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DI FFERENTI ATI NG EMBRYONI C STEM CELLS Thi s application
clainms the priority of Provisional Patent Application
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Thus, it is desirable to develop methods of promoting differentiation of ES

cells into three-dimensional tissue structures.

Summary of the Invention

25 In one aspect, the invention provides a tissue engineering construct including
embryonic stem cells, a three-dimensional cell support matrix that is resistant to
contractile forces exerted by the stem cells, and at least one growth factor selected to
promote differentiation of the stem cells along a predetermined cell lineage or into a
specific cell type. The stem cells may be mammalian embryonic stem cells, for

30  example, human embryonic stem cells. The cell support matrix may include a



poly(lactic acid) - poly(lactic acid-co-glycolic acid)
m xture, for exanple a 50150 m xture of poly(L-lactic
acid) and poly(lactic acid-co-glycolic acid). A
cross-sectional area of the matrix may be reduced by
not nore than 50% under a contractile force exerted
by the enbryonic stemcells, for exanple, not nore 5
than 40% 30% 20% 10% or 1% The cell support matrix
may further include a.coating including an agent that
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matrix may include disposing the gel on internal and external surfaces of the cell
support matrix.
The agent may be a growth factor, a mechanical force, an electrical voltage, a
bioactive agent, a biomolecule, a small molecule, or some combination of these. The
30 mechanical force may include a hoop stress, a shear stress, a hydrostatic stress, a

compressive stress, a tensile stress, or any combination of these. The embryonic stem



conpressive stress, a tensile stress, or any

conbi nation of these. The enbryonic stem 2 cells may
be cultured in the presence of a growth factor as part
of the step of providing. Definitions

"Bi onol ecul es”: The term "bi onol ecul es”, as used
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aci ds, peptides, polynucleotides, nucleotides,
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regulate cellular metabolic processes, including but not limited to differentiation,
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proliferation, synthesis of various cellular products, and other metabolic activities.
Growth factors may include several families of chemicals, including but not limited to
25  cytokines, eicosanoids, and differentiation factors.

“Polynucleotide”, “nucleic acid”, or “oligonucleotide” The terms
“polynucleotide”, “nucleic acid”, or “oligonucleotide” refer to a polymer of
nucleotides. The terms polynucleonde” “nucleic acid” and “oligonucleotide”, may
be used interchangeably. Typically, a polynucleotide comprises at least three

30  nucleotides. DNAs and RNAs are polynucleotides. The polymer may include natural

nucleosides (i.e., adenosine, thymidine, guanosine, cytidine, uridine, deoxyadeno sine,



be used interchangeably. Typically, a polynucleotide
conprises at |east three 30 nucl eotides. DNAs and RNAs
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the incorporation of D-amino acids, efc. None of the modifications should

substantially interfere with the desired biological activity of the peptide.
“Polysaccharide”, “carbohydrate” or “oligosaccharide”: The terms
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- “polysaccharide”, “carbohydrate”, or “oligosaccharide” refer to a polymer of sugars.
30  The terms *polysaccharide”, “carbohydrate”, and “oligosaccharide”, may be used

interchangeably, Typically, a polysaccharide comprises &t least three sugars. The




substantially interfere with the desired bi ol ogi cal
activity of the peptide. "Pol ysacchari de",
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25 and/or anti-protozoal compounds, modulators of cell-extracellular matrix interactions

including cell growth inhibitors and anti-adhesion molecules, vasodilating agents,
inhibitors of DNA, RNA or protein synthesis, anti-hypertensives, analgesics,
anti-pyretics, steroidal and non-steroidal anti-inflammatory agents, anti-angiogenic
factors, anti-secretory factors, anticoagulants and/or antithrombotic agents, local

30  anesthetics, ophthalmics, prostaglandins, anti-depressants, anti-psychotic substances,



25 and/or anti-protozoal conpounds, nodul ators of
cell-extracellular matrix interactions including cel
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25 Figure 2A includes light micrographs of differentiating hES cells (EB day 8)
mixed with matrigel and grown for two weeks in the presence of transforming growth
factor beta (TGF), q.ctivm-A (ACT), retinoic acid (RA) insulin growth factor (IGF) or

~ no growth factor (CON). Left panel: dark field images of the “spheres” formed (Scale
bars=1mm). Middle and right panels: histological sections of the samples stained with

30 H&E. Bottom: histochemical and immunostaining of cross sections of the “spheres”



cartilage. 25 Figure 2A includes |ight m crographs of
differentiating hES cells (EB day 8 mxed with
matrigel and grown for two weeks in the presence of
transform ng gromh factor beta (TGF), activin-A
(ACT), retinoic acid (RA) insulin growth factor (IGF)
or no growh factor (CON). Left panel: dark field

i mges of the "spheres" forned (Scale bars=lnmm.
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Figures 5E-H include light micrographs of PLLA/PLGA scaffolds stained
with hematoxylin and eosin (H&E) stain. hES cells were seeded onto the scaffold by
(E, G) seeding the cells onto the scaffold with matrigel or (F, H) coating the scaffold

25  with fibronectin (scale bars =50pm).

Figures 5I-K illustrate the proliferation of hES cells on PLLA/PLGA
scaffolds after two weeks of culture, incubation with BrdUrd, and staining with anti-
BrdUrd antibodies (brown) [(I) Low (XlOO) and {J-K) high (X1000) magmﬁcatlons}
(scale bars —50pm)

30 Figure 6 includes micrographs of undifferentiated (undiff) or differentiating
hES cells [embryoid body (EB) day 8] (diff), mixed with matrigel, seeded on
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supplemented with TGF-B (TGF), activin-A (ACT), retinoic acid (RA), insulin

growth factor (IGF) or a combination of TGF-B and activin-A (TGF/ACT) and

stained with Safranin O (Saf O) or with antibodies against human AFP, albumin,
25 nestin, Py-tubulin and S-100 (scale bars=5Qum).

Figure 8B is a graph illustrating the percentage of area positively stained
(percentage of positive staining) with the indicated stains or antibodies within tissue
sections from samples obtained in three dlfferent experlments performed in duplicate
(bar indicates mean value +/- SD)
30 Flgure 9A is a photograph of a gel showing the results of RT-PCR using
primers for ultra high sulfur keratin (keratin), neurofilament heavy chain (NFH),
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desmin, myogenin, and insulin. Desmin-positive cells were found in the constructs,

with some elongated cells. No myogenin cells were found in the constructs. Insulin-
25  positive cells were extremely rare.

Figure 12B includes micrographs of two-week-old constructs implanted
subcutaneously in the dorsal region of severe combined immunodeficient (SCID)
mice and stained with antibodies against Tra 1-60 and SSEA-4 after 14 days in vivo,
with undifferentiated hES cells seeded on scaffolds for 1 day (ES 1 day) serving as a

30 control.



CD3 1, cytokeratin, AFP, or Duj-tubulin (scale bar =
50m . 20 Figure 12A includes m crographs of sanple
sections (after 2 weeks) of PLLA/ PGGA scaffol ds
seeded with differentiating human enbryoni c stem (hES)
cells [enbryoid body (EB) day 8] and matri gel,
stained with anti bodi es agai nst human desm n,
myogeni n, and insulin. Desmn-positive cells were
found in the constructs, wth sone elongated cells.
No nmyogenin cells were Tsatsiitd Desé gionstructs.
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Dickinson. Unmodified matrigel is a solubilized basement membrane matrix

25  extracted from the EHS mouse tumor (Kleinman, HXK., 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 al., Exp. Cell Res. 202:1,
1992). Growth Factor-Reduced Matrigel is produced by removing most of the growth
- factors from the matrix (see Taub, et al., Proc. Natl. Acad. Sci. U S 4,
30 (1990);87(10):4002-6). Alternatively, the gel may be a collagen I gel. Additional
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vascul ari zing the tissue in vitro. Thus, physical
environnent is an influential paraneter in hES cell
differentiation into 3D tissues. 20 The cells may be
cultured in the absence of LIF and bFG- to induce the
formati on of enbryoid bodies and then trypsinized. The
cells may be directly seeded onto a three-dinensional
matri x or conmbined with a gel for seeding. An

exenplary gel is Gowth-Factor Reduced Matrigel rm
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forces exerted by the differentiating cells. The nean
That being trite, one can estimate the number of cells in a cross sectional area

by dividing the cross sectional area (4reaofcells) by the cross sectional area of a

single cell (Acq). The above equation can be re-expressed as the following:
25 G =
If one assumes the diameter of a cell in cross section is approximately 6 pm,
then Ay is approximately (assuming a circular cross section) 28 pm. Substituting

these known values into the above equation gives the following result: cells exert a

stress of approximately 110 Pa on a scaffold. This is a very general, broad estimate.
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asynptotic force per cell (FFglr) has been cal cul ated
to be approximately 3 nN for fibroblasts independent
of scaffold stiffness3S. Wile it is a broad
assunption, if one wuses that value to represent the
force (a) -an average cell would exert then the 20
follow ng would hold: F." x nunberofeells Areaofcells
That being true, one can estimate the nunmber of cells
in a cross sectional area by dividing the cross
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30

properties of the matrix an égradation rate (for
degr adadhe porosity of the matrix may be controlled by a variety of techniques known

to those skilled in the art. The minimurm pore size and degree of porosity is dictated
by the need to provide enough room for the cells and for nutrieats to filter through the
matrix to the cells. The maximum pore size and porosity is limited by the ability of
the matrix to maintain its mechanical stability after seeding. As the porosity is
increased, use of polymers having a higher modulus, addition of stiffer polymers as a
co-polymer or mixture, or an increase in the cross-link density of the polymer may all
be used to increase the stability of the matrix with respect to cellular contraction.

