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1 Improved cardiomyocyte differentiation Technical Field The technical
field to which this invention relates is the induction of cardiomyocyte
differentiation from stem cells. 5 Background Cardiomyocytes are thought
to be terminally differentiated. Although a small percentage of the cells
may have proliferative capacity, it is not dufficient to replace injured or
dead cardiomyocytes. Death of cardiomyocytes occurs, for example,

when a coronary vesgghig, 0&6!HdRs] divyab HyiRraiis aRaaiignsurrounding

cardiomyocytes 10 cannot be supplied with' necessary energy sources
fromL RLRELIGagary vessels. Loss of functional cardiomyocytes may lead
to chronic heart failure. A potential route for restoring "normal” heart

function 4§, replagement.of iniredgridead cardiomyocy t@?egy is H\w’e induction of

functional cardiomyocytes. Human embryonic stem (h ) cells a
pé%ﬁ@mygéﬂ&@'@@@ﬁétf@'ﬁ s replacement. Either

spontaneously, or upon 15 induction, differentiation of hES into

cBerbarRitides can be achieved (1-6). Cardiomyocyte differentiation

from hES cells (hES2) occurs within 12 days of co- culture with a mouse
endoderfelikiersediayites BENDRUBstsd entenmiiietyydifiprenibtadotpfieaagt a small

elRGEeRRYIIPts @é‘ﬂsmﬁ@/r e e Bﬁﬁfe%f%ega%@&pmyg%ﬁ?%u?ﬁﬁgmk%@ replace

human fetal ventricylar cardiomyo However, the efficiency of
o e ek e v e
lowcDeseriptionsef theotrnletdibivyneathatbemptdodnitpr auereffraiencygatiomyocytes

cargiomyRayip ilietaniiateswe havs: JexklrRed daTingdy %%%Hélfye\?essels Loss

conditions for testln CaI’dIO enic factors. We demonstrate that

SQFJHPW%‘@@WQ{%‘PFW(S%% ierd dftiGRRBrdIatdrRioAyteosential route for
drﬁe‘r@rmﬁ@ﬂmnmahagraﬂeam@ensg&iﬂﬁeetedweaflIefu%tdcﬁtdvghefardlomyocytes by

fr describe
thﬁzeg\(}adf(?eac?:]t)é })?feta alf C%%Fﬁﬁac%%aﬁw)%ﬁ%ﬂ%&?er n%\;ﬁﬁ)r% & pOtentla]
hﬁSJ'EF@IISOfA‘EﬁJé?ng%TC%@%@Wiﬁerﬁﬂlﬁﬂ?@%ﬁz Either Sponta”ews‘% or upon

induction, differentiation of hES into cardiomyocytes can be achieved (1-6).
Cardiomyocyte differentiation from hES cells (hES2) occurs within 12 days of co-
culture with a mouse endoderm-like cell line, END-2. Based on cardiomyocyte
phenotype and electrophysiology, the majority of hES- derived cardiomyocytes
resemble human fetal ventricular cardiomyocytes (1 , 2). However, the efficiency of

cardiomyocyte differentiation from standard co-culture experiments is low.
Description of the invention

In an attempt to improve efficiency of cardiomyocyte differentiation we have
developed defined, serum-free conditions for testing cardiogenic factors. We
demonstrate that serum-free growth itself improves the efficiency of cardiomyocyte
differentiation, beating areas being detected earlier and at higher frequency than

under standard serum-containing conditions.

We describe the effect of fetal calf serum (FCS) on cardiomyocyte

differentiation from hES cells. A dramatic increase in the number of
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beating areas was observed in the absence of FCS. This increase was
observed in all hES cell lines tested (hES2, hES3 and hES4). It is

expected that these culture conditions for improved cardiomyocyte
differentiation will be applicable at least to all HES lines from the same

sources as those tested and suggested that these culture 5 conditions for
improved cardiomyocyte differentiation are applicable to all hES cell lines
ahddiBg aels inagerimevaclinlibenabsentivcofdot thaftttisaseredifferentiatizerved in all
conditions %s&%%@bsmﬁés@th@@éée@k&q&fﬁﬁum %n%&aé/&'ﬂa%{t e culture

presence of animal ens, increases the chance that these

hﬁ@‘a‘aﬁ%é‘:’&é‘?’b‘i&?}@gﬁﬁ Og?éogﬂﬁéﬁﬁ@fﬁl @émomggy@phcable at least to all
treiesp laretatiominhpasients svtihcheaas dissadesttd End pregestddventitiese culture

