, Tie-2) or |ower |evels (GATA-3, @D34)S03/e93d7 ot her s
becane notable 18 WO 03/083070 PCT/ US03/09457 follow ng EB fornmati on and
differentiation (PECAML, VE-cad, GATA-2) (Fig. 1, A and B). Formation of
vessel -l1i ke structure in differentiating hEBs. Analysis of endothelial

specific protein expression in d Bs 1 ndi.c | I h 5
defined cel | that dac0Ed FEEESPhHG @E@éﬁx&fg‘( E}“&l?n f&b&é‘ﬁ?tehg‘?‘h%lﬁdél %165? :aso?g%ECAm
positive cel L\? cc '%@aumgamemmu 83, Zpeni)f EBspit dhgil Bsyeré didsccatat] t hese
cells are enhdothélial-Tike, expressing PECAML_and VE:cad. aggeji on...

mol ecul es at staiabd withl fluoresdérsdahmtedsintieREGAN lyaniibogics and tisd’ POEIE) i n

| arge granul es, di spersed _throughout | psm £ Fi » arfertfdtheBhl-

W t hi n theseciﬁé?é‘gﬁgr%ﬁ%ﬁdh‘éﬁlqggﬁm@e Ogeféy{%ggﬁbtf{%%rﬁ as single cells
but in groupgrOLEaRitARI of PEREVILH ¢elishgrowal inl tkture,stveuassayedsthem gor e D and
E), showing that hES cells cultivated as E%i scﬁ%r]%sg@?ﬂ_sr%}f i.fferentiate
to endot hel i expressionsofeadathelisd opHsmarkers;  &solated, GEGAMITTeel (AfR FoEFal gy
this vascul ari zation-|i p SV B, t o Qlf Ed SHIFE flubRkHnE 1abelea
stained wt hp%ma?ﬁll ?@d%’ugds: andEgngﬁlgz‘g eui‘sni%%]gsg}aﬂconflocalu 15 m croscopy.

Fig. 3 denonghfitaides dndadnalyzed bgpF ACAr yFigr 6B showsethatethe durprasgjos wsefdlgiint

mat uration steps up to day 13. PECAML- .positive C I

observed in C@ﬂ%w%@%éntna@ﬁ?l%?%]tﬂ%?@é%“ﬁ Sc’ﬁn?ﬁﬂ% atf’etglei ﬁbls\?ac\fl\?cegse’l I

clusters, (Fi ion ¢ SNE Bk | WBh Higlen dadphakioal in the
7 Bapon oPRCABH, By 3 Sge sepich

structur rese aries becane evi dentsv\%Fi . 3B)... From day
10 on, 100% GfUVRS celin(98%)dompdred teBERAME dfolated peltsioBke)l i IReAddim ar i es

t t Fig. 30 . Th it .. 1 t
el vor k St NS B W oLt dhe ( B OB dpih (Roi@lts; M

differentiat llﬁq,huﬁgﬁu B& AV BliB5RpY. OPECANM DS délls ippeatl fat presentes ewhikcing
structures wthin the EB correlatées with the RT-PCR anal ysis \AhiCh\IFa
1-al

denonst r at es orguaizatio o€ quistieliahmetiens; Ncadkarip é% the epdothsHumARSEHE| _

O Endothel cabecsi e disfr i A AELEY el (BIE RS ARER)CFYabyof Il L O

endot hel i al  ,ghesions characterized by their interaction with the actin microfilament system
(Ayalon, et al., (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. 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
PECAMI1+ 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 PECAMI- cells was at background levels.

The characteristics of human embryonic PECAM1+ 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 PECAM1+ cells were cultured on matrigel they were
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gene and protein expression, we determned the nethod and tinme point in
which to isolate human enbryonic endothelial cells. W decided to use
ant i bodi ewoagasywse PECAM for the isolation, as PECAML ha€ThsSesoslbwn as
the definitive marker for 30 nouse enbryonic endothelial cells, and in
human EBs is expressed in vessel-like structures in correlation with
VE-cad and VW expression (Fig. 2 and 3) suggesting 19 WO 03/083070

PCT/ US03/ 09457 that it caquld ser.ve. as Ql'e . .
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e

di stributed rent t'ype | Unctions C and D), a class of cell
adhesi ons chamabinesdi mehb fpctaréaus nmwrczf(ﬂﬂli&mmt Izi‘xttthfetl@@tqf nplaetstigvahent

system (Ayal on, 1994) .. i 2 ShiESS
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adher ence | Uflﬁfp'l ARGaihar M miso MRSt Badts7 depNbaynosHhpsutitad lbyniﬁbmm h
vinculin (Fig 293 The tight junction 20 corrponent PECAML, :}ﬁstﬁ o§ma!,bm ed

at the inter cnehhmﬂtlac tigsaé tthat am ﬁ@eéﬁ@éob}‘léppléﬁe blogd K BFSSSHE

expressed._in the. c opl asm f en
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to incorporate ac-LDL, ceI | s were incubated with Dill -
and CD34 G?lg , A-E). Some of these human-positive Vessels had mouse blood