The matrices may be made by any.of a variety of techniques known to those
skilled in the art. Salt-leaching, porogens, solid-liquid phase separation (sometimes

termed freeze-drying), and phase inversion fabrication may all be used to produce
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15 scaffol ds). The mechanical properties may al so be
optimzed to mmc those of the tissue at the inplant
site. The shape and size of the final inplant should
be adapted for the inplant site and tissue type. The
matrix may serve sinply as a delivery vehicle for the
stemcells or may provide a structural or nechani cal
function. The matrix may be formed in any shape, for

exanpl e, as particles, a sponge, a tube, a sphere,
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PLA and PLA/PGA copolymers are particularly useful for forming the
biodegradable matrices. The erosion of the polyester matrix is related to the
molecular weight and crystallinity of the polymer. The higher molecular weights,

30 e.g., weight average molecular weights of 90,000 or higher, result in polymer matrices
which retain their structural integrity for longer periods of time; while lower
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al so be used as well. O her non-bi odegradabl e, yet
bi oconpati bl e pol yners i nclude polypyrrole,
pol yani | i nes, pol ythi ophene, pol ystyrene, polyesters,
non- bi odegradabl e 15 pol yur et hanes, pol yureas,
pol y(et hyl ene vinyl acetate), polypropylene, :
pol ynet hacryl ate, pol yet hyl ene, pol ycarbonates, and
pol y(ethyl ene oxide). Those skilled in the art wll
recogni ze that this is an exenplary, not a
conpoletitarsieights, bigs tweight ayeedgy mmleculap preightsiofiB@,00®or less, result in
tls ue en eri Ilcatl s. . Co-ppl yners

Fes gt e d e OVRGHIos Heetkand eV RSAL RS fafponedhe
be éﬂ@iﬁdss ozﬁlelpﬁlyhige rRfrdC (The litacﬁfnt)t &feh?c pblljarﬁéﬂ avo. inflietieasdhe
co-pol ynmers nmay be par Aar usefu r
© e o b e S GRCA i 5pi5ps pregiasipg thasaiialinip, ol the
SOTptAFIRhE the BnodBRls Y FRiixtied be@mmhgn @hé lslﬂlléd/mftﬁd’ arBwm
ceIIs may be conmbined with a stif

t .
o RaGREBIzA tha theROorAE MBS BRI 1 & S8 PithepSypgys disoussed
resdf?gg% % gprﬁlg:rlzgﬁﬁ c@@ﬁe%hfﬂ%s@of 118 YnaBBc. OARGNBE the

act one GAto forma mxture
Botmopdmowmmw&am@fmwﬂm o1 mitdure may b eiiysted to ackieve a
poI %&:ﬁ co-pol ynmer may be adjusted to optimze
the 8 ?Jness of the matrix. PLA and PLA/ PGA

1copol y mcIn an axmg@y einbodimehtya callabsponsepnodiBershplyastagrowth factor
bi od ez%.li'n?]g( t%aa{égxtbtrr%% % ada_edeto Ae] C;%:ls%lﬂer (BIatrE){:: ?u&% oaiHef may be

mat ¥i ol ecul-ar wel
Cr yigkditd prombig dﬁferéﬂmumd:&h@embﬁbmc ktmgmens imtol sedagired target cell.

vvei ts,. 30 e.qg.,..weight average,npl.ecul.ar

0. SfsmisivElof it P o Y REPeIREG o ool b o B matix
ret@ﬂt& piofditd orShlibi€ mcmaﬁbends adﬁmtfe@ bf detin geruited to thel snatrix.
of tine, while Iovver

L b i b s Sl S8 i g o

r esgttd (RA), epidthhiSrowihifhdtor bdﬂé@ﬁoxp%@@ndﬂbﬁﬁb&a'[ﬂm; Iphtocyte
and crystallinity also influence the stiffness of the

pol grawth fetes, pletelerderivedarowihiiotes; TeFRet. Joty At Ilamegwtopmetxc
i nf %rg\gﬁcfgx&o Q&Paﬁ@ﬁﬁﬁlﬂ ﬁroaﬂllrl Yictor lp@ﬁﬁdecgr&ﬂhcﬁ&gﬂs L thtopoietin,

i so eaS|ng ystal'lTnity of

pol ipteeleuldms tunive neavokis fastorst mmrscrq;ns,@@lw stimplatingyfaciors, Ehoblast
kille t he art
20\7\6 | %'mvgn org,r%/egac 1P mll? t01r %zﬂ?fno S%regi?é A6 QIMF).

di s’mmattulaagmm faptpr bmpbpd:d slnmzld dbe Bwropnﬂw ’@I the éesired cell

pol SHEFLdiecRgiaiEh bi Tht SREEy st BLRRE DR By
ac hfaet\zsfs afe wélbBiowatto thiosé Eldiaisin tHeud. N an exenpl ary
SO BN erbryoni stdas 13 Aoey aloo e bhiflred Wiih 1 rébyeH eR¥Aeb or
25  other cell response modifiers before they are seeded on the polymer matrix. These
cells will have already started differentiating before being combined with the

polymer. Alternatively, different populations of cells that have been exposed to

different cell response modifiers may be seeded on different portions of a three-

dimensional polymer scaffold.
30 Additional bioactive agents, biomolecules, and small molecules may also be

added to the polymer matrix or to a culture medium before seeding. For example,
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or a chenotactic agent may be added to the pol yner

matrix. Such a nodifier nmay be wused to pronote
differentiation of the enbryonic stemcells into a

desired target cell. Alternatively or in addition,

the nodifier my be selected to recruit cells to the
matrix or to pronote or inhibit specific nmetabolic
activities of cells recruited to the matrix. 15

Exenplary growmh factors include but are not linmted

t o addition of-fibrdnédtin inte@'mh,mm oligonachectideRilat propiotbaremithesion, such

e RED: a5 bs aiph by R pEVSSRS T RERBtop M tfpmtory
f achgphts Iﬂ'@%e&ddéﬁ-tﬂe Iﬁitdx kd inflhewre tiepehatoref cejtsduthe tissue

factors, ?Pg grovvth factor, peptide growth
facfmmdlﬁg i nterl eukins, tunor necrosis

factors, Tﬁéﬁcﬂfsﬁﬁlé%ﬂymﬁ@hﬁﬂﬁ With BRWAkduR g gblohPb&implanted into
fibrobl ast 20 h factors, nerve growth factor

( NGHIY tigsue, | &@}D@ cRPROSHERY nge,fnggrpoq‘nd(omﬂu)hssueqh@he techniques of
par fye %Ucﬁﬁor%x%&s@@?ot £8fm GSRbLYEL0ARAM, GrddSdermal, and

appropriate to the desired cell activity and

di f endodermiaberigin Ipanveferrpdembogimentogrowiifpciens gregplegted that will
I ar f

o il 60 BT NBHL o KAAMEIR s v

1@ sBofme;amg]ex agdisionwf THFtfhie h@ﬁ@ﬁhm@dmrtbregfhmwowhwnces
pol (RS RABod St Rhgb BBt Sl S pEAAECuRe, By

d| f ﬂmvrm& amd IGR)indefedScelie tomodumaproteos chiatabtetitte of dcvelopmg

pol ern | vel di f.f er opul ation
P el VEE b A TR R st ordifg i oioRBRIM RS it hluronal
rmdnésuermw bﬁES ed3es bare rmiérbhiepessic ppateih] aibmyotimmlating

hr - di ne scaffol d. .30 ddi i anal

C Gior\Aobaine n ton shg L PODE ey promete Sgmafionpt collagkaend other

nayb@iesgmm§mtaﬁmed to the polyner matrix or to a

cul ture nedi um befqre seedi ng. Faor exa 14

addi ti onAwexw@.% Batesithe ¢ q%ﬁﬂ%épmgce %Frggtacﬂc agents that will recruit
ol i a@@%hﬁ«,%bﬁtﬁﬁndg #3he ﬁraﬁ’mfﬁn@%éll-@ééﬂmhﬁﬁx Stéattellds

RGD, may be added to the ynmer matrix. Chenptactic
or B ann?drmﬂhmﬁwtryct val alse sigrale ayboiiheBginxe The migration of

2078t EX \Jaﬂ)hél? Eﬂ&é%&@ thei slaHﬁPan c1Qhto t§e Auﬁohﬁudmsue

tissue sur an |1 nm mat ri X.

cel En@@aeldseb@wmgrmwtuoi thamhu@na/hlwqmsseb agé develop
may b bielin
conﬁ%%%%@g%w%%&%%éa gl%orggr}& tlssﬁggh e%egenhahng
t ectells.ques of the invention may be used to form

ti ssues Qf S?e%} c?e?l r .Tf bes gg%%ggghlgg{m p%‘tgm El%? SLABL of the target

origin. or S are
25 el etit edll bhﬁte they dre fully differentiated. Thus stem cells exposed to activin A

or IGF express liver specific genes before they fully differentiate into hepatocytes and

DN

other cells found in liver. Indeed, not all the stem cells in a population of stem cells

exposed to a specific cell response modifier will differentiate the same way. For

example, some of the cells exposed to activin A or IGF will express neuronal markers
30  or endothelial markers. These cells can help develop a nervous network and

vasculature for the developing liver tissue.
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pronote differentiation of the ES cells and formation

of a predeterm ned tissue type. 10 For exanpl e,

addition of TGF-(3 to hES cells seeded on

t hree-di nensi onal matrices induces formation of
extracellular matrix characteristic of cartil age

tissue. Both activin A and I GF induce ES cells to

produce proteins characteristic of developing liver.