p'ﬁ%\ﬂgﬁ&% Wthﬂgr&feﬁn@eﬂgg&%{] oS TEFE Y| |BQ@% Qq all hES cell

uman embryonic stem cell e method comprising co- culturing
tH@?Eé‘%Ilréﬁh %E%II'@X@F‘Q%@' aﬁ'éré.'%?r&"%eeam?oﬁ%c {of \‘f%?@nﬁﬁi%ﬁ”t'atlon
inchreinigdacior estallisredextiantishar saddisrontheneiroms Nﬂtﬂ\@ﬁﬁﬂf@fﬁresence of
fr at r 0 ereln eIl excreting the
e e b e e B R Rvtes are
a8HiRde deacBirintyeenaRReRiantatipRdn Wﬁi@ﬁﬁ@warsbegrbdla@@a
method for enhancing cardiomyocyte differentiation of a human
embryoni@stdeesnt (HvsShtige prewdrs cempading cercgnirangitige bESomyocyte
calrerihtiatesl| Gxerefingeat ieasth/enr GAEHOBYOGHES flificseniiation comprising co-

e S e e et

Smdtmlﬁﬁér@mmmml\{maﬁiﬁgtlfamﬁhw arediunbilyeneitare)|weldvedfronfree conditions
ViseR'RlerdogdgeR A OWK%aﬂh%ngQﬂ@%}é%?gtW?adﬁﬁl%g%@ §RY 3 protein

an embryo, or.a ceII that expresses endoderm factors. The me
tﬁfezﬁgﬁlmerﬁaks %%mhﬁ%ﬁ@Jﬂ%%nﬂawcasc%maﬁﬁ%wt@%@ﬁéﬁﬂe«wﬂs The
bineetition cesiocomuicte D Hfemettiiatidor terdrrmtvayacrdiesgary@cdiffertntiation of a

rHiERNNAMS )6 R 2RFPQBIAHRAIS fﬂféf%%%%“e@ %'Bg%ﬁﬁgnng the hES cell

differentiation. Without wishing to be bound b y theory resent

|n‘%rﬁt%r%eﬂf&&fﬁgg%étﬂ%ﬁlﬁ@ﬁé@ﬁg@%ﬁﬂﬁé@ﬁe@%@ﬁm%‘@\f@@r or with
celts, éatrévsiatme, raselineedibd teraggregatioséoucausedocainbiigheelhat  induce

daﬁ%'?b‘%ﬁlé{%'wlémnﬂng' é%fﬁ%%}téqmifs%%scogﬂé@ﬁ?ﬁ%%r%dﬂgfﬁ?l factor is an

second step could be enhanced in any"human embryonic stem ce

R GtrE BBEHME IR YRRETRVN GRS Th tiffe's SthépeREH w@sdw@éftfe tissue
linesleat fioskeegoembryo, or a cell that expresses endoderm factors. The method

typically includes providing cells that induce cardiomyocyte differentiation by cell to
cell contact. Differentiation to cardiomyocytes can occur via two routes, namely by
spontaneous differentiation and by induced differentiation. Without wishing to be
bound by theory, the present inventors hypothesise that, in the case of induced
differentiation, END-2 cells, for instance, are needed for aggregation to cause local
high cell densities and in inducing differentiation of nascent mesoderm. This second
step could be enhanced in any human embryonic stem cell line leading to the
prediction that it will work in lines other than hES. In cell lines that undergo
spontaneous differentiation, it is hypothesised that local induction of embryoid bodies

in endoderm occurs.

Also disclosed are serum free conditions for testing cardiogenic factors. The
invention therefore provides a method for testing a factor for cardiogenicity which

comprises testing the efficiency of differentiation of hES cells into cardiomyocytes in
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spontaneous differentiation, it is hypothesised that local induction of

embryoid bodies in endoderm occurs. Also disclosed are serum free

conditions for testing cardiogenic factors. The invention therefore

provides a method for testing a factor for cardiogenicity which 35

comprises testing the efficiency of differéhtiation of hES cells into
cardiomyocytes in 3 serum free medium in the presence and absence of
tresfaitdred hiediethdd Hisopresamdsesccaliadngetivd HiESfaetbwitihia cadthod also

eégrﬁ&%gtéﬁﬁ%@%@mc% (yﬁ&f@@iéy@ﬂw@dé‘ﬂ%&tf aGher Ardihyocyte

an_extracellular medjum therefrom, under conditions that induce

dHEPEFRERNSR, NGERARG tiRCtu S chiiingth&BRESH RS A eskiuas thrsediam.  under
exorelilgmproéitethatésdifdeagicsivbstantially he medexceadting theusetor produces a