-

cells in their lumen suggesting that microvessels had formed and anastomosed with
the mouse vasculature, becoming functional blood-carrying microvessels.
20  Discussion
This study indicates that human ES cells, when induced to form EBs, can
spontaneously differentiate into the endothelial lineage, ultimately forming vascular
structures. Our 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 (PECAMI1, 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 (PECAMI, 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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25 LDL and subsequently exam ned by fluorescence m croscopy. As shown in
Fig. 5F, enbryonic derived PECAML+ cells were brightly fluorescent whereas
the fluowessesio7o ntensity of PECAML- cells was at backgr @emdsSopesss. The
characteristics of human embryoni c PECAML+ cells were also assessed by
culture in matrigel, an extracellular matrix basement nmenbrane that can be
used 30 to pronote differentiation of endotheli al ceIIs (Grant et al.
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mouse bl a0 S e D o I BB e ar e
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spont aneousl y. dif
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of human endothelial gene expression shown here might indicate differences in

mechanism of embryonic endothelial differentiation. Our preliminary results

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

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

maturation 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 PECAM1, CD34, VE-cad and

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

30 number of endothelial cells expressing PECAM1 and VE-cad proteins as

demonstrated by antibody staining of differentiating EBs (Fig 2 and 3). Antibody
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structures. Qur data denonstrate an increase in expression of several
endothelial cell genes during EB differentiation reaching a nmaxi mum at
days 13- 1W0 03088725 genes were expressed in undifferentiaPed/usesHhsst n
either high levels (Fl k-1, AC133, Tie-2) or |lower |evels (GATA-3, CD34),
and ot hers becane notable followng EB formation and differentiation
(PECAML, VE-cad, GATA-2). In the nouse, these genes are not expressed in

ES d i . | .ow,| s. t hat._ di :
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(Vittet (1996); Robertson, et al., (2000) Devel opnent 127, 2447-59). use
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hES cel | s kep‘ih L§Hf%ent culture conditions. However due to significant
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in behavi or of nouggepBabbdiIFRAISEST the lidventibmh il dttapparentoto thuseeskiketdiot thel i al

gene expression shown here mght indicate differences in. rreng.han'.sg‘} of.
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underlying this process between the two systens, and enphasi zi ng the need
to analyze devel opnental processes using human systens. The assenbly of
devel opi ngowasslar - | i ke structures could be observed durPCagSEB89457
outgrowt h, 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 maturation steps up to day 13 starting fromcell clusters
that later sprout jnpta ca ki]ary-like structures and eventual |y becone
organized in a neﬁ&gWR§F?K@33§Trangenent. The increase in RNA expression of
PECAML, CD34, VE-cad and GATA-2 genes during EB differentiation correl ates

W th the obsqrved A @6{)@@‘&&1 b e@Bryoritbaidoticlisinettis hedduakd celvizer rpr lmesimg
PECAML and VE-cad proteins as _denonstrated by anti body staining of

di fferentiati ng EBmbrmme steay§lls) . Anti body 22 WO 03/ 083070 PCT/ US03/ 09457
staining also indicates that at different stages of maturation, nost

merker s appeay Lo rybe, SARKRIESEEHRY0! ReRRMEC Bbfonkh eakEAtR dasmpst rat e

for the first”tinme uman simlar to mce ES cells, can
spont aneogsly di f fvas@andgeaioc and organize in vitro in vessel-like
structures in a pattern that resenbles enbryonic 5 vascularization. In the

present study we isol ated .and i ntai ned. in,cul [

derived fromES cﬁﬁ @pﬂfaflf”é PE%F% e%fﬂ?rﬁmﬂt {8 45&&&%%%b?§%ﬂ6§%%@%%@e been
used in the nMouseRYSkpitkd Bhe bf Ahaté ioPiplAtleeoatviitial abll aghdstor( Baleaki] et
al ., (2000) Arterioscler Thronb Vase Biol 20, 1443-51). This géoc dure to

obtain a pure 10 dBECAMI1RGAR®R AecadieriadN-ead).rwseutey endodhpdial Dscadgerdy) t ur e

hi gh nunbers of hu nbr.yoni.g. i |ls that can be grown in
cul ture w thout Idgﬁgﬁuﬁﬁﬁgﬂﬁgﬁ&gﬁgg%hgggéﬁgr| tics. O her enbodi nents of
the invention will be apparent to those skilled in the art froma
consi der afpi on4, of tTie titibh @@ tlatm 3pwhaeactt lest 55% ofithel envieponio anditbeiabs ed

15 herein. It is intended that the specificat] ex es. be.c i dered
as exenpl ary onIy,“*ﬁFﬁmﬁﬁénFﬁE@“§%8ggEéﬁéi56$§£@%£$L?%€Q&%WEHFW$ﬁ ei ng
indicated by the follow ng clainms. 23

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

15 cells express one or more of PECAM1, 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 PECAMI1, 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 PECAMI, GATA-2, N-cad, VE-cad, and vWF.

20 9. The population of claim 0, 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.

