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have induced differentiation
Thus, it is desirable to develop methods of promoting differentiation of ES

cells into three-dimensional tissue structures.

Summary of the Invention

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

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



WO 2004/ 053096 PCT/ US2003/039301 poly(lactic acid) -
pol y(lactic acid-co-glycolic acid) m xture, for

wexaaps®@ 50/ 50 m xture of poly(L-lactic aciBQT/a82003/039301

10

15

20

25

30

poly(lactic acid-co-glycolic acid). A cross-sectional
area of the matrix may be reduced by not nore than 50%
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be disposed within a gel, and seeding the embryonic stem cells on the cell support
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

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
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in the presence of a growh factor as part of the step
of providing. Definitions "Bionolecules": The term
"bi onol ecul es”, as used herein, refers to 5 nolecules
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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

cytokines, eicosanoids, and differentiation factors.

kEd 66

“Polynucleotide”, “nucleic acid”, or “oligonucleotide”: The terms

LE 19

“polynucleotide”, “nucleic acid”, or “oligonucleotide” refer to a polymer of

kN 17

nucleotides. The terms polynucleotlde nucleic acid”, and “oligonucleotide”, may
be used interchangeably. Typically, a polynucleotide comprises at least three
nucleotides. DNAs and RNAs are polynucleotides. The polymer may include natural

nucleosides (i.e., adenosine, thymidine, guanosine, cytidine, uridine, deoxyadenosine,
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nucl eosi des (i.e., adenosine, thym dine, guanosine,
cytidine, uridine, deoxyadenosine, 3 WO 2004/053096
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“Polysaccharide”, “carbohydrate” or “oligosaccharide”: The terms
“polysaccharide”, “carbohydrate”, or “oligosaccharide” refer to a polymer of sugars.

The terms “polysaccharide”, “carbohydrate”, and “oligosaccharide”, may be used

interchangeably. Typically, a polysaccharide comprises at least three sugars. The
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"pol ysacchari de", - carbohydrate", or

"oligosaccharide" refer to a pol ynmer of sugars. 30

The terns polysaccharide carbohydrate and
sacchar sed.inte
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anti-pyretics, steroidal and non-steroidal anti-inflammatory agents, anti-angiogenic
factors, anti-secretory factors, anticoagulants and/or antithrombotic agents, local

anesthetics, ophthalmics, prostaglandins, anti-depressants, anti-psychotic substances,
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vasodi | ating agents, inhibitors of DNA RNA or
protein synthesis, anti-hypertensives, anal gesics,
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Brief Description of the Drawing 15 The invention is
described with ref cBegiRescription of ghePrawhiggur es of the

dr aw NGppe 1{1@6 h?J] esE 1196%»91&}@1&% éé%% éeg/ al figures of the drawing,
ained w anti bodi 6s
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(A and TBgurfelSPeHdeHbeld anigrgrap hp Ccm%l iSuEhBiApEHA Mathgmjibodies
1%) the(IQ)har’ZaQte%ét]réLplto%?ﬁg Mhst%gﬁﬁl sctéﬁﬁg'fbt (?é?ﬁﬁﬂﬁe sgePficity and

cytokeratin-7, human | ung; Insulin
paptmabgilut{da) (Afﬂnﬁ]B)tmlsmn |nmusemnnbeyomudvram (éBpryonic day 17); (C)

WA B 20 Bl
a%ﬁ trleiisl; { r[?m- 'Tllgla oudd B@% ((?i“%ln’%n&ﬁtlﬁln%qgﬁélp (ﬁf‘gﬁgoth

rani n
muscle actin, human tonsil; (I) CD34, human tonsil; (J) CD31, human tonsil; (K)

albumin, liver; (L) a-feto-protein (AFP), adult liver; (M) safranin-O, fibrous
cartilage.

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), activin-A (ACT), retinoic acid (RA) insulin growth factor (IGF) or
no growth factor (C~ON). Left panel: dark field images of the “spheres” formed (Scale
bars=1mm). Middle and right panels: histological sections of the samples stained with

H&E. Bottom: histochemical and immunostaining of cross sections of the “spheres”
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transform ng gromh factor beta (TGF), activin-A
(ACT) retinoic acid (RA) insulin growth factor (IGF)
no growt h factor Left panel dark field
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Figures 5A-D are scanning el ectron m crographs of
PLLA/ PLEigu s SA-Di ate Scammllg@ftctr()rl\)niangraphs bf EBLMPLGA scaffolds

di ffer atin C he,attachnme
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PLIEABW@@ scaf fol ds stai ned
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

p—

(E, G) seeding the cells onto the scaffold with matrigel or (F, H) coating the scaffold
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) [ Low (X100) and (J-K) high (X1000) magnifications]
(scale bars =50pm).

Figure 6 includes micrographs of undifferentiated (undiff) or differentiating

hES cells [embryoid body (EB) day 8] (diff), mixed with matrigel, seeded on



wi th hematoxylin and eosin (H&E) stain. hES cells were
seeded onto the scaffold by (E, G seeding the cells
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scaffold 25 with fibronectin (scale bars =50m).
Figures 51-K illustrate the proliferation of hES cells
on PLLA/PLGA scaffolds after two weeks of culture,
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m crographs of hES cell-scaffold constructs grown
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Fet nodeis 1 FRagpE e died g AR A bLpeysHt structures
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Figure 7Cis a conparing | unen aneters of
t ubedivoyos tin thesxrmmqnfdﬁF drqu%d by cyt okeratin-positive

cont o2 T BT EeRY it e belbridse TR Er iy stained
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?erﬁ%ﬁﬁglﬁw%?lﬁﬁ%d&g% Ewégs@sg@@f ?QSSJFAF@I JlfnlgHSt ! e @ pedim
supplemented with TGF- (TGF), activin-A (ACT), retinoic acid (RA), insulin
growth factor (IGF) or a combination of TGF- and activin-A (TGF/ACT) and
stained with Safranin O (Saf O) or with antibodies against human AFP, albumin,
nestin, By-tubulin and S-100 (scale bars=50um).

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 different experiments performed in duplicate
(bar indicates mean value +/- SD). ' '

Figui‘e 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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factor (1GF) or a conbination of TG and activin-A
(TGF/ ACT) and stained with Safranin O (Saf 0) or wth
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m crographs of two-week old hES—scaffoI d constructs

i AN PEd.A sraffolisiserder v thediffersntiptingdhumantenaigorie stgm (ES) cells
a tem Py%ﬁde gocg/%']ﬁ %Ey @?55?&“ matrigel, stained with antibodies against human

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-
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

control.



CD3 1, cytokeratin, AFP, or (3111-tubulin (scale bar =
50m . 20 Figure 12A includes m crographs of sanple
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seeded with differentiating human enbryoni c stem (hES)
cells [enbryoid body (EB) day 8] and matri gel,
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Dickinson. Unmodified matrigel is a solubilized basement membrane matrix

extracted from the EHS mouse tumor (Kleinman, H.X., et al., Biochem. 25:312,
1986). Thg 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,

(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, physica
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by dividing the cross sectional area (Areaofcells) by the cross sectional area of a
single cell (4c.;). The above equation can be re-expressed as the following:
_Eu
Acell
If one assumes the diameter of a cell in cross section is approximately 6 pum,
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 (FCell) has been calcul ated
to be approximately 3 nN for fibroblasts independent

wotomgnsfobol d stiffness38. While it is a broad PCT/US2003/039301
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link density, to 10
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degthose skllled in the art. The minimum pore size and degree of porosity is dictated
by the need to provide enough room for the cells and for nutrients 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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be adapted for the inplant site and tissue type. The
matri x may serve sinply as a delivery vehicle for the
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f%l%ﬁ%/ gé&%ﬁﬁﬁ&‘uggs Qﬁf)r %‘FeOr (%%8 SE 2%;81813pse For example, PLA

p‘ﬁ{a)yafél déﬁﬁ)mdd@bMﬁﬁbl@@:a@@ﬂaiﬁonePOﬂ BI&GAttmfﬁmn a mixture. Both the
bi odegr adabl e polﬁcyanoacr ates, biodegradabl e

pehgiae et priasr anddhp Etpsel §reEsa CNBAYBITH By s ddBIsted to
p%{)%ﬁyesthggc}/fmess of the matrix.