RA i nduces hES cells to organize into ectodernal

st r uct urBsthemiore,ahe inechasicaldntadactidns of cells ahd their exeacellulBSnatrix

St 1 HOT S0 18 FOtBr T S pebriirantls QBFRRisayge pseisd pas
RY exvigitak thetunital foeds fiay 6O Lisedaea cﬁ[lﬂsslﬁhb@modlﬁeﬂﬁ niiehié the

protelns Asthey differenti_ate, cells w I
P CHeBniRPPEred BB FRLEXapiPl, chaateliekce 1t rp eiposed to

gr ome%fceyaﬂsm& fdvwstRufP artdtiek A ikise Mnisele] bez@ed @ds anchored
matrix. Stemcells inplanted with, the construfg,rmvm ']

al st hene atdeasta its eds; is expeged o bothmmiform gadpqngniform sepsile
Cel Lifsis| hoﬁ@lk%%&%e&ﬁ%&&wﬁ%@m@mm%ﬂ@nwm

t he surroundin i ssue ndot helial cells wl
i gloameotmm Q;gart tissues are Bpawd ihysirestaticpiesses and gihgr compressive

eV MRS G UL o

provi rentiating
161 einfloeick shegpiustion gfacts bathe sprded stem cpﬂa; uemmﬂuencmg the

fﬂ:‘;l/e el ?Ph'e%f%f ff#’gﬁ%%ﬁ v%?&“}thg% ‘é@nuggtpﬁft&é §f the

expmdemﬁmmv prodade. | G- express I iver specific

and o bﬁ%ﬁl@@fﬂ“i%mé# e iy B paa bRt B Ao iion

St eandafethisolisi. FoPexattiply, bm lﬁ)f)leﬁdeﬁﬁmﬁiﬂmmlemmm andaclaxes

pecific cell respopse rr WMLl differenti,ate the
15 n@r&wnseﬁer:ect&ﬁﬁﬁtﬂnésc tegfhrwb neges-s'n mglsﬂn?%
act itithilatidnGnithtiay the blkctBedP b B the ABsiHed ABSUE RN calke@S cells
endot helial markers, These cells can help a

ner #6988 ave thiseidmaensionglmettix i ppduce Gssup Il?é"laﬁg’éleb*ﬁgﬁ

i v&{argctcgmofﬁﬁtﬂgﬁé hernore, the mechani cal
interactions of cells and their extracellular matrix

i nf | uencErechaneng mlﬁfp%f@%‘é%f theypolymen X gpdihgegogenous forces
261 f %g{] sl natgxb QRd& Riné i Ve éﬁﬂm%& Bor sﬁ&‘c‘?ﬂ@ﬁé&ﬁ@ For example,

orces nay e used as a cel response
no da miedipmtroayberfirsulated thrmmweeﬁw@ém%ar@@@tremm ¢ pulsggije manner

t5 ' Sﬁ ues h?q%:}%n-eggj mzll%lateaﬂ? ?)t:gb@ binBlsed 8% L.r?aﬁerr o?)ﬂi%%&ﬁiuﬁx thay be

'ear rces’as bl 0o roug arte 'es and
v ei msd td\ixet|ashedr stress op stetn delis lamngthle anpidetod ahehredBlikiason, et al.,

; onﬁg%ﬁfs(g%retﬁ% i;élg 9 -5 KERARRES of, O2b@h Nt e L7711 645%040). The

25  polymer strands in the matrix may be aligned to mimic the tissue structure of muscle,

tendon, or ligament or formed into tubular networks to promote the formation of
vasculature,
Even before seeded ES cells are fully differentiated, they can organize
themselves into three-dimensional structures characteristic of almost all animal tissue
30 after being exposed to a cell response modifier. Seeded on matrices that can provide a

physiologic response to mechanical forces exerted by the stem cells, the stem cells
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stresses. Bone is subjected to conpressive and bendi ng

stresses during normal | oconotion. Organ tissues are

exposed to hydrostatic stresses and ot her conpressive

stresses. Inposition of nmechanical forces on

cell-seeded matrices in vitro will 10 influence the

production of actin by the seeded stemcells, in turn

i nfluencing the degree and type of netabolic activity

of the cells and the mcrostructure of the

e|Xt Wity dbwd tafdlméﬁl tiate dnfl Gyvﬂlgﬁﬁidaeconﬁitlﬁi:d }ﬁrﬂ dye more s:rlmllar toa

electrj stimul ation may .be use ce

i £ PRREC A et R G RO aF hgpdeed igiearation of the

Pi ez ¢tb b Gssud 8t ﬁﬂ_lﬁﬁﬂoé‘eeﬂ%tﬁ'é asitldy snehicRhidxe&ore e EScells
ca

response to el ectri signal s conduct ed through
ner @ derminglly diffegentipteds rj cal stinulation imtating the
el ectrical activity of the desired tissue nmay cause ES

gells seeded on a three-di!gaﬁkggal matri x to produce
tissue having the electrical characteristics of that

tis rostructure of the polyner
i&i’“ﬂ&%ﬁﬁ@%ﬁﬂgﬁﬁr orces 20 inposed on the

see mer may be optim zed for a specific tissue.

For—%igﬁgﬁé, a medium may be circulated through a

seeded tHHRU:AE (F9918164d) Mefe growa o Woasd énhiyoma fAiBioblafts (Cell

a hoop stress) to sinulate the forces Il%[sr:gose'g1 ﬂ nMD

art E?synhaéquswé, MédinkhersPubMediyadGicg-Blle faitieshug, MD),

161 I §&ified vé%x@HbPQﬁi'bécd dxﬁbcﬁﬁe& B&1é° 8 e LFn?miédh‘Er ES cells, as

(Ni kl ason, et al. Sci ence 284,

Kaudasated’. gp induce fc@:@@qqo NERs, hbepll cojonies e digsagiated itk
25 PHJ g@%m&é&%ﬁe IV dnf SudpRideln GRreAatfni AR witRout LIF and

tIrssue Structure of nuscle, tendon, or
I i gﬁ@ﬁmhﬁnﬂl@hﬂsﬁd into tubular networks to pronote
the formati on of vascul ature. Even before seeded ES

cel ﬁ@ﬁbﬂﬂaﬂ.ﬁﬂdi fferentiated, they can organize
h | .
14 hense Vﬁi% | f %s%&ﬁﬁﬁtg&sj{)f?ﬁ5méﬂd X Iﬂglta&ﬁc@ccb %lyca«%htc ea}:ld)

characterils ani na sue
bei {Ryetngeo mntmn Resopier 503 jugelleimpiGirany, M:S38860) apd poly(L-

mat r % r
a‘éﬁc acc 534) Ib?o ces ée%kglvafr%gt% P@h@f gog%b@el f@e?%tgﬁgesén&éem
ceI fabricatd byid salthachhgpmcessas ﬂésen o, aoecdhﬁffdzmmp
under conqét ons that ar il ar Ww5x4x1
© b SAPTOEE T APOREE e O i roRtan e e, 8F Bpopimpately 5 x 4 x
261i siam®) Prite eslcelli seédigy, aieymre:n‘teﬁnzed overikhtih 70%t(@olavol) ethanol and

tissu oceed nore quickly or efficiently
bef‘fﬁ’sg“ﬂﬁ ‘“cpeé) are termnally differentiated

Mechanical Testing .
For tensile testing of the sponge alone, dry sponges were trimmed to 0.4 mm
by 5 mm by 11 mm, and tested at a strain rate of 0.05 mm/second until failure using
25  an Instron 5542 apparatus. Compression testing was performed on sponges alone and
sponges with Growth Factor-Reduced Matrigel in a parallel plate load cell using the
Instron 5542 apparatus. The sponges were porous discs of 17 mm in diameter with a
thickness of 0.8 mm. Samples were first precycled one time using to 5% strain at a

strain rate of 0.1 mm/mm/second before testing at the same strain rate.
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5 Exanpl es EXPERI MENTAL PROTOCOL Cell Culture hES
cells (H9 clone) were grown on nouse enbryonic
fibroblasts (Cell Essential, Boston, MA) in KnockQut
Medi um (G bco-BRL, Gaithersburg, MD), a 10 nodified
version of Dul beco's nodified Eagle's nmedi umoptim zed
for ES cells, as described5. To induce formation of
EBs, hES cell colonies were dissociated with 1 ng/ni
col I agenase type IV and suspended in differentiation

ihati folBetri di shes5. Scaffold

prrepar | 15 The sc ffods Steg')’l?f a (ﬁ)lécg 6
bl end of"8FedIe4R fagt @“&W@E& 6)8*10 cells

l ngﬁ%%ﬁ&ﬁﬁ%@ﬂﬁ 'bf§@@%| évdMB'nﬁ'@iarﬂnd V&gu%q&ﬁamaaced

and_pol y(L- lactic aci Pol ysci ences, rin

PA, B Bm@mceobydforﬂhm g@éla\méuppﬂmt@df%tgnefolbwmg
$al é‘r oWRAaHL f&gTGFCEﬁ? ﬁpﬁ%@d&ﬁ%' mEP and f¥-1 glotng/mL),

di fTerentration nt's sponges were .
i nt R&I2 Systergs) IMunnmehsem amkimmwreg {Sigmg). Fhg mixtpE was

ov esfo%ll%q?ﬁ En}:gy%@lfj(e \t}-gﬁi% ’odaﬂano dﬁe h\?[aadgkg]é%%hﬁiﬁle%eﬂ le

i n BR%s. MMBaaha-bspEastelEBngdm wlaeaxkieﬂ eFeoraesedingjomscaffbids,

o DI el Feha DB, Fao B oy £ Bty paniaiing s0%
10 SB8PRINFoAGYbivth F@tdrineauctealmangéian@me lrésgédma EE5:ﬂé’d13 After
appar at us. ConpreSS| on testing, was perfor