11.  The population of claim 10, wherein at least 65% of the embryonic
25 endothelial cells incorporate ac-LDL.
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WD 03/ 083070 PCT/ US03/ 09457 What is clainmed is: 1. A popul ation of
enbryoni c endothelial cells produced in vitro fromhuman enbryonic stem
cells. 2.woha/ogiwpul ati on of claimO0, wherein the enbryoni ecanbos/pebi al
cells are 5 vasculogenic. 3. The population of claimO0, wherein at |east
45% of the enbryonic endothelial cells express one or nore of platelet
endot helial cell adhesion nolecule-1 (PECAM), GATA-2, N-cadherin (N-cad),

vascul ar endothel i N ca i VE- cad ' br f (VW) .
104, The' poptiat | oie arPararh o ol EFvapRRE sl 567 bR dte @R Sat
endot hel i al  cel | seRbofHctiabeelis tncdfpotte ac-BDIPECAML, GATA-2, N-cad, VE-cad,
and vVW. 5. The population of claim4, wherein at |east 65% of the

enbryoni ¢ endot helial cel]s express one or npre of PE , TA-2, N-.cad,
VE-cad, and viaF. Bhe 'Pr?@“i%%l‘%{[{Pgﬁnoilc%‘@iﬁ‘%,ﬂvﬁ@tegﬁ}‘{gf)ﬁt QsTAEIET t he
enbryoni ¢ endot hel L @lyihelial GBL itof3pbiess1@ie or nore of PECAML, GATA- 2,
N-cad, VE-cad, and vWF. 7. The population of claim®6, wherein at | east 85%
of the enbryonic endothelial cells express one or nore of PECAML, GATA- 2,
N-cad, VE-Xadl4.andThaNmopuBtiomhef plapul 41,i vhewsin git aleast 795%h ef ehe embryerist 95%
of the enbryonic en%%hh?l iz%ll cells ex r_:li one or nore of PECAML, GATA-2,
N-cad, VE-cad, and® ela 1§.m°?ﬂ’é”§8§ﬁ ‘on of claimO0, wherein at |east
45% of the enbryonic endothelial cells incorporate ac-LDL. 10. The
popul ation of 15! ai Th&popmiionior chlim|0pasbrebbifledst 106 oFiiy stabiyenierdasthelidl al
cells incorporate ac-LDL. 11. The popul ation of claim 10, wherein at |east
65% of the enbryonfdls ezpregn@BBthel i al cells incorporate ac-LDL. 24 WO
03/ 083070 PCT/ US03/09457 12. The popul ation of claim 11, wherein at |east
75% of the enmjy yom i eh! $5i rat c [Ryoni
popul ati on o?ﬁél ainTrhﬁel?,?)819 gr&léi%{ gt egss’t Q@g%%ﬂgfﬁtﬁgée%%gﬁﬁge ° onie

10 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.

15 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:
20 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.
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endot helial cells incorporate ac-LDL. 5 14. The popul ation of claim 13,
wherein at | east 95% of the enbryonic endothelial cells incorporate
ac-LDL. 1woO o3lessopopul ati on of claimO0, wherein at |east 10@rafSos/bmas7
enbryoni c endothelial cells express CD34. 16. The popul ation of claim 15,
wherein at | east 12% of the enbryonic 10 endothelial cells express CD34.
17. The popul ation of claim 16, wherein at |east 14% of the enbryonic

endot helial cghls 4, ifn ' i.n at
| east 16% of ?%’e e ?;gﬁll%c% gnﬁg &Pl %ﬁcpg Ildsaﬁ{élx%r’ &er%%aﬂﬁ%@gﬁ_ﬁg
popul ation of cl ai huhén eteyeiio d@idothedislt cdlierpreihenendrr yonte of PBCAME! i al
cells express CD34. 20. The popul ation of claim19, wherein at |east 20% of
t he enbryonic end G -2alN-@d) {}E C@Q WED34. 21. A tissue engi neering
construct conprising: 20 a cell support substrate; and human enbryonic

endothelial cgils ?H@@i@é&ee&gﬂifeehﬂg cﬁﬁ‘étfuc§ BPRRH @UW&QB% lead® 55%N6f fHleSSUE

engi neering construct of claim?2 wherei n the hufan enmbryoni ¢ endot hel i al
cel | s are ¥ascul ogbwinen @ﬂ)ﬁ@l@iﬂﬁd@ﬂl@ﬁﬂ Pl e808$094670r aRre THiePECAMb

engi neering constr | a 1, wherejp at |east 45% of the hunman
enbryoni ¢ endot hel @T@rﬁca&a%ﬁﬁé’ 2B"ﬁiev "nore of PECAML, GATA-2, N-cad,
VE-cad, and vWF. 24. The tissue engi neering construct of claim 23, wherein

at least 55% of. thehe @smn@glmf\%@enﬁnﬁﬂdpmﬁhlpﬂ VaRIiB AARHSEE5%08ther
nore of PECAML, GATA-2, N-cad and VWF. 25. The tissue englv?eerl ng

construct of clai mheman gaehmomc andpthsbal eells GKpresfe ong e MOEw Ty BRC

engot helial cells %&%SNO&E Ok crgﬁrﬁldqfwﬁECAM GATA-2, N-cad, VE-cad,
and vWF.