VEdiks g%ﬁe%r\(vb%m@m el encrgting, said Qlf&%@gmeé@ mguse VE-like

factor is an emb %OHIC cell derived from visceral éndoderm tissu

(&lsrar dssaiernaike tisxere s srid dfﬁ?ﬁ?%if?téﬂﬁb*ﬂ%i%f%@wrth%ﬁn embryonic
expmmeﬁdmdmmetmadmmue«umbmissnpravmd@mqm@ewme isolated

TRE ML/ oPeBaf b dng.d QdlRIRRYAlIRRLOT ES cells into

cardiomyocytés as described a ove. Some cells undergo

cardiogepesis spentaneously, differentiating spontanepusly to somatic ,
derlvatl\?gé in een??f)no%s 800(5%}sgremlnlscen't%of '?ﬁ%%én %ﬁ%@g Eg cgfjigducing

M@Wﬂﬁ@&ﬁ@ﬁﬁ@@%m@ Istisve ééf@%ﬁy@gmﬁeas\/ﬂﬁscmbg@@b@geeral
endoderm (VE)- 15 like cells form beating muscle cells, expressing

cardiac Spetsfichiarfcopedsic protes aadiicgeohaisnedsobireebesmpaiiitaentiating

OES&%W%qug&ﬁbf@w%%&qm%%%ﬁsbm?ésth%rmﬁ‘@étrYt of those formed
% %ﬂ?@g fetal ventricular cells in culture, while a minority has an

hIS co-culture method permits induction of
cardlo ocyte differentiation in hES cells that do not undergo

cardiogdn¥LRSHIRANS RN &7UR -9 HIgA iﬁ%‘&lrﬁ%ﬂs&e‘ﬂ%ﬁé@ g@ederm (VE)-
feited @ntishB®r tiedtied carsiEnupdsyteoiassittymatieciupetitoalycmgpiebroteins

YU ARR MBRIAHS. & RHEYrE 2f M&J&JS@R *E?o% ?Agﬂetﬁ%sgxw&@ﬁé%nstrates

cells induces extensive differentiation to two distinctive ¢
diftetdhf MRIAGNIEERTBAE Syl taheBiTHS IHels &y sweumitiieg minority has
stainitggpositéreltyfer dlpin-tetopitoteimamithts permits induction of cardiomyocyte

differentiation in hES cells that do not undergo cardiogenesis spontaneously, even at
high local cell densities. Both fetal and hES- derived cardiomyocytes in culture are
functionally coupled through gap junctions.

Co-culture of pluripotent hES cell lines with END-2 cells induces extensive
differentiation to two distinctive cell types from different lineages. One is epithelial and
forms large cystic structures staining positively for alpha-fetoprotein and is
presumably extraembryonic visceral endoderm; the others are grouped in areas of

high local density and beat spontaneously. These beating cells are cardiomyocytes.

The present invention provides a method for enhancing cardiomyocyte
differentiation of a human embryonic stem cell (hES ), the method comprising co-
culturing the hES cell with a cell excreting at least one cardiomyocyte differentiation
inducing factor or with an extracellular medium therefrom, under conditions that
induce differentiation, in serum free medium, wherein, the cell excreting the factor
produces a protein excretion profile that is at least substantially as produced by
mouse VE-like cells.
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25 presumably extraembryonic visceral endoderm; the others are grouped

in areas of high local density and beat spontaneously. These beating

cells are cardiomyocytes. The present invention provides a method for
enhancing cardiomyocyte differentiation of a human embryonic stem cell

(hES), the method comprising co- culturfhg the hES cell with a cell

excreting at least one cardiomyocyte differentiation 30 inducing factor or

with an dXtfacéfasehediuiiabifertsiorseuitdheontiions thelhipdfusmprise both

d@rzbemm%d %@QM%&HQ%NB%?‘ mﬁwlaer@érirsv@f@&% ?ﬁ%ﬁ%ﬁﬁs@@ﬂ%@&e. This
prodyces a protein excretion profile that is at least supstantially as

PTG ) R Bar N LN P ClaE e L BB it stem ocls
thiatprée metirsth dddhie raprisat b ghewhb yo mictem drad ME Sterilsalmandude adult