S poﬁﬁ@élg thesrids, senffoldsovrsemsnime e iaSowpLhp étng?s ipdusifcpective
Mat ﬁl?%% Fgg Ebéﬁ% %%g?}gaﬁk se%fﬁnt 16 W& haked in 30S.AET (P Bbronectin

| nst e sponges were porous discs

of (Bigmanfoml h.:huam washed inPBS pridrite direst eellgfeeding (without matrigel)
Sa lzﬁ aEeB ﬁ5st precycled one tine using to 5%

str g‘lnrate of 0.1 mm m second before

g ang ey *ol ds For seeding
in matr I”.@ﬁdue c&rs&uctawsredbﬂd EEBSS hmrsein 1 0% peutral beffered fistmalin,

0. %ﬁﬁolgﬁl]}ﬁgrlqléefssﬁng de czx@%%qfnnéé?%? gf a 5&'8((;/& ol /evsect ons were
Olﬁﬁrieﬁ gﬁ ?gﬂ%&dﬁgésdbr Mﬁunoﬁ&oﬂmuﬁrwmm&uﬂg)hmahﬁdxylm and
eosin (H & E), trichromae, or Safranin O. Immunohistochemical staining was carried
20 out using the Biocare Medical Universal HRP-DAB kit (Biocare Medical, Walnut
Creek, CA) according to the manufacturer’s instructions, with prior heat-treatment at
90 °C for 20 minutes in ReVeal buffer (Biocare Medical) for epitope recovery. The
primary antibodies were mouse anti-human: desmin (1:150), alpha feto protein
(1:2500), cytokeratin 7 (1:25), CD31 (1:20), albumin (1:100), vimentin (1:50), S100
25  (1:100) (all from Dako), anti-human By -tubulin (Sigma, 1:500), nestin (Transduction
Laboratories, San Diego, CA, 1:1000), CD34 (Labvision, Fremont, CA, 1:20), SSEA4
(Hybridoma Bank, University of lowa, Ames, 1:4), and Tra 1-60 (a gift from Peter
Andrews University of Sheffield, Shefﬁeld UK, 1:10). Human and mouse tissues
(Daks) were used as controls to ensure antibody spec1ﬁ01ty (Fxg 1). For prohferatmn

30  studies, culture medium was incubated with 10um of 5’-bromo-2’-deoxyuridine
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5 growmth factors: TGF-01 (2 ng/nL), activin-A (20
ng/m.), and I1G~1 (10 ng/nL), (R&D Systens,

M nneapolis, M), and RA (300 ng/m) (Sigma). The

m xture was solidified in a 6-well Petri dish at 37 C
and then detached fromthe dish with sterile blades.
4 mL of each respective EB nedia was added. For
seedi ng on scaffolds, 0.8x 106 cells were seeded into
each scaffold using 25L of a m xture containing 50%
10 (BedUtd) (Sigma) fofB huirk béfart foratidte dlisseelsehbdnsiveped stained Gsieg

res ctlve seedi ng the cells,
sca \%&g{‘fﬁ?@gﬁh é&ﬁbﬂo)G wel | petri di shes in
12

(Si hejm,hour and vvashed in PBS prior to direct '
ell seedin wi thoyt natri 25. L of. EB nedi a

5 T ssg R e e S
Ti S§URA GRASHrbskesed AW 5tBinkd WRH ahtRE daaﬁf@ubmylﬁ%mnbed above.
neutral buffered formalin, routlnely Erocessed

enbBERIRFYsts straptares pisre oupied proiimen @e%sw@.aefigfouped

we I A6H

gy 2, ko (A Sl b iR < Rum, closed and sullayered

eoslumefis). 'BheE):sults,rtheimmnmJues I(:I:SEEa)fofaaxhpieﬂobtamed in two different
nmunohi st ochemni i nin ried 20 out..us

1 hePBREEHE PREHRELIn SRS S Erpiads rRfcphag i et cach

Medixedp froMabtaliumber 6flkmessAh emmglsng to the

manuf acturer's instructions, with prior heat-treatnent

at agrﬁﬁmcﬁmﬁri@gzp&eiamtmyeal buffer (Biocare
I\/ledlcal)f i tope recovel Th ant i bodj.e
were moutd Me Eﬁﬁ cg%‘ g@a%@&%& gé tgvo [CA).
Pr OREIPTR Wis cAnidout SalgOKOfagén OneStéplREPCR 16%ikth (4 ugit) RNase

al bum n (1:100), vinmentin (1:50), S100 25(13. gnagl
15 1 oRPHRUIANEILHL AR PR RSHoRSES, Sacipg condiBom and yole

nesﬁﬂnEbeGST\Ezé’rE 551&4655111!%’ ‘5'—?995@151%&?&@&9%& SratelOn 1.2%
1:1000), 4 (Labvision, Frenpn SSEA4

( I—|y%ﬁa+‘Q§® sl Bith fethidin pegmaife §B Gel, mmpgcmﬁ@the@bm Mgy For
Sheiepbelping RACR oA heip £ QCATI i) il dunlative
t i sanabysis v(as)ak@)nmé by megsuling sheqneanipinel intensities of each band and

nt [
0 AR S M S AR s
- Broesplaritictgaoe WD Mine 18 (BrdUrd) (Sigma) for 3
hours b I.xa n.,.Thssue.sections wer ' .
ioing o nER T i RS b o N8 £k o
Conper iigplanted suboomicotslg iethe dersalfregiod of Hexalt-old SCID mice
st rt&; 1. §(§lﬂ I’Igcomcbﬁ(armg Cg?:anf[f alﬁs implanted without cells were used as
25  controls. Fourteen days after transplantation, the implants were retrieved, fixed
overnight in 10% buffered formalin at 4°C, embedded in paraffin, and sectioned for

h

histological examination.

19



positive epithelium5 Constructs grown for two weeks
in control mediumor in the presence of G or RA
were processed and stained with anti-cytokeratin

anti body as descri bed above. Tubul ocystic structures
were counted and | unen di aneters neasured and grouped
(large >200m nedi um (Med) >40pm small < 40m cl osed
and rmultilayered lunens). The results, the mean

val Ues (SD) of sanples obtained in two different 10
eXpRESHLTS perforned in duplicate, were recorded as
percent ages of Iurrens in each group fromtot aI nurrber
of |Mime re daesinos e e SGEDOTH ' exsiora Rl
PCR é S Tot al RNA was |soI at ed by an RNEasy M ni

Ki t  Chat swor t h, CA). RT-PCR was carried out
usi ng a mmmnaamgmewﬁmmw)wm dulftufed imniatr‘geRmm has

nh| bi t.0 and 4 NA.  Bri ne uences, ..
PR EHN THTRLS SERER ELPERANGR, 1 PEgenes of modium
des eifhliestésenthbive ﬁb&t}aﬁabf SuipPlmeite BheistoiRhiRe Esman at ed

on 1,2% agarose gels vvlth ethl di um brom de

_I nv BHiAtonsEs R ag i (RG), agiyin-As fransformipe g:@pvgh factor beta (TGF-
| nClghiching %M?%m faEﬂoFfiGF? iR Eatly, EARIIaR dgsie&umm was shaped

sem quant Itaftive analyslis was erfor ne nmeasuri n
t he mtealdxsp; bue pftériwe rvmlcm of gulgire mbpebanm tbmmzture deformed into

107t SR o BTt b e 48 iy o B Samples

SCl Redtbd withieftliee netivin-aAt orRA (ahStcwineextdntivith TGFEHdormed small,

B e

M&mmd@aﬁﬁ(ﬁgm Taconi ¢ Far ms)
Scaffol d?nl npl, ant ed without cells were use

cont r ol sHistipgieal sramingtion of thespheresiagivaie 2 f%ﬁgr SRkol medium
15 "PkghIsd neb@essﬁcte lok B¥@stondl E%i&ﬂhalfﬂb_%& Ribahk of éysﬂ&%uctms In

buffered formalin at 4C, enbedded in paraffin, and
s e c EOTSTRSlelsdmeples treiated NG GBxB, asiivint har Mndld 19t qRERI ang such

ot Gl A AP G S SRR ol
Di f ﬁmwnuulatmartgx he8ucxd|(Fig. szBspme;s xﬁ}hethee gowbs eppedted n

mat r,i een h
cuppbEiratyv e BraRES t ReA oA ki Athonen

2fred mamgel supported formation of some tubular or cystic structures with open lumens

when treated with IGF or control medium, cellular degeneration, deformation of
shape, and variation in spheres sizes all suggested that matrigel alone was insufficient

for supporting hES cell growth and 3D organization.