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,
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. Qher non-biodegradable, yet
bi oconpati bl e pol yners i nclude polypyrrole,

w@oeiogasiobé nes, pol yt hi ophene, pol ystyrene, pol REFUS2083/039301
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non- bi odegradabl e 15 pol yur et hanes, pol yureas,
pol y(et hyl ene vinyl acetate), polypropylene,
polynethacrylate, polyethylene pol ycar bonat es, and

pOl Hfaﬁ é’e{a[ff%a gé‘hld 1g1g£§%?1§§( o 1a§/we 02{8308605 or less result in

C We?ﬁl%ﬁﬂ Nos. Mhe mdcul R ISR fd 3BRIaART Ty iheltence the
tissue engineering applications. Co-polyners,

mitdifueseof tha pdlyackd nox.oThe hetuab’cﬁféh@mlyﬁﬁér alsprinflugnegs the

Cgloggﬁfl nB%’gf(fﬁE%?tﬂB éClgg(??iéﬁ ;‘:fsa 1% ta£t1c | c@%’a%ﬁqg 20 Cra%ﬁﬂﬁﬁgl of the

t elyRE hiaihe Ahodans dfhxﬁmu@@ coﬁt’a@fﬁﬁg ttl €meakillelién tmtaﬁl wﬂl
For exanple, a _polyne gh affinity for r51
CEICPENIAR ab@emwdv%htr@nécgtstaﬁhrw qf&w&ﬁ 1ymers Iscussed

p Egowﬁﬂﬁg%éecggﬁogggf ‘Jﬂ? sﬁﬁ%i%f e rﬁ‘%ﬁhf(f ﬂﬁ&%vﬁeo the

resi st e conbi ned

Whidpoainydfeapmosrant eomaﬁ)olgmethxmreﬁmy"b@adjmsmdmoachleve a
Both t he 25 choi ce of polyner and the ratio of
p8esyisd sEtNessa co- pol yner may be adjusted to optimze

the stiffDess, éﬂérgteﬁ?oo &t Xa ce'ﬁ'—r@sp%ﬂge RBb&ViRE ch as ﬁl growth factor

copol yrmers ar rticularl’y useful for formng t
bood e]ganadad:licelgnmtma}cb@add'ﬁﬂéo &mwﬂﬂmeroﬂattlhegtp‘@ aggedifier may be

matrix is re nol.ecul.ar, we

Pk PO E SO BioB T YIS HEC RieBr e P Bdlgriagd tareet cell.

W%l@ﬁiaﬁveﬁ%r 6h SHditiNe tigthhodiYieF REP boBIeGEd RITetRit@RIIS todthe matrix
0, 000 or "higher, result in polynmer matrices _which

r ot i promiogs ot 1ehibii spenifat mietabelig adtiyitiesof Felkgerruped failg matrix.

Ptéﬂe %V\f{/gb%l@% IS fﬁ?# égtﬁog?zr%ggl glﬁ%gc? ?oeacéW}n -A (IACH) retinoic

AYEHFRA) BRiREMhPErowet S181cs, Kfne BthrPibenstid @oin, I‘IEEE}BI hdpatocyte
shorter matrix lives. The nol ecul ar wei ght and

c glywmfaqtm piatedgtaisrived Bioal éactdieTSE G, flﬁ skangf1Lthggatopoietic
t act t
B B it B RS Kl U s TR BB oo

| $bAG i, tunte heassid Jadidre, iafeytonk) doldrtyystipfulsties fabtors, fibroblast
pol yner and the nodul us of m xtures containing

s @rqmtbdaqtaarsxmvawm factar éN6GH Ppdmupgle m%@%n@éa?ta&MMF>~
AR S Ry BTk LB AR Rl c

Staf}tfl\flf}&ﬁﬂ differehigativatpail . THe kguibtoey effdves ofpr lopgerfhindly ofgrowth
paol ynmers in_a co-polymer m xture may be adjusted to
ad¥it@y aregvellbagwny t§9$efslkﬂg@§ MR an” exenpl ary

fegE?glr FBREmbRydnfl ek RIRORRS al¥B B cliRtred Weth tBS cRoveth Bdidts or
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.
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 polyner
matrix. Such a nodifier nmay be wused to pronote

waledoesIpd i ati on of the enbryonic stem cells i PEDUS2003/039301
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desired target cell. Alternatively or in addition,
the nodifier my be selected to recruit cells to the
rratrix or to pronote or inhibit specific netabolic
1 [l -
551\{ o?%bl% \/\ﬁﬁj ];ﬂct it Sglj (ghé%ngae%ttﬁ gf?ﬁﬁéﬁ%@ﬁ?ot%?%l]l ftdehé:smn, such

t @s &Q}D \may bﬁe 4died Yo the@olyn@srenatée CThémbactiep adﬁhmiﬂbmmatory
grow h factor, bone norphogenetic protein

h %mt@ewé)e agdesiiorhe lalatrerto pilugnes the b&hwl%%f C@H@Wc ﬁe tissue

f T 1, hematopoietic growth

fgg{rgl?%dln%pa %I ngl ng gr ovvt h factor, peptide growth

factor é[‘he&emshafdan @bBien matiixtveith exnkitlnsit atgahmayriedmpdansed into

factors, interferons,. col on sti mul f.act or,

f iPBY GBTISsC B IgCORRFFt 11"8’6%%" - DR Fvaél%goﬁéa}t ‘FFSF%FctﬁP techniques of
( %ﬁ%vé’rﬁ%n‘lﬁa%%eeus‘m &d?Pd?ﬂleciﬁsﬁesfcﬁ%faﬁe&ﬂ}é'l@wsod%%l, and
particular growth factor enployed shou be

appdmalt @1gin htmplﬂmedemb@éiment,agmwth ﬁaytoesm:,te selected that will

:jlg]l_‘rf ere %%ﬂt%FIOEPE;&} ;ﬁ?ﬂ%@ﬂﬁl at or.y R@%%e%‘%mn{rﬁd tissue type.