10 26.  The tissue engineering construct of claim 25, wherein at least 75% of the
human embryonic endothelial cells express one or more of PECAMI,

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 PECAMI,

15 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 PECAMI,

GATA-2, N-cad, VE-cad, and vWF.

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

20 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.

25 32, The tissue engineering construct of claim 31, wherein at least 16% of the

human embryonic endothelial cells express CD34.
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10 26. The tissue engi neering construct of claim?25, wherein at |east 75%
of the human enbryonic endothelial cells express one or nore of PECAML,
GATA- 2, Nwoad/08¥E cad, and vWF. 27. The tissue engi neeri n@Crarses/owust of
claim 26, wherein at |east 85%of the human enbryonic endothelial cells
express one or nore of PECAML, 15 GATA-2, N-cad, VE-cad, and vW. 28. The
ti ssue engi neering construct of claim?27, wherein at |east 95% of the

human enbryoni,ec engothelial cell.s expres Qr3MNe 9 - 2,
N- cad, VE-cad?g’andqh\g?/\ﬁss%fn%egn{lgscgﬁsr‘etmé:ﬁ&? Egaélgi 3ng c}%)eﬁ%l{jragg?aso 8%‘1 (éqﬁt}néﬂ,

wherein at |east 1684mei efbsondknloiiehalestls ypess GBIt hel i al cel |'s express
CD34. 30. The tissue engineering construct of claim?29, wherein at | east

12% of the human enbryonic endaothelial cells. express CD34. 31. The_ tissue
engi neering céhst r hBe tisfuccenginaenne capdrust AL SfaiT ebls FYIENGR G 8286 45 Y P

enbryoni ¢ endot hel '%Jilaﬁ,%ga,g%tgg fi3%ms é}'@% {eﬁ%'g@_%mssue engi neering

construct of claim east 16 uman enbryonic
endothelial cells express CD34. 26 WO 03/083070 PCT/ US03/09457 33. The
ti ssue engt nedf.i ngThetissueuatgingeriog aonstBRt ofkkirai 34, avheranst 1d806556% ohthe

human enbryoni c endot helial cell xpr.ess CD34. 34, ti ssue engi neering
construct of claij nf2an S\ﬂglfyé’f”ﬁ eﬁoﬁg@@ltcelj%%cgliqm{aﬁ%ac-ﬁﬁ n embryonic
endothelial cells incorporate ac-LDL. 5 35. The tissue engineering

construct of gkai NTRY tisyeesmintethg lcBAsuchbdleRimt 3T wittkstRmt @gdst YOV 6f the
endot helial cells incorporate ac-LDL. 36. The tissue_engi neering construct

of claim35, wherehymat embronicondeibelialicells meprparaiods-L:Bhi ¢ endot helial cells
i ncorporate ac-LDL. 37. The tissue engineering construct of claim 36,

wherein at | east 7 fssteNEhoinerily WBRstRIEP k il
i ncor porate ag?'LDLi?{%S{SS&Fh%ggI?eggﬁg engl neé??%rﬁcﬁgﬁeg%tl agfl ea%fZ??ﬁ %t,he
wherei n at0| east 8bhfmar embeyoniviemdothehddroglhnincompockdd eLDél. cel | s i ncor porate

ac- LDL.
38.  The tissue engineering construct of claim 37, wherein at least 85% of the

human embryonic endothelial cells incorporate ac-LDL.

39.  The tissue engineering construct of claim 38, wherein at least 95% of the

human embryonic endothelial cells incorporate ac-LDL.

15 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),

20 poly(hydroxy 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.
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39. The tissue engineering construct of claim38, wherein at |east 95% of
the human enbryonic endothelial cells incorporate ac-LDL. 15 40. The

ti ssue engorawsiong construct of claim 21, further conpri siPeg/EIpa4yTEr
matrix infused with the cell support substrate. 41. The tissue engi neering
construct of claim40, wherein the polynmer matrix conprises poly(glycolic
acid), collagen-glycosan noglycan, collagen, poly(lactic acid),

poly(l acti c- cg, gl y‘fﬁ b u@%h@%x?erﬁ%r%@?@m lgﬁ‘ﬁ 40 %eﬁ’%h%é"%éé@%rrn%g{@as

poly(orthoester) po y(prop ol'ysacchar

pol yani | i ne, polyt hush@em&ctqdoﬂrmtpalrmés, typte, yﬁ@tger spheps) | syrandst dodleé strand,
pol yurea, poly(ethylene vinyl pol ypropyl ene, pol ynet hacryl at e,

pol yet hyl ene, ~ pol yE@LiAY Bk HE‘; %W(;]é’aﬁn 6 %ﬁte) and any conbi nation
t hereof. 27 WD 03/083070 PCT/ US03/09457 42. The tissue engi neering

construct of g3ai mrgd tlsé‘&%e&%ﬁﬂ%eﬁﬂg cBRYtMIBE bf 'Eﬁthh'zi?o RéRrén %H@B@ly%%r%étﬁ?l from
particles, tube, sponge, sphere, Strand, coiled strand, capillary network,