Scaffolds provide mechanical support to withstand cell contraction
Biodegradable scaffolds were used to create a 3D supportive environment for
directing differentiation and organization of hES cells into tissue-like structures.
Scaffolds were fabricated from a blend of 50% poly(lactic-co-glycolic acid) (PLGA)
and 50% poly(IL-lactic acid) (PLLA). The PLGA was selected to degrade quickly
(approximately 3 weeks) to facilitate cellular ingrowth, while the PLLA was chosen
to provide mechanical stiffness to resist the contractile forces of the cells. A pore size

of 250-500 um was chosen to facilitate the seeding and ingrowth of the cells.
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with representative growh factor supplenents known to
i nduce ES cell differentiation: retinoic acid (RA),
activin-A transformng growh factor beta (TG~ i),
and insulin gromh factor (IGF). Initially, the
cell-matrigel mxture was shaped into a disc, but
after two weeks of culture in suspension, the
structure deforned into 10 the shape of a "sphere”
suggesting contraction of the matrigel by the cells.
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25  the force of cell contraction.

When comparing differentiation and organization of scaffold grown constructs
versus EBs, we found higher expression of differentiation-associated proteins such as
cytokeratin, AFP, and nestin on the scaffolds, which correlated with more

"organization into defined epithelial tubular structures and neural tube-like rosettes
30  (Fig. 4). Regarding extracellular mairix production, no safranin-O staining was
observed in EBs conditioned with TGF-B. The EB population was very
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Reduced Matrigel, and the results are summari zed in
Fig. 2B-C. These data were then 5 conpared to

publ i shed values for matrigel alone (Fig. 2D)16. The
scaffold showed tensile properties consistent with
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adult epithelial tissue tested (Fig. 7D). The cellular structures secreted extracellular

matrix components into their surroundings, as indicated by trichrome staining for

collagen (Fig. 7B). Collagen formation in the matrix and the organization of the

matrix between the cells were dramatically affected by addition of growth factors
30  (Fig. 7B). Newly formed poorly organized collagen in control medium is lightly

fibrillar and weak staining. Addition of TGFB to the medium induced mature
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scaffol ds appeared to be nore suitable than EBs in
pronoting cell differentiation and honogeneity. Both
matrigel (Fig. 5,G and fibronectin (Fig. 5F, H)
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25ve dbigeherienl feamresof developing liver. In comparison to the control actpv?n-A
induced high levels of alpha feto protein (AFP) and albumin throughout the sample.

IGF induced high levels of AFP and albumin in more defined areas within the

constructs (Fig. 8), while no staining was observed with the addition of RA. These
results suggest that in scaffold-supported hES 3D constructs, activin-A and IGF can
30  induce endodermal differentiation and formation of tissue with a biochemical profile

consistent with developing liver. Gene expression analysis indicated higher levels of
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22 collagen formation with thick densely staining

bands, while RA inhibited collagen fornmation.

Regardl ess of conditions, tubulocystic structures and
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2). These results show that the scaffold is influential in promoting the formation of

three-dimensional cartilage, liver and neural-like tissues in vitro.

Vascularization of three-dimensional tissue constructs in vitro.

Since blood vessels facilitate the formation of complex tissue structures?*2,

30  we analyzed whether hES cells were able to differentiate and organize into blood

vessels within the tissue structures formed on the scaffold. Staining with antibodies
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30 induce endodermal differentiation and formati on of
tissue with a biochem cal profile consistent with

devel oping liver. Gene expression analysis indicated

hi gher | evels of 23 the pancreatic gene PDX-1 in
tissue-constructs that were treated with activin-A, .
than wth other growh factors (Fig. 9B), which

further supported the role of activin-A in inducing
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25  specific CD31 antibodies, demonstrated the presence of both immunoreactive

(construct, Fig. 11, artows) and nonimmunoreactive (host, Fig. 11, arrowheads)
vessels throughout the constructs. Moreover, construct-derived vessels contained
intraluminal red blood cells, suggesting construct— host vascular anastamosis.
Immunostaining with cytokeratin, By-tubulin; and AFP antibodies indicated that the
30  implanted constructs continued to express these human proteins in defined structures

within the scaffold area (Fig. 11). In certain instances there appeared to be continued
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Vascul ari zati on oft hree-di nensional tissue constructs

in vitro. Since blood vessels facilitate the fornmation

of conplex tissue structures20-22, 30 we anal yzed

whet her hES cells were able to differentiate and

organi ze into blood vessels within the tissue

structures formed on the scaffold. Staining with
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25  shown that growth factors affect the mechanical behavior of cells, including stem

c 811823-26

. This may explain why matrigel contracted less under some growth factor
conditions (IGF, or control medium), but totally collapsed under others (activin-A,
RA) (Fig. 2). When cells were grown on scaffoldslwiththe same growth factor
supplementation, further differentiation was induced into various specific cell types

30  (such as endothelial, neuronal, hepatocytes, etc), with organization into 3D tissue

structures (such as blood-vessel networks, neural tube-like structures etc.}(Fig. 8-10).

26



(construct, Fig. 11, arrows) and noni nmunoreactive

(host, Fig. 11, arrowheads) vessels throughout the
constructs. Moreover, construct-derived vessels

contained intralum nal red blood cells, suggesting
construct- host vascul ar anastanpsis. |nmunostaining

Wi th cytokerafin, 0111-tubulin; and AFP anti bodi es
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5
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18t aprotains cheracteristice dtirepatic differentiation’” *hiatd by exphessionpF thet
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o PR P54 At b Syl B ppsocema
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25 These results indicate that complex structures with features of various

committed embryonic tissues can be generated, in vitro, by using early differentiating
hES cells and further inducing their differentiation in a supportive 3D environment
such as PLLA/ PLGA polymer scaffolds. The in vivo results show that scaffold-
supported hES constructs remain viable for at least 2 weeks, that.constracts may

30  recruit and anastamose with the host vascular system, and that the differentiation

pattern induced in vitro remains intact or continues to progress in vivo. Growth of
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chem cal environnment also plays a role in nmechanica
behavi or of cells. It has been 25 shown that growth
factors affect the nechanical behavior of cells,
including stem cells23-26. This may expl ain why
matrigel contracted | ess under sone growth factor
conditions (1G-, or control nedium, but totally
col | apsed under others (activin-A, RA) (Fig. 2). Wen
cells were grown on scaffolds with-the same growth

f aCki@han tESERE bEWRD halds pfomide foi ARlessihf bl Slor@pésind Wefections
i nduced into various specific cel|] types 30 (such a%n
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et cimportry toq fargjudyinggarty, busar defelppryent apd 9TEROECRSHS: ot h
chenti al and physical cues (e.g., nechanical support

provided by the scaffol ds) riblendgice differentiation
of ES cells to conplex tissues. e effects, of the

gr ot h fRusheikd eiinson, M & Beavesistys Ny Embryqesnesis #hyifrgt styfy of

or froma&&kﬂﬁﬁﬁl Sf?éuhmoﬁws%tcbﬁ dﬂ%ﬂm'bmvﬁv-ss (1995).

inhibiting pro eration or by inducing apoptosis |5

of B pecifyoms6S il A. b e BmbrRinicSX GBI Fline¥ a6 ed HonP hidBdreblastocysts. Science 2
seeded on scaffolds, RA treatment induced specific

di {1 er enfrbgilsl 801 BhentPiPbf Gfbriéic RB B b dshl@s Med 22,

structures an i nhi bited nmeSodermal and endoder nal

1i f f er entdPG# 600LFi g. 8-10). The addition of
activin-A to hES cells grown on the scaffolds induced
si ghi fi cHeruns RibdStemerells in) regesprative hiplogy andusedipiaon Haynd

[ mmnost@gﬁjrq{ggmg Rad\aip> e‘??l)?l bum n, two nmgjor 10
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28: 5. and [¥RIEDEIAGS Y. 4Pyl® Dt Entiaheh 6f RRfd et Glin £aR into
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I%i fferen izﬁ‘?g{?]dj'with no expression of any tested
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It is ppssible.t the. tim.ng i cation (EB day
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It was shown recently that endothelial cells and
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provi de

cell-derived neurogenesis. Retinoic acid induction and lineage selection of
25 neuronal cells. Cell Tissue Res 305, 171-176 (2001).

9. Kaufman, D.S., Hanson, E.T., Lewis, R.L., Auerbach, R. & Thomson, J.A.
Hematopoietic colony-forming cells derived from human embryonic stem
cells. Proc Natl Acad Sci USA 98, 10716-10721 (2001).
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i nductive signals that are inportant for liver and
pancreati c devel opnent 34" 35 Therefore, formation of
a bl ood vessel network on the scaffolds coul d support
an inductive effect of activin-A toward endoder ma
differentiation. 25 These results indicate that _ ___
conpl ex structures with features of various commtted
enbryonic tissues can be generated, in vitro, by using
early differentiating hES cells and further inducing
t heiyo. difd,of ESNirfadé iddopattering th Pegilate/ @]l Fhctiond. IBIGREEtials 20,
such as PLLA/ PLCA polyner scaffolds. The in vivo
results %v@?’f‘?ﬂﬂt”@ﬁaffol d- supported hES constructs
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I dentification
It is intended that the specification and examples be considered as exemplary only,

with the true scope and spirit of the invention being indicated by the following claims.
20 What is claimed is:
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6. The tissue engineering construct of claim 1, wherein a cross-sectional area of
the matrix is not reduced by more than 50% under a contractile force exerted

by the embryonic stem cells.