t fF@ﬁ exasxlfmls | Rdition drerap to hA$ eelmédféamrpthﬁaeamneﬁélbﬁal M@rices
also be cultured with the grow h factors or 25 other

c elllducwe@p@nts@ eiotrippdludar edtox eharaeienystigrad cedidasdiseve. t Beth
P %l t¥ Vit £ nmaliqﬁ(n 1éldg&$%$ 8elgse[%) godyg{;r%rotagﬁée cl%{%c?%%ylc oF 8@\56%1311@

pmllvylrrERA ifduces NS calBl ty orghinidcan@rktodemud] dtricttes 8fmitaltd Seuronal
that have been exposed to different cell response

bR dPpOsy OhES §®é%‘@d’08ﬁ mprphiageRsiic peiet 6 ﬁlenbﬁtuaulatmg

t I f
b?%%%s |s ec‘[&ﬁ%@'nb%gé ag;lﬁfgzi I ecu g E“(ghgtesfé%ﬁ% Fecu ¢n and other

mbynaEEH1 pmtenaﬂjded to the polymer natrix or to a

o0 s B Dksious b R ol Bt wit rcni
f 'c@l‘isoﬁ&ﬁtshﬁouﬁcﬁﬁ§ﬂ§s'u9§o arpfmﬂﬁﬁtg@gélp&e%géd f8&id bm cells
pronote cell adhesion, such as RG, nmay be added to

t meplaoiedmath g construcOnEhals @i grateont afithe matfi. alhamogrgtion of

a ts. b adddIot e. mat nflueneth

o arin ol e Teae B, bientey SR B AT R e niSue,

| RRaINERSl BB WilkmigratblbRt 6£tht sSRQHREhPBIbYIPEssEBbAd develop
wth or without a gel, may be inplanted into

t ivesoudature g thire thegmplanirdanatuis, prewsieaiutidon/ s, the ﬁtﬁ[emrg@ﬁng
tissues. The techniques of the invention may be used

C .
toformtissues of ectodernmal, nesodermal, and

endodermmmlsteat ¢elis Rxpiels genps eﬁcﬁprbeﬁheqffbﬁmsmhﬁlﬁactegﬁm\bﬁthe target

factors are selected that w ||
cells well before they are fully dlfferentlated Thus, stem cells exposed to activin A

or IGF express liver specific genes before they fully differentiate into hepatocytes and
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
or endothelial markers. These cells can help develop a nervous network and

vasculature for the developing liver tissue.

15



pronote differentiation of the ES cells and formation
of a predeterm ned tissue type. 10 For exanpl e,

wa@adaisiwpe of TG (3 to hES cells seeded on PCT/US2003/039301
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t hr ee-di nensi onal matrices i nduces formati on of
extracellular matrix characteristic of cartil age
tissue. Both activin A and | GF induce ES cells to

At naneBeShieet dnf PEURE Gl e Sish af SR AR et Buter matix

SthfUfehtd @3lusdr PrdoREseh.0TO Elid ptomdtt SsM@entfXPRS10NG aQfesitéd path,
cells to bone norphogenetic protein, colon

s ekeasnavy mgchpgioRhoress saygecised es ¢ éelb@ﬁmnsa%wdéﬁerw@@mic the
5 A oL e 4 .
Pk R ceerid@arllows tgriphsrieHad and Vding, eduseild, becake § is anchored

fromsurrounding tjissue to an_inplanted cell-seeded .
mit Peues atleastiat Hepnds, 1icppseA dR Both WH{opR @ BoR AL R fgpile

al : _ - ! ) .
cotfest s Rthecta IRl and Ben G A g e
t hecosiationu Qulgangtidsiiessue exposed wt iyalrostdticostriebsss wid bther compressive

m grate out of the surroundi ng bl god sels and. :
dsVesser, tmpaslion sl Breehap Al forosia sellcieatalaaiges oo will
PLOedbSGe P dulctib®Bf Ainttians kdeied sl lls,Nf turehilonciid@he
stem cel | s "express genes "and produce proteins

cldagrae et typeiof mefabohe activityetf thepslls ehdl Shepicrosbaeigreo! the
the% age fulb¥ @4ffe%¢ntiated. Thus, stemcells
expoEHUA Met BERPRAUGE | oF express |iver specific

genes Isahnhgy, eheitidabistintuleiidd &g BE neddeoiinfenbe pelt Oigktdsiation
and other cells found in liver. Indeed, not all the

s eadmetabolsn Far pemnlatiosn isaricapelsnirice b mugslp ansercisging relaxes

specific celd .r. [ ] Il di £f {] s1he

e R R

agtimviafioAimitatigtheklebtrexipdceisity bethe @esitediskemay 86userES cells

endot helial markers. These cells can hel p. devel op a

népsrst o1 Adbigerdmegnonal Al T&tHﬁ?éJCF Sesueieving fas glseiigal

'Eﬂﬁﬁdkﬁﬁﬁﬁ%ft P11\, 2004/ 053096 PCT/ US2003/ 039301
rthernore, the nechanical interactions of cells and

t hei r &bk shapel dndIngicrosttetie dfiifid pedpmer metrixudndrthe exogenous forces

processes.. To further prompte differentiation.alo a
Gegprd spdbh el ol Shole ST B Raltbia ot waei iy He uggem
a$ Redt@h mdyEsRaRe RudEl Juish fa sbQicitibdart fBstra® iNBMIISAlle manner
forces exerted by tissues. For exanple, endotheli al

cél.¢. 52 ooy wrepy) $e simudats thehfornes frapesed oagnigrteryd of theweedium may be
S 5u B0 SRR B RREPHPEE (ibgopc .
b@1 999y BLErEMSANASNOB- Kiishal, b kENS0OB) Naz. Med., 7, 1035-1040). The
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
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

We2@asem9é 0 hydrostatic stresses and ot her conpCEES1008039301
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25

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 nf. t r d type of .neta ic acti
YD o e A M bR PO TEAT L b L o
;@h&ﬁ@l@ljcléhafrorﬂﬁ&rﬁ'ﬂ%antm ARRAHESa] peirndikiRr Indeed, inte rat1on of the
ectrical stinmulation may be used to influence ce

|1mplente1mtq atisson sitamdy pracgbbinormuicdy oesiepingdy bstre thesES cells
e;pelﬁgﬁ d1<:§@9m scle contracts and relaxes 15 in

r 85pSHEE D féé%? al signals conducted through

nerves In vitro electrical stinmulation imtating the
electrical activity of the Heshpks tissue may cause ES
cells seeded on a three di mensional matrix to produce
tissue havin ctrlcal characteristics of that

t |WM@£‘E%H§‘ (Fﬁ’%r ostructure of the pol yner

matri x and the exogenous forces 20 inposed on the
sééHéELpﬁfyner may be optin zed for a specific tissue.

ceeded Pasol s FRE TR o ko R AR5 oRRRAIpf (con

e’manner
a Hyeopialks Broemﬁ)MtAQ is iKrjm:;ble(Dlﬁ Mbthumc(ﬂmm BRpoGethasbuag MD), a
arter t he_medi um may., ed tqQ. exert a she

S ERSEcNPEOR of DaINeSd F PAHF PRI HEIeqiD pPUmBEBA BS cells, s

&Hb&kﬂﬁlm To %dlfﬂa for{na@%g 34 )EB§CHE*SV]9£1, c%?é‘misg\ggre%}gsioc)nate% r\;\/lth

25 mpght relagenasertgise I\andheispetded xn didferantiatdn medd wighout LIF and
tls ue structure of nuscle, tendon, or

mbgg’ﬁéﬂ?eg}dlls ¥med into tubul ar networks to pronote

the for rratl on of vascul ature. Even before seeded ES

c ! WAk differentiated, they can organize

t hemselyes 4 flifs é&ﬁgﬁ%g?%f qufﬂoocnéﬂd SHokidetie2o- (%chohc acid)

characteristic o ani mal ‘tissue
béBogimgephgethetn Resaetd S03Es freteimpderiaay, Mge2yed))and poly(L-

s A A R geeL BB, P DD 1EE SPres Pt
C%ﬂrﬁ:ate@l@ \égagqgfdhﬂwg&ﬁ g&és@@@é?lgq 023361 diftdrbhtiabien

le to d| fferentiate and devel op under conditions
t haperan@ltmlneesp@nmﬂ vagre cot iato 1epipsEWaYEess of amrowmftly 5x4x1

hans; P | nd
T N A LI
gwackdd3 ameefd PBE§ently before the ES cells 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
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

wo pdmokdoast s (Cell Essential, Boston, MA) in KDUKI00$/039301
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Medi um (G bco-BRL, Gaithersburg, I\/D), a 10 nodified
version of Dul beco's nodified Eagle's nmedi um optim zed
for ES cel I s, as described5. To induce formation of
ociated with 1 ng/n

sd in differentiation

rredl a \Not Ewdtnghhﬁwaﬂgd @9 day@Eﬁ@Bmwaettfypsﬂiz@he@d 0.8x10° cells
Scaffol d preparation 15 The scaffol ds consisted of a