film fiber, mesh, cemprissheegrowd, fative attiaslsqdetcerﬁlgﬂ mebmqnngomsmmlw of acl ai m
40, wherein the poI ¢ rix rises grow h factor attached to the
pol yner via a nenb@%ggw'ﬁp %BW%F%ﬁﬁanﬁHaﬁcﬁ%h coval ent interaction. 44. The
ti ssue engi neering construct of claim?2l, wherein the cell support

substrate comp.i sehe tisle edginecthg tdmsuer 6Ngildi@enl ngheis tthélellofuppbai M
44, wherein the gel conprises one 10 or nore of MATRI GELTM and

col | agen- GAG  46. Thetrate SQWETIENGi §fker i ng construct of claim 44, wherein the
gel further conprises a nenber of the group consisting of collagen I,

col l agen 1V, 43 am Thé"tlssfuht%ﬁglggeﬁﬂ o‘ﬂ@@&&'o@’claﬁlﬁqﬁewkﬁéﬁ?ﬂﬁ gefb¥n gﬁé:é%to%'ens

gl ycoani nogl ycans, “prot el na [ agenases, chénotactic agent gr owmt
15 factorH) and anmunanhﬁﬂdAEBﬂSEL’fhmiaﬂhgarcmu} The tissue engi neering
construct of claim?2l, further conprising a liquid carrier mxed wth the

cell support E&bSt&ﬁé Sissue engineering construct of claim 44, wherein the gel further

comprises a member of the group consisting of collagen I, collagen IV,
laminin, fibrin, fibronectin, proteoglycans, glycoproteins,
glycoaminoglycans, proteinases, collagenases, chemotactic agents, growth

15 factors, and any combination of the above.

47.  The tissue engineering construct of claim 21, further comprising a liquid

carrier mixed with the cell support substrate.

48.  The tissue engineering construct of claim 21, further comprising at least one

additional cell type.

20 49.  The tissue engineering construct of claim 48, wherein the ratio between the

embryonic 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

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

28



48. The tissue engineering construct of claim?21, further conprising at

| east one additional cell type. 20 49. The tissue engi neering construct of
cl ai m 48, watvafeiono t he rati o between the enbryoni ¢ endot he@CiraiSovedsss and
the additional cell type is at least 1:9. 50. The tissue engi neering
construct of claim49, wherein the ratio between the enbryonic endotheli al
cells and the additional cell type is at Ieast 2.5:7.5. 51. The tissue

engi neering cgnstr i a t

enbryoni c en 'helﬁéﬁ tlégsglﬁ%é d%%co\m t|on 51 R‘f {éjtggﬂl??ﬁgt%?vgg%%hi 1.
28 WO 03/083070 P@ﬁ&@@ﬁk@ﬂé&ﬁehﬁ%llﬁdﬁﬂ thé s&h&oﬂgelbg@elmg lemn3SruEt  of
claimb5l1, wherein the ratio between the enbryoni c endothelial cells and the

addi ti onal cell| ty e i.,s at |least 7.5: The t.issue engineering
construct of ¥ a @Ztls%épélpﬁeri%cqnéﬂ‘ﬁ Oééiwge?t? Wre“éﬁl?ﬁ Vglﬂiqbe_%@ﬁ%@ﬁel i al
cell's and the add' érhﬂ@@lnc%ﬁh&th&lﬁ?%eﬂssaﬁtthé §@fitiorthl &ell Bpeds atlBRt bilssue

engi neering construct “of claim48, wherein the ratio between the

additional cell type and the enbryonic endothelial cells is at |east 9:1.
55. The ti%ssui#. enngure‘atsaun@ngmnmngJ@QnStrﬂctcﬂ failamads, wiieesinithe ravie kebveenr thge i s

selected fromnuscle.ce nerve | | Qnnec or stem
cell. 56. The ti ss?fiémé‘??ﬁ# ﬁ%lgiypﬁan% P}bﬂi ?nég:&%fﬁ%%} &ﬂﬁ?ﬁﬁg%&% 1t he cell
support 10 substrate is a tube and the enbryonic endothelial cells are

di sposed on ags. i Nk tisue bAGIRe@IngtcdAstueb 6f clhith 48 veherdis Shiecatingpaidaeiengd
construct of claimb56, wherein the tube is a nenber_  of a d fellul ari zed
bl ood vessel, a syﬁ?lll‘iétlilsélfmﬂlyﬁ@'ﬁ’ef’@béon%ﬁ‘fﬂ"%lﬁ%?lc %S%E)é 15 58. A
met hod of produ0|ng vasculogenlc human cells in vitro, conprising:
providing a pgpul a ebks t em
cells in the sen?éé)glfsg{l gﬁ&f@g@&%&gﬁg ?E;rﬁméltﬁehi cV)vrhr%rgéltulx gfr}é gﬁll %P%tl d
bodi es coltt ai ni ng substratalis artebe shé the enbyyonwnehdottebibbedllsgarPEGpvBedoBiani ve
cells fromthe enbryoid gOdIF%afége 59. The nethod of claim58, wherein the
step of isolating ociating the enbryoid bodies to separate
the cultured stem ceI |'s;

57.  The tissue engineering construct of claim 56, wherein the tube is a member

of a decellularized blood vessel, a synthetic polymer tube, and a collagen
tube.