MR &R VEEL BOMomPA BRI VBl HSRURe T HSMARWR SNBARGRay be genetically
Co@;ﬁf{%&?{% of differentiated tissue grafts derived from the stem ceélls with

tH8 RtRs WL toonBliEHER6eY BRiaTESa et aviQulisir state of
adiffesstefvcelisaetveddrom aperfson'thewrelipssercHttmtne stenbryetiec cell or

M- DeaRarUcRINUMAHe D RMGNh IR UQUIRHEIr QRUEtan 8&9&%%@% modified

that mag(?.control their state of differéntiation prior to, during or after

eBBLER 1 UL R OB YSICSP BRI SR FRARUMPTKGUaHer the control of a
entbryonicspeliitheymuyrbegeaetually Mediiec doilousyibygduetioaipimodified
Vapiany SRIESRY 2 RRIREIANS MARL WIGRENS CADiE 18R TGt age o
specific promoter such as Oct-4. The stem cells may be gene%ll%ally

mfotfialont ARG SPAEEIRTA RRaREr S8 thuifth éhmalierastiaiericer tHraifgentiated

tarny stagemiltisiy atiany $hesnark@tivamynbe used to purify the
differentiated or undifferentiated stem cell populations at any stage of

cultivatiavelcetienEmvid ngeriasent atiRefastanes) PrayRBrfsRRIYRNC §&lived from

derived Fro é5 visceral endoderm tissue or v'skceral endoderm like tissue
csral_endoderm tssue ceral endoderm li @é%\lg%@a embryo.

isoTated from an em ryo. réfera y, visceral naotfjsgl"f% 5
frorafehyposepisrardisieemmaode salates frrous@emigtg¢EmEtion embryos,
g&%@ﬂfgkgr%ggérgﬂcr:%Fyﬁs@f @)?W%%_HH@J&TW %r Qﬁéb&%l'%‘?”@é%@rﬂ? like tissue
escribed i . Characteristi e visceral endoderm may be
BB S E5 T B A el A St 6 s AR BRSKprm may be
ThiediigmhonixRe sstimeaybeaieiamdbejoand catolroatia (ENDEreferdbl/embryonic
opsithaihss MiseatsheRdreshoma cell, preferably one that has visceral endoderm

properties. Also included are cells that express endoderm factors or are genetically
manipulated to express endoderm factors.

In one embodiment, the cell producing differentiation factor(s) is a mouse VE-
like cell or a cell derived therefrom. In a preferred form of this embodiment the cell is
an END-2 cell.

The embryonic stem cell may be derived from a cell line or cells in culture. The
embryonic cell may be derived from an embryonic cell line, preferably a cell line with
characteristics of visceral endoderm, such as the END-2 cell line (23). The END-2 cell
line was established by cloning from a culture of P19 EC cells treated as aggregates
in suspension (embryoid bodies) with retinoic acid then replated (23J. The END-2 cell
line has characteristics of visceral endoderm (VE), expressing alpha— fetoprotein
(AFP) and the cytoskeletal protein ENDO-A.

In another embodiment the cell is a liver parenchymal cell. In a preferred form

of this embodiment the liver parenchymal cell is HepG2.
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properties. Also included are cells that express endoderm factors or are
genetically manipulated to express endoderm factors. In one

embodiment, the cell producing differentiation factor(s) is a mouse VE-

like cell or a cell derived therefrom. In a preferred form of this embodiment

the cell is 25 an END-2 cell. The embrydhic stem cell may be derived

from a cell line or cells in culture. The embryonic cell may be derived from

an embryBRiCeERNRENPTaiGBi9E cell My \Withderdctisaeiicsrofmyricembryo or
endederauisusosibe ENDsReeldiRgdas Xor BRIRMNR-21 oqll THREMNAS cell may be
eé%argllgéﬂ%% bya%logrmg f(g%rg a qlture of P19 EC cells tre%ed as )
aggregates 30 SUSP nsmne(ﬁerﬁ Sy ST DORIZRWIER Yetindft QLRI YRBl; stem cells
réprtee (RE3 virieh RD-DeagslIclitier¢ragrshanzioteiistids ef visdéferentiated state.
endoderm (VE), expressing alpha- fetoprotein (AFP) and the cytoskeletal
protein ENBOHS IeefnotyeberabolitBentthettel idoadivert pareéaciymsmbiogenesis
CellolmBesiayred KAl NS £rBRoSAMAN theylives Patend) _cfgﬁéc?%lffgrentiation
HepG2. 5 The human embryonic stem cell may be derived directly from
afFSRBRAPYF ¥rom a culture of embryonic stem cells [see for example