S0/ Bomisin 251600 abel vol ogiaysd i (apwih factorreduced,

VS B8 Redsm R, MY TR Qe ayP o r £ Miihd s tbtiing

V\%Edwm%&&s ?GF pur SZMnQpQ)JUVlﬁh@ (BPRHEES, MRIMTSF-1 (10 ng/mL),
f abri cat ed % sal t -1 eachin rocess as descri bedl5.

FaR &P ysteins, AP0 MN) et (HOmemD (R o hyegixture was
Wes[)ﬁcilﬁg% ldn‘rré Qveﬁllefettrqr& a@@f FC QL& ?eﬂfdeﬁgﬁé@ﬁbmhg hf’éh vith sterile

0 ce

Stheadie$.i4zad o(ﬁ‘é@dHMegiHctlvaBQ%cﬁa/Whé Mdﬂe)i @bh@ﬂ@ding&mdscaffolds
vvashed 3 tines in PBS. Mechanical Testing For tensile

t Ol Ageddls vane sasdemhigdo srchrsatielf psing SAYEHT AaRistre PRRRIng 50%
R e A U T R

| Reddimnths 24%s, 3eyTtuldd wiere sGipepdeliaiconell psiki diglm the1r respective
perfornmed on sponges al one and sponges with Go

Faradin- FRé e eKnvEtante foafinlds Wrae seaked ipfGrg/mle aﬂﬁ'@r@nﬁctm
t
z$ g%’l rslcléorﬁ? fa{ui g/agl?eﬁzln %@%3{1'?0% gof’ dlrwelx{f Eel? Qeerclﬁfgc(k /1t ggt rg}atn gel)

04825 o3EWhREanere first precycled one time using to
5% strain at a strain rate of 0.1 mml mm second before

t &880 @, &%ss&)&&ﬁﬁm@ Jh?slt&h(eﬁwaz Sidni 2004/ 053096

PCT/US20037 039301 Ditterentiation on Matrigel
and Scdfifsot dsnsﬁmctssmd ﬁmgﬂ fom 6rtursiigd0% Bsudrabibyffered thrmalin,

E?gut}/r\{ee{yepr%cr:é/sg ci embe(?c{?ag 1rc1) pa8r)§gf816 5 § }.lel’l‘l Ithslck transverse sections were

placed on silanized slides for immunohistochemistry or staining with hematoxylin and
eosin (H & E), trichrome, or Safranin O. Immunohistochemical staining was carried
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
(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 Iowa, Ames, 1:4), and Tra 1-60 (a gift from Peter
Andrews, University of Sheffield, Sheffield, U.K., 1:10). Human and mouse tissues
(Daks) wére used as controls to ensure antibody sﬁeciﬂcity (Fig. 1). For proliferation

studies, culture medium was incubated with 10um of 5°-bromo-2’-deoxyuridine
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were mxed in 25L of a 50% (vol/vol) nedia and
matrigel (growth factor-reduced, BD Biosciences,

w@ewios®e MA) . EB nedi a was suppl emented w t h PEBEUS2003/039301
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followng 5 growh factors: TG--01 (2 ng/nl),
activin-A (20 ng/nL), and IG~-1 (10 ng/m), (R&D
Systens, M nneapolis, , and RA (300 ng/m) (Si grm)

T ot e o s L by P
b|n§€d@§ant{l.]3lga:[jﬁ1fan@1§§me§@3ml)l ve EB nedi a was added.

For seedi ng on scaffolds, . 8x106 cells were seeded

| Rt D RRGHn SERNR kbR 9 %-zl@gfzstﬁ sPXAME e8RS tin
50% 10 (vol7vol) of & OWh Factor-Reduced Matrigel and

t pesitiesgrtelive EB media. After seeding the cells,
scaf f ol re susp ed in 6-well .petri dish
ot 1 KR SR ANEEES el Ta Bt Ridhim 8 FOER ptéfence of 16T

S %@Nppbvél% phEdeBsciRl 8thindd voith SHtiTbytOkerhtidiRbREY a8 described above.
for 1 hour and washed in PBS prior to direct

w%ul@eﬁ&iﬁcmguewets Iesue cotted apgl lymen diap®tars meaEBedr@m grouped

s 0ty P (2 ok Pl 2 G £ endofticte e

n %5&5 LGSR dthE ‘ﬁ{egﬁ lvhﬁles % HPHIrRghY1eR 69&&%%@%’ tw&Bferent

enbedded i n paraff -mthick transverse sections
wekgeriqdrac pafamed |1111 dmplz:a@ weredesorflal as percentages of lumens in each
I mmunaohi st ocheni.str stainin 1 th hemat oxylin and

o GER Fo iRt o SiesS i pattatllt o o

I rmunohl st ochem cal st a| ning . was carried 20 out using

t Keves 4L Hng RGNS HRP- DAB kit (Bi ocar e

Medi CalTotW&%aS go?a%‘d b}Cﬁ) %Mll‘ﬁQQtt @(%faggn Chatsworth, CA).
manufacturer’'s instructions, wth prior treat ment
afRT-BORGv4sararrdfd onit meihg 8 ngdﬁe@i@temRTfMR (<B|v0tha}(bumts RNase

bR GO R B RE RS PRt spditaes et e AR, Eroyele
PHAEBER Weke 298 rib &Y D k@ eaht fﬂ'xf iéd ﬁ)ilod%@)saw afalec?@ﬁ 1.2%
S100 25 (1:100)

al bum n (1:100), vinentin
(agarosergﬁh wath@)hldlambromdﬁe(:(ﬁ Gely V@imgennGe@@mrg, MA). For

Cﬁgl%ci))g uél@ 1%‘ E@gf"ﬁ%d gsﬁng ia:?%% %51'86& Sfl%i (%lantﬁgt?v(a

SSEA‘?&S Ay ?éﬂf@iﬂl’& b@&ﬁ&suﬁlﬂg ¥R mSdah i 1ﬂt@1\(@ﬁes@f%§ch band and
and Tra 1-60 gift fromPeter Andre

U@P%?lsﬁlli%/théﬁﬂ%ﬁ@ﬁqi iu@wﬁy Shiempeanpixalintensity: 0£ dhe GARREHband.