15 58. 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 LIF and bFGF to stimulate
formation of embryoid bodies containing the cultured stem cells; and

isolating PECAMI1 positive cells from the embryoid bodies.

20 59. The method of claim 58, wherein the step of isolating comprises:
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 PECAMI1+;
and

25 - separating the PECAMI1+ cells from the remaining cultured stem cells.

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

and a fluorescent moiety.
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i ncubating the cultured stemcells with a | abel ed PECAML anti body to

di stinguish the portion of the cultured stemcells that are PECAM +; and
25 separ awporg/ogdeeo PECAML+ cells fromthe remaining cul t ur @dTaisesmuast | s. 60.
The nethod of claimb59, wherein the |abel is a nmenber of a magnetic noiety
and a fluorescent nmoiety. 29 WO 03/083070 PCT/ US03/09457 61. The met hod of
claimb58, wherein the step of providing conprises: incubating a popul ation

of human enbrgpni CTﬁéﬁf&Iﬁﬁ'df%ldilﬁ%,%&ﬁeﬁ{tﬁe%ﬂ'o‘f'i}}ovicﬁggc?ﬁq ligast partially
di saggregating the cultured stemcells. 5 62." A nethod o Is)tl mul at i ng
vascul ogenesi s i n icybatingargapuditiog of hpeeat embiyegic stemmellhioda oflturé aiedivhs;
suspendi ng the isolated PCECAI\/IH cells in a nenber of a liquid carrier, a
cell support substrate, hd a nixture of both; and deliveri ng the cell

suspension to a ti sSesstbitialy aikbg@beatihQ teulihis didth ek, of claim 62, further
conprising infusing a polymer matrix with the cell suspension before the

step of inserting, wherein the step of inserting conprises inplanting the
pol ymer mat ri ®%-i nt & methadphetimulaling vaseulpgangsig 7oFive| cQIMArBMELr 63, wher ei n
the cell support sybatrat oluse el | . 15 65. The nethod of clai m 64,
wherein the gel conpri sesf’ﬁtcl)%e ordc?r@fcéﬁgjf%NATRl GELTM and col | agen- GAG.  66.
The met hod of cl ai saspeéndingérecisolated PEAM tir delielin aanpnbaest a ligeidbeiriaf at he
group consisting of collagen I, collagen IV, |amni fibrin, fibronectin,

ni n,
prot eogl ycans, gl ycoprof H@PoY SRS A% ?’Mbar?’é’%%e,‘)fﬁl"_ SéPﬁ_iaases, col | agenases,
20 chenptactic ageqdiferifl s H§i§nt@£‘gss%§:§1 %gg}@h{ea?tl on of the above.

67. The nethod of cl ai m%4, wherein the neth conprises allow ng

the gel to harden. 68. The nethod of claim 63, wherein the polynmer matrix
has a shalfe s@l.ect Bl method of claim 62, further comprising infusing a polymer matrix with

the cell suspension before the step of inserting, wherein the step of inserting

comprises implanting the polymer matrix into an animal.

64.  The method of claim 62 or 63, wherein the cell support substrate comprises a

gel.

15 65. The method of claim 64, wherein the gel comprises one or more of
MATRIGEL™ and collagen-GAG.

66.  The method of claim 64, wherein the gel further comprises a member of the
group consisting of collagen I, collagen IV, laminin, fibrin, fibronectin,
proteoglycans, glycoproteins, glycoaminoglycans, proteinases, collagenases,

20 chemotactic agents, growth factors, and any combination of the above.

67.  The method of claim 64, wherein the method further comprises allowing the
gel to harden.

68.  The method of claim 63, wherein the polymer matrix has a shape selected
from particles, tube, sponge, sphere, strand, coiled strand, capillary network,
25 film, fiber, mesh, and sheet.

69.  The method of claim 63, wherein the step of delivering comprises disposing

the polymer matrix about the outside of a blood vessel.
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fromparticles, tube, sponge, sphere, strand, coiled strand, capillary
network, 25 film fiber, mesh, and sheet. 69. The nethod of claim 63,
wherei n twe oshgd7of delivering conprises disposing the p@CYTESO3/0EET i X
about the outside of a blood vessel. 30 WO 03/083070 PCT/US03/09457 70.
The nethod of claim63, wherein the polynmer matrix conprises a growh
factor. 71. The nmethod of claim 70, wherein the growh factor is selected

from epider gr C rpk netyl Eﬂ@g! 3

hepat ocyt e g%g'r omﬁg@ ?'};lec?oo&r ,8f B]lag"?gsét . %ﬁ%ﬁ%&%ﬁf ac?glrn?%laa,grqv@- I
and |11, hematopoet faetggr om h factors, heparin binding growh factor, peptide
gromh factors, and basic and acidic fibroblast growh factors, nerve