(12)]. The stern cell may be derived from an embryonic cell line or
embryorfiSH<ESE ¢ 2 M BARIAMISEYE RERY LRSS\ Ol @ FRf ophafihsaipeention.
been cultured and maintained in an undifferentiated state. 5 The hES cell

may be dnhEdeENififch eRidiomypayigeriwy cargdicgereaidiac specific sarcomeric
spestaneeuslyiepialiermativebpit bespoddss £l iiatEiaes LaWREI8ion and function

dkffereaqt(l)qttl:%p dig%ontaneously. Also disclosed is a cardiomyocyte

pr%%fﬁced by a M&had of the invention. The differentiated cardiomyocyte

Chronoti bR EENond e S50 CLBRn &P TN a CFRTERSn hgen feta

C
ChI’OI’lOtI’OpeICeI%
of’ealdiotayoeliasulvederably, the differentiated cardiomyocyte resembles
a human fetal ventricular cell in culture. In another preferred form the

differentiatedatbediprefzoeytéoresérmblifeattiardrcatSidatad atdatez@linibles a human
Celiierial cell in culture.

In another preferred form the differentiated cardiomyocyte resembles a human
fetal pacemaker cell in culture.

It will be understood that the resemblance to these fetal cells does not
necessarily extend to possessing the same level of maturity as these fetal cells and

also included is a differentiated cardiomyocyte with a more mature phenotype.

Disclosed are a plurality of differentiated cardiomyocytes of the invention
wherein the differentiated cardiomyocytes are coupled. The coupling may be
functional or physical.

The coupling may be through gap junctions, through adherens junctions or
electrical.

Also disclosed is a colony of differentiated cardiomyocytes produced by
dissociating beating areas from differentiated cardiomyocytes of the invention.

Typically the dissociated cells are replated. Preferably they adopt a two
dimensional morphology.
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In another preferred form the differentiated cardiomyocyte resembles a

human fetal pacemaker cell in culture. It will be understood that the
resemblance to these fetal cells does not necessarily extend to

possessing the same level of maturity as these fetal cells and 20 also

included is a differentiated cardiomyocyt& with a more mature phenotype.
Disclosed are a plurality of differentiated cardiomyocytes of the invention
wherein figodiffstestihtiedacaratiohfpodiytestady 0dbpladn Haedtmuplinganay culture,

b%ﬁ&%ﬁﬁ%i%@ﬁ@@é‘%ﬂ&%@%}m DA DG TAARIN AR mgggfl)@s\usetful in the

through adherens junctions or ectrical. Also disclosed is a colony o
dﬁ@fgﬁﬁﬂigﬁt@ RSIRPDEREE Pritrasialgn deERISRing beating areas

from differentiated cardiomyocytes of the invention. Typically the .
dissociafdldceifs!aredéh pitda VR RYEBI P e tasdiRe shivsiigrfasomprising
moriffelagiatéd Atsoicisplegrdastizermadatifor the study of human

cardiomyocytes in culture, comprising differentiated cardiomyocytes of the

inventiomiddigiserdetissisefilimtbe develpmmantat&srNeBNeCYehe invention

transplantation therapie, o djsclosed is an in vitr stem for testin ,
D iR o 2 s it eonie e DR RS Fphtroauoing
invetRismsArde apisicsedisakinwaténl bigferenateticcsr giornypepeedfateenot only

inyemiehsPrenatagd fiomha mydast REgRelloIt yildig BaogREeA R causing over
methods.for iptroducin mutations into cells are well known in the art.

MU %'i?g’rsllsogr?cc?rﬁgggsoe Tr&ot only mutations resulting in the loss of a

gene or R\'otein bTJt also those causinfggover 10 expression of a gene or

protein. AlEd JiSEIBREY 1§ £niBRTRF of SHgREc IR Gtle differentiation and
diferdintidttseizerehyisinicgyn ¢eteptivph ysioloigy redatedisiifigraagatéd cardiomyocyte
myMaiied sifgisstiated cardiomyocyte as disclosed herein. Also disclosed

is an in vitro system for testing cardiovascular drugs comprising 15 a

mutated gifferrpiiied e iAyRCYs:as AP eeRd B8 E N ascular drugs comprising

a mutated differentiated cardiomyocyte as disclosed herein.