%1 @Hﬁz?to;z%@%%%]d@?s) were used as controls to

city (Fig. 1). For
pr ol i f @iffeieatiatdf} kIR Shat il besnegrowdiouncadislds foz @badakd in vitro
with 10m of 5' -brono- é{ deo ur|d| ne

/

8 )
206529 tged PebeRistesl) b sal(%lawa% V{%P b P g rmige
h‘ééBZl 70850, Gabdnfabheny). SEFRHG REHHANS MG @A ReRafed as

usi n
controls. Fourteen days after transplantation, the implants were retrieved, fixed

overnight in 10% buffered formalin at 4°C, embedded in paraffin, and sectioned for

histological examination.
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nmouse anti-BrdUd anti bodi es (1:1000). Conparison of
l umen di aneters of tubul ocystic structures |ined by

w@yiodks3oas i n  positive epithelium5 Construct SPgr/osemo3/039301
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for two weeks in control mediumor in the presence of
IGF or RA were processed and stained with
anti-cytokeratin anti body as described above.
%gﬁéﬂg tic structures were counted and | unen
measured and grouped (large >200m medi um

% pr / { CHASUPE A Job 2L
?&ﬁg ddh two dlfferent 10 experlnents perforned in
duplicate, were recorded as percentages of lunens in

each dpiblepentintng oS a¢lls(ERsdry 8) Weremasreddrin eagttigel, which has

S OB T R B R AP nd 3o

Chammfdsbmat%) wﬁirfaE’{éRsNﬁﬁerﬁé}ﬁﬁ kiSOt inthsde RS aen
Q en OneStep -PCR kit with 10 units RNase

@rem@a:tlopqe@@@yc 28R40, ﬁnglVRNA trepspRping étﬂ}’léthcfé@m beta (TGE-

SEEHE b By Bty S AP St e B arepagotopes

ONnth- 2ec, BALERE BwE @Je%kél\d)ﬂdﬂlltﬁfdlh QLspEns6R) r\fhéi ﬁr&cﬁur@@llefonned into
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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 hES 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(L-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 pum was chosen to facilitate the seeding and ingrowth of the cells.
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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
(Fig. 4). Regarding extracellular matrix production, no safranin-O staining was

observed in EBs conditioned with TGF-B. The EB population was very

21
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EBs conditioned with TG--. The EB popul ati on was_ very

o pdult 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
(Fig. 7B). Newly formed poorly organized collagen in control medium is lightly

fibrillar and weak staining. Addition of TGF to the medium induced mature

22



WD 2004/ 053096 PCT/ US2003/ 039301 heterogeneous in
structure and protein expression |levels. Consequently,

w@oiog83096 scaf f ol ds appeared to be nore suit abP@r/Ubzmn3/039301

10

15

20

25

30

EBs in pronoting cell differentiation and
honogeneity. Both matrigel (Fig. 5E, G and fibronectin
(Fig. 5F H prormt ed anchorage of 5 the

dl & Ilg%ﬁ%g{)hﬁlgr 2 @ ?{’W st a{bﬁ%ﬁ)%n%s O\DEFE Rﬂqp{ubl’ced collagen

atfbﬁﬁzhﬁxﬂ R@g@ﬂd@a@@ of cdﬂdﬁldnﬁ,rt&bulami;tlo ytrectues nhd easaceflular matrix
the scaffold, filling the pores, as shown by sca g .
elPERYUCHAN iqagglcslowpmdgcul@ﬁ IPICHIRG 7B LA BT Dt e %&?ren’ﬂated

oty éﬁ%ﬁrgsﬁﬁteh&%leh%%i@a SRSl 6B P

e two eriod constructs

ip Ubaeteiez%l mes%r 9}’% 9 e ;9 lh 7 I'éndgcy Jng Blsue structures usin

( BigHeghddadBle pdBnidraeaféliiat i ng hES cel I's were used
instead of undifferentiated hES cells based
obser val P ééher fryestigaigdrtoe grle ebehragcalicnes coupled with physical cues

u QS' kaﬁcfn%t@ AL QPBE-&S %égﬁ%@éo%ﬁ&ﬂ &Lu&l%hn\%? Eﬁcgélgfo'dgﬁnal-

outer sur ess uniformgro
S Lﬂemwdahssua strineuree Mased of stuthies so dfefcbffeh&ntmﬂmm afonq@ee @dd human

S epln FRRodesnd Healey o W RS AP o t induce

DQﬁff&gnna?tf%ﬁ%t%%p%ﬁ@Qéxﬁ?ﬁy&x‘(@ o 3D patterns that
resenbl ed tissue structureés. To assess these

st r uct Urceiadusgenesodtyred tssuerfommation, wadicubatgd tiezeslls dor top weeks

OB L S RS TEL SARL S g cdaiion o TOT

r esWd Gkl ARk Beh of @érﬁta Mﬁ)luy tlks%% gﬁro{lgmﬂ b aywhdle
structures (84% >40m 10 Om Iined

C wbnumcatas mdpcaséd hywleigh dﬁy@lsda” | Safremne@ saimeg foz mhe
t hel i al
eryreR sl G e D Catities TR B e ©)

< c@ﬁ&ast lagd&ieR oF 8er gfdfvth bt e SuchQisBiviaA @éven when added
structures with lumens that were snaller than that of

c dogatlodr va tnpGEP), 1315 wad RA0di I)@Plnduc)e formatieroio$atanin O-positive

| Cj Itila d d .bo
A b BfrRom vt BN ey BRER P RaLboecs
t hﬁdﬁ:ﬁ&@hlgﬁ@ﬂe@m aﬂ&r@fa%@ﬁla&w SRR CNIPP @)ﬁif&ési/(ﬁl i@s8i@Bles

within the tissue (P approaching a | evel
f oreattdiwitta AiGF ¢ wbmp@pdttm&ieloalhertsampl@e (tigs4d T@R‘zug kn@pedge,

The cellul ar stru ecr et xtracell

& Ofest ets ot F B SRR DR BB e fssue
”dsﬁfgrdi’ffgreﬁﬁaﬁin i dopts.  col lagen (Fig. 78) C0| | agen
formation in the matri x and t he ‘g‘?gani zation of the

rrat ri x Avbstitigseef acHeinedlor iGﬁép%l igdwned the irmgtion ebsirietireswith
ctor
oot RS oo P PEG B TivEe b e has D Molb 3+
1nduced hlgh 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
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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staining of cartilage-derived GAG was observed in the TGF-f treated samples (Fig.
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,

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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specific CD31 antibodies, demonstrated the presence of both immunoreactive

(construct, Fig. 11, arrows) 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
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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Ughagi AU Mronment also plays a role in mechanical behavior of cells. It has been
shown that growth factors affect the mechanical behavior of cells, including stem
cells?*?%. 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 scaffolds with the same growth factor
supplementation, further differentiation was induced into various specific cell types
(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).
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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.constructs may
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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Guan, K., Chang, H., Rolletschek, A. & Wobus, A.M. E(mbryomc stem
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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‘What is claimed is:
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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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by "more than a contractile torce exerte

by t he celihdiysitings sé¢lented binsfibr@R:cih) iAGRANE 580 9G gonucleotides that
PCT/ US2003/ 039:?03%1. 9. The tissue engineering
const r PEYMRlE CEll ZhESION. wherein a cross-sectional area

of 2 the matrix is not reduced by nore than 20% under

a 190Nt riagetishe dn@ifeeri8XdrsBct of claim 1, wherein the cell support matrix is
biodegradable or non-biodegradable.