7. The tissue engineering construct of claim 6, wherein a cross-sectional area of
the matrix is not reduced by more than 40% under a contractile force exerted

by the embryonic stem cells,

8. The tissue engineering construct of claim 7, wherein a cross-sectional area of
the matrix is not reduced by more than 30% under a contractile force exerted

by the embryonic stem cells.
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1 1. Atissue engineering construct, conprising: 2
enbryonic stemcells; 3 a three-di nensional cel
support matrix, wherein the matrix is resistant to 4
contractile forces exerted by the stemcells; and 5 at
| east one growth factor selected to pronote
differentiation of the stemcells 6 along a

r edetrer.ni_ned L.l [ LT

B, oo 5By bk OSAUSIr A, R iy S Bl of
1, wheliematrixhie nét iucsd HyamereaharB2098 npdén conaabtily dorce exerted
stein_cells. 9 3, The tissue engi neering construct of

cl ai mby thewrabgopicstan ¢elis s are human 10 enbryonic
stemcells. 11 4. The tissue engi neering construct of

qbai Mrhe HabRS éﬂgghie@ﬁﬁg et strustFRYitn 9T Heketn a %?osQ—@léﬂQfohﬁle&ea of

a poly(lactic d) = poly(lactic acid-co-glycolic
aci d) thed mawixas not@daced tryanoriesbarel @¥h ginderer ¢omgractdn force exerted

of claim4 erein the,cell support matrix 14
con‘pr?’?g%e ?@%’P%WF%& of poly(L-lactic acid) and
poly(lactic acid-co 15 glycolic acid). 16 6. The

tiiss umm&wﬂwﬁﬁ@a&swsﬁa@ia@l 1, Whérein'l GFoBs-Bectional area of
cross-sectional area of 17 the matrix is not reduced
by noitke matiix i5 00t 1gduead by raenstthanct Yo|uadein eentiagidledarge exgted by

by th%ee%%gﬁjc {e?ltg%nscel Is. 19 7. The tissue

engi neering-cons of claim®6, wherein a
cross-sectional area of 20 the matrix is not reduced
BEZ. noMhetiBark eh@lhearine comtractrdfrolaimi I, evifersin ¢heccel rstippbrt Miatrix

by the enbryonic stemcells. 22 8. The tissue .
engi it GOPBHETSA ROALBS inciding g aggbihet progotes cell adhesion.
cross-sectional area of 23 the matrix is not reduced

ES. D e iRAR: e%%?ﬁeh‘ﬁﬁf&onﬁtrﬁ&mfrs ciz’éifili 1|92§-‘ whefeheth@a@értBat pdimotes

y the enbryonic stem cells. . The tissue

engi neelt adhesivoris selerted fomcfibronectin, integriss.and oligonucleotides that
cross-sectti OQ@IGQ},'area of 2 the matrix is not reduced

by noPEPHE bunder a contractile force exerted 3

by the enbryonic stemcells. 4 10. The tissue

eagi nabe itisgheGmgiicttig c@fstrattadNEldm Nivhieadin the cell support matrix is

cross-sectional area of 5 the matrix is not reduced

by nobiodegrrdadloog noprbiodseradehie-actil e force exerted

15.  The tissue engineering construct of claim 14, wherein the cell support matrix
is selected from PLA, PGA, PLGA, poly(anhydrides), poly(hydroxy acids),
poly(ortho esters), poly(propylfumerates), poly(caprolactones), polyamides,
polyamino acids, polyacetals, biodegradable polycyanoacrylates,
biodegradable polyurethanes, polysaccharides, polypyrrole, polyanilines,
polythiophene, polystyrene, polyesters, non-biodegradable polyurethanes,
polyureas, poly(ethylene vinyl acetate), polypropylene, polymethacrylate,
polyethylene, polycarbonates, poly(ethylene oxide), co-polymers of any of the
above, adducts of any of the above, and mixtures of any of the above

polymers, co-polymers, and adducts with one another.
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6 by the enbryonic stemcells. 7 11. The tissue
engi neering construct of claim 10, wherein a
cross-sectional area of 8 the matrix is not reduced
by nore than 1% under a contractile force exerted by
9 the enbryonic stemcells. 10 12. The tissue
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pol yanj L : ' PEin. M,

pol yeg?%lbgs&r?gﬁ-gﬁg)gééf%gﬁpé polr’yure %{1{11’35, e°§1§cans’

pol yugbaspropshy @bicoydntineglycaiy| cleamitatie agents, or growth factors.
pol ypropyl ene, pol ynethacrylate, 24 pol yethyl ene,

| ycar bonat es, . pol.y(et hyl en xi de cO-pol yners. of .
38 o he RS mminkerits Conttucies <Bimdl yhetenn P BB tactanis
m Xt Usgected ﬁ%ﬁﬁ’cﬂ&kih&? eﬁ@&h@id@%@iﬁﬁ%ﬁﬁati&%&@}sy ners,
and adducts with one another. 33 1 16. The ti ssue

engi neering construct of claim1, further conprising
dhe omhatissue epgineening eansiruet of shaim|20nwhertein thg grasyth factor is

11 3o 00 P RIACT) Mokl sb G, gt BRIV faor,

mat ri X hgineer

cl ai mbdne ing Enctio PRdtein], m@Fﬂi,Gﬁ?atbt}&é gfdth Factdr, platelet-
i nternal and external surfaces of the cell support

nmat r i Aerigdigowithiactor.sEGE-oe igF laad ilh §ewatoppietie grayyth factors,
claiml17. . wherein t | 1s.selectgd.from J agen
gt o BEAEL AR (RForcpBfE Skt o lySpeieA

MATRI Geitbrleukinkd tumidi@ietrosis Fsct 68 JinfegRfdrid gealomysitintigl htig factors,
claim 18, wherein the gel further .
fibroblast growth factors, nerve growth factor (NGF) and muscle morphogenic

factor (MMF).

22.  The tissue engineering construct of claim 1, wherein the cell support matrix
has a shape selected from particles, tube, sponge, sphere, strand, coiled strand,

capillary network, film, fiber, mesh, and sheet.

23, A method of producing a tissue engineering construct, comprising:
providing a population of embryonic stem cells;

seeding the embryonic stem cells on a cell support matrix; and
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9 conprises one or nore of lamnin, fibrin,
fibronectin, proteoglycans, 10 gl ycoproteins,

gl ycosam nogl ycans, chenotactic agents, or growh
factors. 11 20. The tissue engineering construct of
claim1l1l, wherein the gromh factor is 12 selected
from cyt oki nes, eicosanoids, and differentiation
factor e f

et oot b sl SRAGMO BTG B AFINEL Bfpromor
from act i vidifféetitibh, oflﬂe_t stﬁﬁlceﬂgaﬂbﬂg & prodeteemintdicsiilineage or
grow h factor, 15 bone norphogenetic protein, TG (3,
hepat ocyt e l’gtpcﬂ/ﬁﬂ’ﬁclﬁEGF]éFYPepl atel et 16 derived grow h

fact ory ﬁ’% P e step of
factors J%%St%n;%rcﬁér? &’Hé owt ﬁ'ﬂfﬁaﬁ%& pept ?‘8 3P 0
growt h f actse¢ding, @ Hothe op0| etin, 18 interleukins, tunor
necr osis factors, i nterferons, colony stinulating

cto 19 f owt ors, perv r owt h

040! Oty LR St Pl S5 f L E5Ar geymalian
21 22 embordit SiSm&eff0i Neering construct of claim1,
wherein the cell support matrix 22 has a shape
selected fromparticles, tube, sponge, sphere strand,
@8i | edhemethesl of daimeh wheseisy theeambpsyRnic stemneellsiapeiuman
mesh, oshrfcegtgmc%ﬁSZS A nmet hod of producing a tissue
engi neerihg construct, conprising: 25 providing a
popul ati on of enbryonl c stemcells; 26 seeding the
@6br y Geeneth@hodaitre2 ) wierae tHe llppppdrt matrin s ;thrae dim&wional.
1 exposing the enbryonic stemcells to at [east one

e e bl P L et e Sesone eSOt s o

I NLO 3efiREEbY hfor€ flah S0¥PEndef 2 WhRERLIlE foh& SXeftBd BY the embryomc

exposi ng may” be perforned before or after the step of

5 seedtenrgcel r both. 6 24. The nethod of claim 23

wherein the enbryonic stemcells are manmmal i an

\%ﬁ‘br y%‘ e%ﬁo %1ln527 Q‘fl'%?em ;I}Fosg%aﬁ%aﬂref Lgﬂh%‘i‘l‘lx is not
erein ryoncsemcl

enbry @edu@e@ bga Mogethad 404 uritfer a Th@tratiildfocecixeftbdbttizmbryonic

wherein the cell support matrix is three di nensional.

11 27 sterheelldet hod of clai m 23, wherein a

cross-sectional area of the matrix i s not

29. The method of claim 28, wherein a cross-sectional area of the matrix is not

reduced by more than 30% under a contractile force exerted by the embryonic

stem cells.