growt h factor_, (NGE), vascul endot hel jal -derived graowt h factor (VEGH),
and nuscl e n%lr-phggéﬁileetﬁa@t%?clewfg@ Wheroin. then EroniPn et lscF%lF‘PF?‘gs rom
further conprisingedaaasl tdrBeiH BRiEebbns YSRBRASIARIC PRotbiAe TP hepHiobase of
a tube. 73. The me(talﬂod of ggl aim 72, wher ei n-t Re tlljcbg s sel ect’ede%f rooﬁgea
menber of A col | agewth ulfetora Eyteichdeiivedp @rywtr | factod d'@écellGhtarandedI, bl ood
vessel. 74. The method of claim®6 further co I.si ng al.l ow t he

or 73, ! r n
cell's to 15 prol i PepapRogsiereapwth el éﬁpaalfn ReRing EFPWE: faor. PRRECHEINOR of
claim 74, Turther eRRLIshsRAY doidid ipkdbiast Shdnl Mot Hefve ABREHbRIor
structure during the step of allow ng. 76. Th& method of claim 74, further
conpri sing inparti @GE), messbialair cadlotherat-denved ghwvtbefactord(MEGE), tdnd stusgle of
allowing. 20 77. The nethad of claim 76, wherein the nechanical force is
cyclic. 78. The mefRERogeit fBaoh B hher ei n t he nmechanical force is
selected fromthe group consisting of hoop stress, shear stress,
hydrostati(c sSyZ.eSSThé aHMEKISSS dl8im L) RSther S6tBphiLRS dbositingehs -cell Suspsiofet hod
of claim®62, wherein the tissue is ischemc. Z%Iﬂ%o.lﬁ)The met hod of claim 62,
wher ei n the tissueon theganaspdacefaigitbhe gr oup

73.  The method 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 method of claim 63 or 73, further comprising allowing the cells to
15 proliferate before the step of delivering.

75.  The method of claim 74, further comprising permitting the cells to form a

vascular structure during the step of allowing.

76.  The method of claim 74, further comprising imparting a mechanical force on

the cells during the step of allowing.
20 77.  The method of claim 76, wherein the mechanical force is cyclic.

78. The method of claim 76, wherein the mechanical force is selected from the
group consisting of hoop stress, shear stress, hydrostatic stress, compressive

stress, and tensile stress.
79. The method of claim 62, wherein the tissue is ischemic.

25 80. The method of claim 62, wherein the tissue is selected from the group

consisting of connective tissue, muscle tissue, nerve tissue, and organ tissue.
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consi sting of connective tissue, nuscle tissue, nerve tissue, and organ
tissue. 31 WO 03/083070 PCT/ US03/09457 81. The nethod of claim62, wherein
t he step wbodeBioveri ng conpri ses depositing the cells onPchasSosomas7 surface
of a blood vessel. 82. The nmethod of claim®62, wherein the cell support
matrix includes a gromh factor. 5 83. The nethod of claim 82, wherein the
gromh factor is selected from epidermal growmh factor, bone m)rphogeneti C
protein, TGH( he t or,
TGFa, |G- aﬁ%ﬂ II@ﬁeﬁfe%rﬁaoﬁooﬂé?%&g&%\%eﬁ{?g %r(?(ﬁhepar% y&gplr%(rﬁ%é S{rtgl
factor, peptide grthetdells bmtteanser sarfecdadsitdoahvksaali di ¢ fi brobl ast growt h
factors, nerve growh factor 10 (NGF), vascular endothelial-derived growh

factor (VEGF),,and scle ho f.ac 84, . The thod o
claim62, furtfer E tl&‘idn?‘%}%ﬁbgﬁ.‘ﬁ TRt é‘aa?ﬁ FB‘H}[&W wafix inclndes diefqvine
enbryoni ¢ endot hel faatorcel | s. 85. The nmethod of claim84, wherein the ratio
of the additional cell type and the 15 enbryonic endothelial cells is

bet ween 1: 9 and 9:1. 86. The nethod of claim84, wherein the ratio of the
addi ti onal® ceb3: typbe anethedcof elann y&hi wherelo theeigrawthc &dter iss sgeetad effomhan

endot hol i al corl s RacTies S folPRBhT rhotfhd e Brobd? (O EBogs o

The nmethod of cl ai proS4h Vdeedrei plateleedefivdds @owtls efacel, ecch@mIG@‘E![n%ﬁl VE
tissue cells, nerve cells, organ cells, nuscle cells, and 'stemcells. 89. A

met hod of produci nberaatoa@%ma@wglt fragt@ra,: hepargobipding) gigwth faetot.areptide staveth

met hod of cl ai m 58 ls in a of a
liquid carrier, fafg)lﬂsg %]addaglg ort su %oyg?%aﬁ%t%%(f are ot oﬁ}nﬁa;c{or
i nfusi ng B pol yrrer (NEFY, i msmltuh ehmahaﬁlheﬁv@pgwmnfacwﬂd(\eﬁ(ﬁpw #@d HhieclPECAMF

cells to proliferate the polyner matrix. 32
P morp%o genQC factory(l\/IMP)

84.  The method of claim 62, further comprising combining an additional cell

type with the embryonic endothelial cells.

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

86.  The method of claim 84, wherein the ratio of the additional cell type and the

embryonic endothelial cells is greater than 9:1.