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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3 by the enbryonic stemcells. 4 10. The tissue
engi neering construct of claim9, wherein a

wee@dssecti onal area of 5 the matrix i s not PEHUSTA3/039301
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26

by nore than 10% under a contractile force exerted 6

by the enbryonic stemcells. 7 11. The tissue

engi neering construct of claim 10, wherein a
crposs-sect.ional .area of 8 the matrix ks not reduced

Y omror 416 HEFHS EPBIRETOHE CoR Keshef SauT el FFL S el Gy more
9 the MR, ShAMSRILRS, ok BichetiveldRntsl GspdRed within the cell
engi neering construct of claim1, wherein the cel

suppor suppettrhairixl1 further conprises a coating

i ncluding an agent that pronotes cell adhesion. 1

2
13, Th L .heer| t i

Lrei gt HENERERO L ORI T o Aufichtz o el hat couts
sel ect aderhalomdfex o eatfades of thieegh ismygporamaelrix.
ol i gonucl eotides that 14 pronote cell adhesion. 15
14, The ti.ssue engi neerin onstru of claim1,. ‘
whr oi HhE HEE P PMGBOR TR oF o1 71 8h BT BaRGPdnBispted from
or nongPIRAFYERRRR. add AR GIRRL FaSiSHRQRGH MERTRIGEL ™.
construct of cfaim 14, “wherein the cell support matrix
18 is selected fromPLA, PGA, PLGA, poly(anhydrides),
pdPy ( hifle tixgpegopinsyring cogsisest pf elairh d 8 exhespigythe gel further
pol y(propyl.f unerat es .
pol yanraratce 56 B fbke o MR 2 3B REM protcogtycans,
bi odegiBdaploteif)klecyanaacdlydaat ademdtactic agkngs, adghivweh factors.
pol yur et hanes, pol ysacchari des, polypyrrole,
pol yani | i nes, 22 pol ythi ophene, . pol ystyrene, .
péPy estl8F SSSUSGREBPTIEORIEAT S Eisirg dr BRerAMIES Eropgh factor is
pol yur @élé?tetp%%( SAA&ENE YdaRYilds, 3R & Entiation factors.
pol ypropyl ene, polymethacryl ate, 24 pol yethyl ene,
pol ycar bonat es, pol y(ethylene oxide), co-polyners of _
aBy. of Thhdiss@Snginows)g aadettof okira2), whereinghea proveh fantef is

m xture f.any of. th e 26 .pol. ns, ¢o-pal yner.s

and adatEtE! RPPRONE S RLHer einois At BT FroRsBe bERA fctor
PCT/ USBER3MmE3h38dnetié pitein NEFLE, BEpRoSROLIROEH iffdgor, platelet-
construct of claim1, further conprising one or nore

2 bi ondbvad grevwihstasior, TolF-ec [GEd and L, bewaleppighc gepayth dactors,
di sposed wthin the cell 3 s ort rix. 4.17, .The

{1 soue nERITTRTPA 4R destere PR PR Ay RIS, b ppoicds
conpr i shBledkigeluniddkc®idtsctord, infiRfdie) codde) exiaatal factors,

surfaces of the cell support matrix. _
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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6 18. The tissue engineering construct of claim17,
wherein the gel is selected from 7 collagen gel,

w@b@inosioee agar, and Growth Factor Reduced MATRITZEENNG/039301

wn LN

8 19. The tissue engineering construct of claim 18,
wherein the gel further 9 conprises one or nore of

lam nin, fibrin, fibronectin, proteoglycans, 10

gl ycopr ot ei ns | ycosam nogl.ycan chenot acti c agents

or” or oRKRPSTIEE PRDIYORIE Sy SO leatl Pns AgH T SBISFYY o promote
construct ofiffdr@itRidn oMM RN cdlRe GO RddtakkiAEd bl lidedge or
sel ected from cyt oki nes, eicosanoi ds, and

di ff erent i atntor speatfioed] typg 21. The tissue engi neering

construct of .cl ai m20, wherein th [ f '
sl St TP Rerbr gk Be O R 8ERRL: h2step of
epi der mal gkesdidy, basétr, 15 bone norphogenetic

protein, TG (3, hepatocyte growh factor, platelet 16
derived growth factor, TGF-a, |G- and I,

6 héfrat opdF atdtzodpicltim 33 eberein the embregme siRmiselyprsgnammalian
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gr ow h hde growt h factors, erythropoietin,
18 intgﬁﬁg%ﬁé%%gﬁgﬁggr necrosis factors, interferons,

colony stinmulating factors, 19 fibroblast growth

f a6t or She meathvel afrobain24 sdiemin (hEEE)breomde stemaieds are human
nnrphogenic .20 factor (MWF). 21 22. The tissue

engi neSPPRPEOHEPLENE of claim 1, wherein the cel

support matrix 22 has a shape selected from

pagt i Ch@s mdihb¥of cHRIRINEBE wheRIEThe ceB blipoet ma®ixl i three dimensional.
strand, 23 capillary network, film fiber, nesh, and

sheet. 24 23. A nmethod of producing a tissue .

eRdi nedihF mpteesheitolaimy 23, BEGIsin & LIogs-Secpiony asea ofj thgmatrix is not
popul at 5o cti QLA § e embryoni
enbryo%%gﬁg?é%ﬁgg ?%HggAihggiggéﬁ%%gggbﬁgtrix; %ﬂdeeghrymnc
WO 20041853086 PCT/ US2003/ 039301 1 exposing the

enbryonic stemcells to at | east one agent selected to

pr.Qnot 2 differentiagtigon of the stemcells ong, a .

PP Biet drTHREPAGI A 7 308rSh  CHpSs RO GpeLy { PERRAPy i not
type, 4eigd 61 thord@ial UOP, @ldefX PO HITBYccRRRET bPtheREhbryonic
before or after the step of 5 seeding, or both. 6 24.

The netsteodcadls. cl ai m 23, wherein the enbryonic stem

cells are mammalian 7 enbryonic stemcells. 8 25. The

a gh ES ﬁ[&% rr?étﬁ%c{%fz c‘llaim% We&iﬁ Q%ro%@é@fﬁﬂglcargat §hE ﬁlah‘?}( 1s 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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9 enbryonic stemcells. 10 26. The nmethod of claim 23,
wherein the cell support matrix is three dinensional.

wa2002/853090e nmet hod of claim23, wherein a PCT/US2003/039301
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cross-sectional area of the matrix is not 12 reduced
by nore than 50% under a contractile force exerted by
the enbryonic 13 stemcells. 14 28. The nethod of

| aim 27, [ - ti | f t tri.
8ot Themetndas g1y Stom B e ROV aEPo o Ry e
force gxgtdes) P¥rd then BMAUNIBR) SonthGtiR!BIFe @REK&: bylthe 2Bhbryonic

The nethod of” claim 28, wherein a cross-sectional area
of thestemtaells. i s not 18 reduced by nore than 30% under
a contractile force exerted by the enbryonic 19 stem

l's. 20 3Q. .The, n . cl ai i .
cFbss. TEOR g OISR 20 piteitiuf o Sibpo I Roprises
by mo:Tgoltytlaaio?&g@urpdgx(laati@mmaxguy'doﬁc todpmiexest ed by

t he enbryonic stemcells. 23 31. The nethod of
claim 30, wherein a cross-sectional area of. the matri

| 34not Thamedipd a9y ToPERHLHE $005 TRAE AT GRTPHET 3 /50
f [ j n_cel AC .
20041 03K BN ADBR S Y30 Po Py L EE oLty

claim 31, wherein a cross-sectional area of the matrix
i 85.not The metheded chaymP3; &irthleneomprisingensting theoellrsypport @atrix

force exerted by.the enbr i 3 stemcells. 4 33.