30.  The method of claim 29, wherein a cross-sectional area of the matrix is not
reduced by more than 20% under a contractile force exerted by the embryonic

stem cells.

31. The method of claim 30, wherein a cross-sectional area of the matrix is not
reduced by more than 10% under a contractile force exerted by the embryonic

stem cells.
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12 reduced by nore than 50% under a contractile force
exerted by the enbryonic 13 stemcells. 14 28. The
nmet hod of claim 27, wherein a cross-sectional area of
the matrix is not 15 reduced by nore than 40% under a
contractile force exerted by the enbryonic 16 stem
cells. 17 29. The nethod of claim 28, wherein a

0SS ' : f o Xl :
3 mor S pRRE ARER £ wlhein B s KohioelPlred e AETHBRE is not
t he embducedbg mak® tiandi¥ asdédra.coiftadile forbeexeetell byt thé embryonic
cl ai m 29, erein a cross-sectional area of the matrix
i s not*®MC§liSduced by nore than 20% under a contractile
force exerted by the enbryonic 22 stemcells. 23 31.
Bhe matfacgetid 6f ki 29 withGh fidbell SpRSE Al Edtitised s ea
of the matrix is not 24 reduced by nore than 10% under
a contpobxflactieadid) cpolpllantic adidbgo-glyeolmmsidjomixbare.25 st em
cells. 35 1 32. The nethod of claim 31, wherein a

,0SS+Sect i.pnal - ar.e f ithe ErheX . t
o TRETREE et BURTSS viierSa I ol piort Ry (EBIRG p Y s0
enbr y eifixfure 8f dlH(D-Retit scidfandpoly(irticatidams-gicslicrcid)2 3,
wherein the cell support matrix conprises a b5
pal y(lactic acid) - poly(lactic acid-co-glycolic acid) .
APxt urlde meethod ofilainyd, fyghes compsig saating1he e¢lh synpert matrix

cell Bk ri :50/50 7 mxture of
pol y(ﬁiﬁg%%gc aC|i Ogl% SSFS‘?P%%@‘.C aci d-co-glycolic
acid). 8 35. The nethod of claim 23, further

S6npr iThempethahof dlgnt s wderdin theppent thateproinotes Selbiadiesion is
agent that .pro es cell adhesion.. 10 36...The netho
S0°T! PPt PR B et i EHG: and ligoppfisides Thal pronicte cel

adhesizg@Resich. 11 selected fromfibronectin, integrins,

and ol i gonucl eotides that pronote cell 12 adhesion.

13 37. The nmethod of claim 23, wherein the_ cell

3iipporthe grathodof dainy B shiezein Hheccellsupport matrix is biodegradable or
non- bi 15 38. The nethod of claim 23,
V\hereinﬁgt ed%g%glldag'upport matrix is selected from PLA,

38.  The method of claim 23, wherein the cell support matrix is selected from PLA,
PGA, PLGA poly(anhydrides), poly(hydroxy acids), poly(ortho esters),
poly(propylfumerates), poly(caprolactones), polyamides, polyamino acids,
polyacetals, biodegradable polycyanoacrylates, biodegradable polyurethanes,
polysaccharides, polypyrrole, polyanilines, polythiophene, polystyrene,
polyesters, non-biodegradable polyurethanes, polyureas, poly(ethylene vinyl
acetate), polypropylene, polymethacrylate, polyethylene, polycarbonates,
poly(ethylene oxide), co-polymers of any of the above, adducts of any of the
above, and mixtures of any of the above polymers, co-polymers, and adducts

with one another,

39.  The method of claim 23, further comprising adding one or more biomolecules,

small molecules, and bioactive agents to the cell support matrix.
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16 PGA, PLGA pol y(anhydrides), poly(hydroxy acids),

poly(ortho esters), 17 poly(propylflinerates),

pol y(caprol act ones), pol yam des, polyam no acids, 18

pol yacet al s, bi odegradabl e pol ycyanoacryl at es,

bi odegr adabl e pol yuret hanes, 19 pol ysacchari des,

pol ypyrrol e, polyanilines, polythiophene, polystyrene,
pol - Di . nol yur.e: \

8 JurtEhahds oPalEP S GG L0 iR Aoy P Snbryonic stem

pol ypreellyvithin a gel) whatinaeedthg i entalyyisit beheeets on the cell

pol ycar bonates, 22 pol y(ethyl ene oxide), .co-polyners

of anyupport matraigcludesdispnsing the gelfp igternal and oxtetnghanefaces of
and m .of the above pol yners,
co-poﬁ%%g$§§mg§% addlcts 24 with one another. 25 39.

The met hod of claim 23, further conprising addi ng one

dhrl. norkhebnethed efedhies40, vikrsimilid gahid sebesctedsfrom wdllagen gel,

The. mAtHEHecHERE pad Kot Faiar A AT S posi ng
the enbryonic stem 2 cells within a gel, wherein

sigedi Mhetrh@h&THf NEIR1 £1,SHRIRIE Bhd Sl Bittheh QomBlitesdns VPRV of
matri x includes disposing the gel on internal and

ext er pamininy fbgiae Sbronectin, praseqadydans, ghysoproteins.r i x. 5 41.
Th f i . h : Sy
fr gm”??;ﬁ%gadﬁ%ogfg?%lﬁl ég%?%?%%g&%’g%@%%ﬁgﬁféﬁﬁﬁ e

Fact or Reduced MATRI GEL. 7 42. The nethod of claim4l,
wier eiThetnihabdf dlaint 265 wheatip cultengns eonductadria agerundfree
lam nin, fibrin, fibronectin, proteoglycans,

gl ycoﬁ‘i“’éiﬂ‘gpns, 9 gl ycosam nogl ycans, chenotactic
agents, and growmh factors. 10 43. The nethod of claim

243, WREehdhSd bt daihEB, whepdh Mg%gt is Relected® freft 4 %ﬁ&ﬂ] tktor, a
medi um 12 44. The nmethod of claim?23, wherein the

agent nieshanical doxsd, dir destric yoltageha bimactive agant, a biomolecule, and a
nechaniCﬂI forqe, an electric voltage, a bioactive
agentfng 5?% Bcule, and a 14 snall nolecule. 15 45,
The nmethod of claim44, wherein the growmh factor is

96| ectTid nigtiad efdl4ila 45 wherelf tied @owenfic@s is *idted from cytokines,
differentiation factors. 17 _46. The nethod of claim

45, wEisosaRidspandfifigrantiation BEIOrs sel ected from

activin-A 18 (ACT), retinoic acid (RA), epidernal

@OV Frnt 3t ofR9AE 4% WARRGE BRI dr6wth factor is selected from activin-A
(ACT), retinoic acid (RA), epidermal growth factor, bone morphogenetic
protein, TGF-B, hepatocyte growth factor, platelet-derived growth factor,
TGF-a, IGF-1 and II, hematopoietic growth factors, heparin binding growth
factor, peptide growth factors, erythropoietin, interleukins, tumor necrosis
factors, interferons, colony stimulating factors, fibroblast growth factors, nerve

growth factor (NGF) and muscle morphogenic factor (MMF).

47.  The method of claim 44, wherein the mechanical force is selected from hoop
stress, shear stress, hydrostatic stress, compressive stress, tensile stress, and

combinations of the above.
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19 protein, TGP, hepatocyte growth factor,

pl atel et-derived gromh factor, 20 TG~a, IG~-1 and
I'l, henmatopoietic gromh factors, heparin binding
growh 21 factor, peptide growth factors,
erythropoietin, interleukins, tunor necrosis 22
factors, interferons, colony stinulating factors,

f4gbr o .

i "1 OBBE ko4 et o S s 04 S et
met hodrah pattizles) thille, spbrges kphetd) tramd; Railéd strantlpeapillarsg network,
sel ect gd {ﬁ%om hoop .25 stress, shear stress,

hydr o fiber; mesh,and shestr essive stress, tensile

stress, and 26 conbinations of the above. 37 1 48.

Woe nefGHetRbd 6f @hil gi’wﬂéfﬁﬁﬁéﬁ&iﬂ%ﬁ&ﬁdes THREPH emléryonic stem

matri x has a shape selected "2 fromparticles, Tub

spongesells shthe pressngeanf@, growth fackost r and, capil l ary
network, 3 film fiber, nmesh, and sheet. 4 49. The

t hod..of ai 3. erein provi.ding includes
SFh ¢ or &bl OF i 403 rtin Btk fphderstR somumfreg
gr owt hndédaethor. 6 50. The net hod of claim49, wherein
culturing is conducted in a serumfree 7 medium 8
51. A tissue engineering construct, conprising: 9
Sfbr y dhHESUS CEFNEHINECONSHUGE, GOMEBING: nensi onal cel |

supporeﬁnﬁif%ﬂ'iég)eﬁlggﬂg.i sing a 50/50 mixture of poly 11

(L-lactic acl poly (lactic-co-glycolic acid);

and 12 thrée-difensiGnab2ell fupfpostsnatrie cgmpeeing adOciinsixturetof poly
conprising:,. .14 enbryonic. stemcells; 15

t hr ee- di medLlasin 2 IaF‘HsPBB’ icQrglysolic i%dhg a
50/ 50 pxpure of poly 16 (L-lactic acid) and poly
(lactic-co-glycolic acid); and 17 a nenber of activin

A, | GF, and any conbination of the above. 18 53. A
Zssue\ Bsnye epgineeTngE@NsUalctomeBn i Si ng: 19 enbryonic
stem celbl s: .20 a three-di mensional cell support matrix
conpr iCEREIC BEMEUR xt ure of poly 21 (L-lactic acid)
and palthreeldabhdora®cdl ¥pbitinafik ddmpAKitg a 50/50 mixture of poly

(L-lactic acid) and poly (lactic-co-glycolic acid); and

a member of activin A, IGF, and any combination of the above.