87.  The method of claim 84, wherein the ratio of the embryonic endothelial cells

to the additional cell type is greater than 9:1.

20  88. The method of claim 84, wherein the cells are selected from connective

tissue cells, nerve cells, organ cells, muscle cells, and stem cells.

89. A method of producing a vascular structure, comprising:
performing the method of claim 58;
suspending the isolated PECAM1+ cells in a member of a liquid carrier, a
25 cell support substrate, and a mixture of both;
infusing a polymer matrix with the cell suspension; and

allowing the PECAM+ cells to proliferate on the polymer matrix.
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WO 03/ 083070 PCT/ US03/ 09457 90. The nethod of claim 89, wherein the polyner
matri x has a shape selected fromparticles, tube, sponge, sphere, strand,
coi |l ed stwend/osmapi | | ary network, film fiber, mesh, andpremasn3/oRi7 The
met hod of claim89, wherein the cell support substrate conprises a gel. 5
92. The nmethod of claim91, wherein the gel conprises one or nore of

MATRI GELTM and col | agen- GAG 93. The nethod of claim 92, wherein the gel

further conpripges gy 4 f cibhe 899%ALRE iﬂoﬁ%&g{n‘a’fﬁiﬂ&l 2 el seldelgl agen

IV, laminin, fibrin, fibronectin, proteoglycans, glycoproteins,
gl ycoan nogl ycans, fipmopaticies d¢she, spirgagahesse strand] Goitduestmind,ctapil any ecttrvork,

grom h factors, and, any, conbinatjqn of the above. 94. The nethod of claim
claim91, wherein gh’é’ %Hﬂﬁfﬁ’f 6’?4%§Pt'conpri ses allow ng the gel to harden.
95. The nethod of claim 89, further conprising inposing a nechanical force

on the matri g dur TRgnlehRddvreRiM8oatvhedin@e cdids@port BaBstilRs Eafpees §lg8l. m 92,
wherein the nechanical force is cyclic. 97. The nethod of claim92, wherein

the mechanjcal force is selected fromthe group consisting of hoop stress,
shear stress, Yhydr 8¢ dnpthod tafeslsim cYhpyvhersing dhe ge} eompriserd opendi mOrgtqfess.

98. A nethod of pr ﬁf&%ﬂ’ma%a‘dlc%ﬁg cgwran cells in vitro, conprising:
20 providing a population of human rIr]bryor']ic stemcells; culturing the stem

cells in the absence of LIS and bFG- to stinulate formation of enbryoid
bodi es cont ai $3.ng Thenetiodwfethist ¥wieldis theagal fuitisa|catrprigesf # mendbeeofthier yoi d
bodies cells that are positj.ve for _one or re GATA-2,. N-cad, VE-cad,
and VW. 25 99. Th&HBtIp8aisEre Af folpse ?mﬁ&fa&eﬂoﬁ%ela@s%ﬁ, &prips glgéfﬁeﬁ@la
conprises: di ssochabdJagchie MRdifs, DAGHoRRIARIRERANALRINLAS, EolldolhRds, St em
cells; 33 WD 03/ OQBO%QE{CT/’ %?094157 | r?culloa(% ng t_ﬁfg%cbnl tufed a’Isgkilem Cel I's
with | abelled anti betinegadtisragents, gyowthofaetors, aghay omiNnatamh, of Wie dwdre. and VW,
and

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.
15 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.

98. A method of producing vasculogenic human cells in vitro, comprising:
20 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.

25 99.  The method of claim 98, wherein the step of isolating comprises:

dissociating the embryoid bodies to separate the cultured stem cells;
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separating cells that express one or nore of GATA-2, N-cad, VE-cad, and
VWF fromthe remaining cultured stemcells. 5 100. A nethod of stinulating
vascul ogewesB®s83iomo vi vo, conprising: perform ng the nethoacafusosed4st 98;
suspending the isolated cells in a nmenber of a liquid carrier, a cell
support substrate, and a m xture of both; and delivering the cell

suspension to a tissue in an animal. 10 101. A nethod of producing a
vascul ar structur eincﬁ@a["ﬁfg‘ tﬁé Bﬁilturecﬂ)gtreﬁpééﬁ's Rt llaﬁelg@ﬁlﬁ%dgs 164 8111678)191;10]"6 of
suspendi ng the isol atec s 1n a menber of aliquid carrier, a ce

support substrate, and%ﬂﬂtNr@doVEmdhandiﬂNﬁsamb a polynmer matrix with

E EZ Sg: ;nzlrjsﬁg? f: g?épagﬂl%glc%llg ltllla(t) exp sst Qr?e IorS ?nlo%;[ 89 GCAean 1-I\Pc%g)({ c{}ﬁf 5 at on

vWF from the remaining cultured stem cells.

5 100. A method of stimulating vasculogenesis in vivo, comprising:
performing the method of claim 98;
suspending the isolated cells in a member of a liquid carrier, a cell support
substrate, and a mixture of both; and

delivering the cell suspension to a tissue in an animal.

10 101. 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

15 allowing the isolated cells to proliferate on the polymer matrix.
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