The nef”ﬁtg‘&n(?fge% et progo eﬁ%‘gp%ﬁﬁs’f)ﬂ‘e cel | support

matri x conprises a 5 poly(lactic acid) - poly(lactic
aghd- CTheegtd of ciiind)s5, Wih¥ieit! e aBerd4hat Phemaeres bedbaddiesion is
claim 33, wherein the cell support_ matrix conprises a
50/ 50 seleqtpck framefispngssinyintegriasang ofigprpcleptiges that promote cell
pol y(I agtic acid-co-glycolic acid). 8 35. The method

of clarm flop “further conprising coating the cell

support matrix 9 with an agent that pronotes cell

adhesi @he nibhdditof clim 23e tvhortiothe cblhsmp®s:, mathisrigbiwdegredable or
agent that promgtes cell adhesion is 11 selected from
fi br on8€%i FPdeg‘%B%@?‘i ns, and ol i gonucl eoti des t hat

pronote cell 12 adhesi on.

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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13 37. The nethod of claim 23, wherein the cel
support matrix is biodegradable or 14

woew4losdeegr adabl e. . 15 38. The net hod of cl aP@T/RS2003/039301

S S R S

W

wherein the cell support matrix is selected from PLA,
16 PGA, PLGA pol y(anhydrides), poly(hydroxy acids),
pol y(ortho esters) 17 poly(propylfunerates),

poly(c roI to n1des am no acid 18
080y acabs metio iAo Ao deryr R 6 obrvontEstem
bi odeg Eélmtlﬁn ﬁ%el/ WiRkA @&%hngl thS eRBlYonaAcHBACEHES the cell
pol ypyrrol e, pol¥yanilines, yt hi ophene, polystyrene,

20 pol ywevrrsamwomlbdasde@padame@ebgn yniprmehansesxternal surfaces of
pol yur eas, ..pol thyl ene vinyl 21 acetate),
polypr§EVFgﬁ8P%%g ﬁB%hacrylate, pol yet hyl ene,

pol ycar bonates, 22 poly(ethylene oxide), co-polyners

of41 any Tak nidiedadravam 40) dhetetn i gahig selectet GonPSlBlgay gol,
and m xtures of any of the abgve p

6 co- pol plestaie, agwga @uaﬂ@fh@@f%ﬁ@ﬁwé@iAXRaﬁﬁér 25 39.
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The met hod of claim 23, further conprising addi ng one

Ofy> MOT &1, 01, QR LS FSy 1 %@ieﬁﬁi{hle B Sstnprived 8n<§,/% more of

bi oactive agents to t é cel | support natrlx

2004/ 05xB0iakh, FGTih BA003tiD30BEDglytank) glyToprotetshod of
claim2 further conprising dis ryonic
Stom Shcetatunggys ChegRiataAERty Ahd S 4SS
enbryonic stemcells on the cell 3 support natrlx

I B8] udase dhHRAS MBS, GRkredclltERERSbordNbte@ it £68@M-free
surfaces of 4 the cell support matrix. 5 41. The

met hod nsdiwghai m 40, wherein the gel is selected from
col l agen gel, 6 alginate, agar, and G owt h Factor

Raguceqy, Te%o TMim2 2 4 heredEHEE! ggﬂqs Qé‘lecﬁé@frmn‘lalgrowth factor, a

wherein 't furt’her conprise§ one or nore

| am ni mecﬁarbcallforcéldwmmct vasitagp;a)lfbleaxgivy:cagﬂm ablomolecule and a
gl ycopr ot ei ns, gl ycosam nogl ycans, chenotactic

agent s SMAHAQYPINEh factors. 10 43. The method of claim

23, wherein culturing is conducted in a serumfree 11

nRdi umrhl Zhdtod JNGaifedd) QtheRfin He réﬂv@ﬁfact%ﬁrs@%eﬁteﬂ MR m cytokines,

agent is selected froma growth Tactor, a
mechanietabarfoadsc and dififerantigtiorn facte. t age, a bi oacti ve
agent, a blonolecule and a 14 small nolecule. 15 45.

QFS eg?télgxe fn} ZfS \Q’ME%? {He gtrg\gthgfra&\% E sfefae%feﬁ "frduf activin-A

cy o neS
(ACT), retinoic a01d (RA), epidermal growth factor, bone morphogenetic

protein, TGF-B, hepatocyte growth factor, platelet-derived growth factor,
TGF-a, IGF-I and II, hematopoietic growth factors, heparin binding growth
factor, peptide growth factors, erythropoietin, interleukins, tumor necrosis
factors, interferons, colony stimulaﬁng factors, fibroblast growth factors, nerve

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

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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16 eicosanoids, and differentiation factors. 17 46.
The nmethod of claim45, wherein the growh factor is

W@ edoaosmwds f rom activin-A 18 (ACT), retinoic apCOUSRA}N39301
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epi dermal grow h factor, bone norphogenetic 19
protein, TGF- C3, hepatocyte growth factor,
pl atel et-derived gromh factor, 20 TG~a, IG~-1 and

lg :%%Mh ﬁ nﬁtﬁe%%gtlggl Ig? f:l%%lgg?,ih\g%earéi%lgé&s %el?sglgﬁéli} g?akexii)p Hésn 2 shape selected

er yt hr opemghitities) fibe) Ipohikd, Bgherd, Yirmind, REUIED S 2ehpillary network,
factors, interferons, colony stinulating factors,

fi br obl &%, fhenwpeshs 2k e, nerve 23 growth factor

(NGF) and rnuscl e nor phogeni c factor (MW). 24 47. The
metdrod [ : ref Do i ' :
et by PR 5] Phach R AU R0 bryoni e
hydr ost@ils in giempesssncacdiggrewt faetost r ess, tensil e

stress, and 26 conbinations of the above. 37 WO

c 8l m 25 RAPLPLORRE TR e S sy PR TR e

sel ect egedidgmf rom particles, tube, sponge, sphere,

strand, coiled strand, capillary network, 3 film

fiber, mesh, and sheet. 4 49. The nmethod of claim 23,
whel ei NABISEIE WIZHCTIRS SUEBYECIcCATERIFSIME enbr yoni ¢ st ein

5 cells_j - ce of a growh factor. 6 50. The

met hod %r#l&gf)%%%%?&{/\gher ein culturing is conducted in

a ser una fireediménriedalwell sBprvit mAtrikicosmpeismga S0 mivgure of poly

t t I.si : 9 [ ;
b e. di menchioRatc 6ot admsBeRicicter Be BB VsFHy & -
50/ 50 mxfy e of poly 11 (L-lactic acid) and poly
(lactic-co-glycolic acid); and 12 TG- (3. 13 52. A
ti ssue engi neering construct, conprising: 14
end. y onA dissitessmgiektisg cdistract] domg@isiigrensi onal cel |
support matrix conger' sing a 50150 m xture of poly 16
(L- | act§RO{eRIgStegh 1iﬁo! y (lactic-co-glycolic acid);
and 17 24 pRIBelenQbnckil Yot mhiEk coffpdisRBY FPEPDahieT poly
of the above. 18 53. A ti'ssue engi neering construct,
conpri si ng: (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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19 enbryonic stemcells; 20 a three-di nensional cel
support matrix conprising a 50/50 m xture of poly 21

w@ kookasiope aci d) and poly (lactic-co-glycolic BCI/U$2003/039301
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and 22 retinoic acid. 23 54. The tissue engi neering
construct of claimb51, 52, or 53, wherein the cell 24
support nmatrix further conprises one or nore of

fibr oneg% iR a%fe%{bqgé %Et%l%t Qs ogéc ﬁgﬁl Opﬂ%ﬁ}& comprlsizngaSO/SO

55. A ne i'ssue

conpri si ng: m&?urbbﬁp@l‘;}(mgicac @@Q)Jitrﬁipdly(ldtﬁlc&:@bgiy@ﬂﬂc(hmd); and
stemcells; 38 WD 2004/ 053096 PCT/US2003/039301 1
seedin@Xph%n%ﬁﬁﬁvﬁﬁwﬁngﬂ§Wﬂ@HﬁHBTGH[b cel | support

t f ly(L-1act
i o) S gnion e Brafee el i) Pants 7

exposing the enbryonic stemcells to TG~ (3, 4

Wt ei M hiethoded fipsorpotieiitssue devel dpaginh@omptrisigtie. S 56.