53. A tissue engineering construct, comprising:
embryonic stem cells;
a three-dimensional cell support matrix comprising a 50/50 mixture of poly
(L-lactic acid) and poly (lactic-co-glycolic acid); and

retinoic acid.

54.  The tissue engineering construct of claim 51, 52, or 53, wherein the cell
support matrix further comprises one or more of fibronectin or growth factor-

reduced MATRIGEL.

55. A method of promoting tissue development, comprising:

providing a population of embryonic stem cells;
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22 retinoic acid. 23 54. The tissue engi neering
construct of claimb51, 52, or 53, wherein the cell 24
support matrix further conprises one or nore of
fibronectin or growh factor- 25 reduced MATRI GEL. 26
55. A nethod of pronoting tissue devel opnent,
conprising: 27 providing a population of enbryonic

stem %@édngg‘ m%%rdbrfcﬁﬁéi&m Jeh?oﬁﬁ%&% L forSh8ix @ hpristig £50/50

cell support matrix conprising 0 2 mxture o

pol y(L- | acmiztae dffpolnfidlaptic géitl hand pol pidacgicycoedl yeolinaicit); and
and 3 exposing the enbryoni ¢ st cells to TG~ (3, 4
wher eieAPYSRE W& EPOTHNIGHER <& ﬂqf‘gbrﬂqous tissue. 5 56.

A net \%&ﬁﬂﬁr&ﬂp i cg&aﬁlfggnq,ggﬁggﬁgnent, conpri si ng;

6 pro ng a popul ation of “enbryonic stemcells; 7
seedi ng the enbryonic stemcells on a cell support
@t r i A methodiod prometirgtisSoe déreldpuient,eonfprisimgy (L- | acti c

id d..pol y(l actic-go-glycolic-acid); and 9
:ibolip%“‘?lﬁg ai’&?ﬁ%{iﬁe{:g’?@#@glslfén?%isé)rle g? nmore of
act i Visgedthgfhe eh@yoniéﬂeiﬁf&ﬁgbg %tcelz sEfdrSmaHR HeGPHridinges0/50

feto protein and al bumn. 11 57. met hod of pronoting
tissue devatispmenfpoly@maciicpeid) andiplylasticdorglyeslic-acid); and

popul ation of enbryoni ¢ _ste ells: 13 s i.ng.th
obry S he s SRR G fie B} o bete RERFI A iR G,
conpr iwdiefin the2M19Prodbde Mphi i@ proteif @hd albunlimct i ¢ aci d)
and poly (lactic-co-glycolic acid); and 15 exposing
e enbryonic stemcells tgéretinoic acid, 16 wherein

e c 6t sthed pé peasnating iowag developmens coppPrisigs. 17 58.
The mf,[.m n?.g‘y%#’@"ﬁ ?Peni omQrste'yc&ﬁere' n the cell

support nat urthe conprises one or nore of
fi br oneslingithe emBrysidstEiaciells eie delt suppb8t dvitFiRIcGHprising a 50/50

20 59. The net hod. of ine 55, 56, or. 57, wherein ..

exposi ng CIMEPFERLsaly (1 P goch and palSlasieao dhiepiic scid); and

S Uppoﬁeht)dﬁ{gr th¥ etnBryonid RerthQElld WoreRGikacig22 60. Use of a

conposition produced by the steps of 23 providing a

popul athersin thfe celbdevsiopenarenal tisduestructures.

58.  The method of claims 55, 56, or 57 wherein the cell support matrix further
comprises one or more of fibronectin or Growth Factor-Reduced

MATRIGEL™,

59. The method of claims 55, 56, or 57, wherein exposing comprises culturing the

seeded cell support matrix in vitro for two weeks.

60.  Use of a composition produced by the steps of:
providing a population of embryonic stem cells;
seeding the embryonic stem cells on a cell support matrix;
culturing the seeded cell support matrix in the presence of a growth factor for
a predetermined amount of time,
in the manufacture of a medicament or article for use in treatment of a

condition by promoting tissue development.
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24 seeding the enbryonic stemcells on a cell support
matrix; 25 culturing the seeded cell support matrix in
the presence of a growh factor for 26 a
predeterm ned anmount of time, 27 in the manufacture of
a medi canent or article for use in treatnment of a 28
condition by pronoting tissue devel opnent. 39 1 61.

0 ’ i ac
gst grs) pol y(propyl funerates), poly(capr oI;(actl‘oneIs}())1 ? _0
g_ol éarﬁs@éﬁz p%ﬁmﬁ erafes)chi¥(carglagtongy)apalyamides, polyamino
i ode a
R o AL BB GBl ol
ol yost or 5 non by adea adabLe. salyLe st hanes. o ophene
0 , - ,
Dol Y armeEtsne Bob e SRy R GogFarpieble baliepanes, polyureas
pol y pripxt®yRne RR1yY Hig‘ettﬁé‘)? W@f@yleﬂ@{ﬁtﬁ}rﬁé‘ﬂsﬁ}s}#& golgfethylene,

pol ycar bonates, pol y(ethylene oOXxi de), Tco-

any ofpolyvertminates, pody(edislene oxidi), ampotymerk of ayoefahe abave,

m Xt ur f an t he abov | yIer s =10

por y Rt afiatl ik s BS,R0 FmBREE B Gy Sthe dbpve prlymzs oo-
accor Goliindrs, ahdaddn@dwithieae ahdthéhe t hr ee- di mensi onal

cell support 12 matrix conprises a 50/50 m xture of

paly (L-lactic acid) and &?\gﬁl (lactic-co- 13 glycolic
i d) .Theasgaccordiag e elame 69, wherginithe Greg-dimspsionpl celd sppport

the c : . Y G {0, S
that oy an CORBHLe AT o Bufe g i A PR flactio-co
to cl alyoolidacidnerei n the agent that pronotes cell
adhesion 17 is selected fromfibronectin, integrins,

AR R sl s i

enbr y QiagemiRiNf&thbes aél€adlegipased 20 within a gel,
wherei n seeding the enbryonic stemcells on the cell

support 21 matrix includes disposing the gel on

bt er ridie vapaccording knelaisyp3.ahsseipthe sgentbiat promptesigel) gdiesion
M1 %s sl @Prror HbeREHRRREARE Gnk BliBbRlcRoRdes HASHEHIte cel
g 0 ger, 74 a? gi nate,

the gel TS selecte romc adgen
agar, adhsbida,owt h Fact or Reduced MATRI GELTm

65.  The use according to claim 60, wherein the embryonic stem cells are disposed
within a gel, wherein seeding the embryonic stem cells on the cell support
matrix includes disposing the gel on internal and external surfaces of the cell

support matrix.

66.  The use according to claim 65, wherein the gel is selected from collagen gel,
alginate, agar, and Growth Factor Reduced MATRIGEL™.

67.  The use according to claim 65, wherein the gel further comprises one or more
of laminin, fibrin, fibronectin, proteoglycans, glycoproteins,

glycosaminoglycans, chemotactic agents, and growth factors.
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25 67. The use according to claim®65, wherein the gel
further conprises one or nore 26 of lamnin, fibrin,
fi bronectin, proteoglycans, glycoproteins, 27
gl ycosam nogl ycans, chenotactic agents, and growth
factors. 40 1 68. The use according to claim60,
wherein the growh factor is selected from 2

tIVI o 2T .

P8+ orHeben chiding & QA o et ) gro Y HEQTR: sl fom
hepat actytia-Ay (MEM‘)] rétimn@aczd (RA),epitermalrgrowth fadtogrbmme h

fact TG h t
£ act oPOTPRRESAFIS Prorsin, INSF-R fepRty O§%\Wﬁb¢a°t°gé’g"{t1ﬂa%deﬂ"ed
gr owt f95t§r TRIRLE IR LA | therh 1&‘?61?:'0% facforl, W¥PArin

necro actors, interferons, y st ["at'i ng
fact Olbindnig rooith ﬁ&tor?p@udwgfowthﬁmm eryﬂnmgm@m)méﬂeukms

factor (NGF) and. nuscle r phogeni c factor . 8 )., 9
69. THEDYRECHSIIRE Ryt TerpRs, folony stimulating f%ﬂffgg»%%last
prede g;%fwtﬁ [ %&P aéenf'

The u vg%lgg(g ﬁ%ér?% cl al %ﬂ%‘@\%@%&?‘ﬁﬁgﬁﬁur %g is‘pfactor
condu&MMF) n aserumfree 12 nmedium 13 71. Use of a

seeded cell support matrix in the manuf acture of a

na dPg e fReprain o1t o ofterdt e BetBARE derfi o ime s

the cewbweegRport matrix is produced usi ng the net hod
of any of claim 16 55, 56, or 57. 41

70.  The use according to claim 60, wherein culturing is conducted in a serum-free

medium.

7t.  Use of a seeded cell support matrix in the manufacture of a medicament or
article for use in treatment of a condition by promoting tissue development,
wherein the cell support matrix is produced using the method of any of claim
55, 56, or 57.
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