A nmethod of  pronotjng tissue devel opnent, conpri sing;

6 pr ov.m?ﬂamg RopUIaEET eﬁelabryeﬁﬁr%lﬁp%l Stem cell's; 7

seedin

matri x%g%(ﬂg IS ng g&g ?%%meggbnhétcg?gepgfb ?ﬂpﬂc}?@%%ﬁ{ghsmg 2 30/50
acid) and paohixfiraof paly(delagtiy ectl) adamilyl}4ctiared-glycolic-acid); and

ex 03|n the enbryoni ¢ stem s to one mor e of
et vi PRI TR GRPIORe Bl M CerTis oppoatee SXJRE
feto preiepiin tadtig pRiditalphd ford pm?elﬁ%h@ afhuffin.Pr onot i ng

ti ssue devel opnent, conpri sing: 2 providing a

p%%ulatlon of enbryonic sten1ce||s 13 seeding the
Fyo m@t@mf@mm@tlmwzﬁu@:@welm@ [COMPRISIZK

conprl (L-lactic acid)

and poI F&% Ik%ghpé?o ﬁﬁﬁ%ﬁws%?ggg%d 15 exposi ng

t he en‘@&@tﬁﬂg theshhrvaet stsmtoells 64 kel suoiidnaili@ cwh@meing a 50/50
the cells devel op neurgnal tissue structures.
The met hod SRixBiraPhRolEEL-lapgic agid) grd WK@FHC“W@I)@@PP acid); and

suppor tyy or nore of

i brondxpR ﬁéofheéﬂ{btvr\itﬁ{%%%@&%ﬁ eﬁﬁ% e VATR GELTM 20
59. Thevhmetihdd ails dh‘aalas;snfﬁﬁonalﬁﬁssuerstrﬁaturesher ein
exposi ng conprises culturing the

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 and the method further

comprises implanting the seeded cell support matrix in an animal.

60. A method of promoting tissue development, comprising:
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; and

implanting the cultured cell support matrix in an animal.
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21 seeded cell support matrix in vitro for two weeks
and the nethod further 22 conprises inplanting the

waemwdosBoeel | support matrix in an aninmal. 23 BOI/U$2003/039301
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met hod of pronoting tissue devel opnent, conprising: 24
provi ding a popul ati on of enbryonic stemcells; 25
seeding the enbryonic stemcells on a cell support

R Ip;(@%ﬁlc SOy i SoNEnSLEORY oGP LippSHRRARK 10BEden fifin PLA,

predet GA, ﬂl’@ﬂi}@ﬁ@ly(ﬁmmnddsmplﬁhyﬂrw atqmiﬂ),qmly(ngho kggers),

cultured cell support n‘gtrlx i n an ani nal

5004/ 0BOOGEOPKHHIIERONSP A SO ISR PYRETIHSS i gpine acids,

claim b o6l a8l
1 S BSO8R s, gt e

ac: d?) POIW@%CXZE:H@GB,(P@W@@ , polyapidings, mpwplﬂmr ralgsgyrene,

ol y(capy ol act on ol yam no_aci

Dol e aP S e Ry e B AT P Foteth hene viny:
bi odegradaby), Eoﬁ/?f&blﬂ'[e% Wﬁﬁethae’iyﬁ@é )é&l@r@mbﬁa\hb qﬁﬁycalbonates

pol ypyrrol e, ani | i nes, pol yf hi ophene, tyr
6 pol yesl:yéathylemmm)o@teg@lamm of agglof theeatbﬁa%eaéducts of any of the

0 Y 3851 RO T BILERS I AL Spmer, ns aucs

pol ycakhonaeesoth8r.pol y( et hyl ene oxi de), co-polyners of
any of the above, adducts of any of the 9 above, and

I TR AR i e R
Cl a| m %Q@%e%raeﬁd%d Hl%(tﬁl%ooﬁg) §ﬂ1<9£@31) a‘%ﬁ'ﬂol}sﬁmﬁbtdo ~glycolic

conprises a ure of” poly lactic
aC|d) agid).poly (lactic-co- glycollc 13 acid). 14 63.

The met hod of claim60, further conprising coating the

cell suypport [ th an agent that, pr :
copl admesrored aiedm COniE e eRBanare crlth BECATREpE et
t he ag%%héd“@%en@ﬂh%&%téé%ha@@é@ﬁﬁ on is 17 selected
fromfibrone integrins, and oligonucleotides that

pronote cell 18 adhesion. 19 65. The nethod of_cla
664.  urliheenctbohpfdlaimnes, ahepua ihegeeHehamsPYsIe geld figsion s

20 cells eV\feg I%rotlrhﬁbl%%{e?tmzm@qé%’lrﬁ Sfes n’é'aﬂuélgkﬁlcﬁgﬁ{ay BfUr&ote cell

sten1c§FH e ce rix 1ncludes
di sposiadgedidte gel on inter naI and external surfaces of

65. The method of claim 60, further comprising disposing the embryonic stem
cells 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 method of claim 65, wherein the gel is selected from collagen gel,

alginate, agar, and Growth Factor Reduced MATRIGEL™.

67.  The method of 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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22 the cell support matrix. 23 66. The nethod of claim
65, wherein the gel is selected fromcollagen gel, 24

wabginasme agar, and Growm h Factor Reduced MATRCGEST0B/039301
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25 67. The nethod of claim 65, wherein the gel further
conprises one or nore of 26 | amnin, fibrin
fibronectin, proteoglycans, glycoprotelns

glsscossmienghiesn syt SRR IR, %%%B‘b%m%%ﬁ%@e?%gn wctivin-A

Th le nft(?@g )ofetindia mmd(iﬁA)ydfmalcemlal gﬂowﬂ? fabvdrhbcfrﬁﬁﬁ%rﬁ)hd) %netlc
selected fro , retinoic -aci

epi der FRPIHY En\ﬁ% ﬁ[g B%tB?yte SW@“C%%‘%B]@WIQGEV@ Eﬁo@tﬂé fastor,
TG ( 3’Td?fe-&ai@l3-¥taﬁd af H%&é@%ﬁ@%rgw% ?Jcﬁc!r? Yie El‘lil’ll lﬁglélg growth

growt h factor, 4 TG a
gr owt h fheiot, pqmde@@mhl factbisn eliytigogsi e, hnteﬁelﬂ@ﬁ‘d ﬂfmor necrosis

peptld%%rowtge%:actor erytfl opoi etin, interleukins,

tunor eSS NS tlony stimplatinesiagiars, fibrblasy growth factors, nerve
sti mul akdv@ hast NSF) & nerve

7 gr ovw%ﬁ factor NGF)) d%&%lje?gfn@gﬁ% %%wg)%ltﬂgﬁ\?agct or

(MW). 8 69. The nethod of claim60, V\,hereln t he

pPedet g@ﬁﬁ%@%@ﬁ‘qlﬁm @¥, whicresn the prmterﬁlquieﬂod bOtiHR.is two

The ne of claim60, wherein culturing is conducted
. S. .
in a serumfree 11 nmedium 41
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