Also disclosed is an in vifro method for testing cardiovascular drugs

comprising using a mutated differentiated cardiomyocyte as disclosed herein as the
test cell.

lon channels play an important role in cardiomyocyte function. If we know
which channels are expressed we can make hES cells lacking specific ion channels,
and study the effect on cardiac differentiation and function (using electrophysiology).
Furthermore, drugs specific for a cardiac ion channel can be tested on cardiomyocyte
function (looking at indicators such as action potential, beating frequency, and
morphological appearance).

Areas of beating hES-derived cardiomyocytes express ANF. Expression of the
a-subunits of the cardiac specific L-type calcium channel (a1c) and the transient
outward potassium channel (Kv4.3) are also detected, the expression of Kv4.3
preceding onset of beating by several days. RNA for the delayed rectifier potassium
channel KvLQT! is found in undifferentiated cells, but transcripts disappear during
early differentiation and reappear at later stages.

Vital fluorescent staining with ryanodine or antibodies against cell surface alc

ion channels allows differentiated cardiomyocytes of the invention to be identified in
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Also disclosed is an in vitro method for testing cardiovascular drugs

comprising using a mutated differentiated cardiomyocyte as disclosed

herein as the test cell. lon channels play an important role in

cardiomyocyte function. If we know 20 which channels are expressed we

can make hES cells lacking specific ion dhannels, and study the effect on
cardiac differentiation and function (using electrophysiology).
FOrRsm@nurgpugs RipedifRy fopraigediac ioeatisarnieliselating testetiboryocytes  for
caishepuoeyis fupsinndealk %ﬁwagmw&au%}&ﬁaéﬁgwmw

beating frequency, and” morphological appearance). 25 Areas of beating

hES-derjygd %QE&BMOQ)'&Q&%R{%&N&@ rESaiy 0&&[?1‘{?; ?rié%;ﬂigitaisclosed

of the cardiac specific L-type calcium channel (alc) and the transien

o(RVEIR IR SRR hefien fpAPE RN s Bl SRR, e epiBgEIBH: direferably,
Ke4dfertietiag ariiserafluedtingihy sextaraisdajsiRRMA farrdre delayes used for
rectifi i | KvLQT] i ' iffe ' cells, but ,
fﬁ#ﬁ‘fﬁ%%@%%%“&%ﬁ%ﬂ%ﬁg5%é”ei@%ﬁé’i@?&%ﬂﬂ“@ﬁ%ﬁﬁ%ﬁé ey subiect

sHYENgifsmbRearsipeesmMEatiRfanodine or antibodies against cell

surface alc ion channels allows differentiated cardiomyocytes of the

inventio ePh@$asefels in Meliked el ltigaitnarBis Preyepliodide eardisandisgase or
isﬁliﬂﬂﬂ@m:a@dzh@m)tﬁﬁy&%iqf tV%éw?uﬁfmgwmﬂ%@F&tt&ygénﬁml iBBtion and
orc romising their vigbility. Also disclos re differenti cells _
proc Hrgga tfgin%gr%%?hgag] disa(%/rosbéJ (greli'rrp ﬁ?g? rf?ay DETEE ofn?amt'on’ cardiac
travRpIEpRaN G CCef thaeapihuihgiac Tihe rapodreteydbiyds intifferingiatedsolated
celiferedused usirtometkeye distlosediRersiBdMaybe used for thetaPeWitle of

purposes, such as in methods of restqring cardiac function in a subject

sﬁ%%rﬁ%@ﬁ%n énioegrtcg{sé%ngéogytgoﬁeglrti%%?%\Igsag?séélﬁg'gg iR 5’?5'%?#10%‘30‘?'30'056‘1
trBaffiy Bfprevdiatriipsueaptiacdhirdséler isgattidorardantliacytiisealses isreferably
typicalyapespreseshimiticieerpanedisaidiae Sunatier:aRfbrd GIBRIMARS the method

condif ons ﬁuch ?S ut nat limited, to, myaocardial infarction, cardiac
: Steloned b

hYPettrophy A QAPHRL A FRTHRG NSRRI &HHAIRhy include introducing

an isolated differentiated cardio myocyte cell as disclosed herein and /or _
a cell Caﬁgﬁlg@]@losed is @ method of répairing cardiac tissue, the method including

introducing an isolated cardiomyocyte cell as disclosed herein and /or a cell capable
of differentiating into a cardiomyocyte cell when treated using a method as disclosed
herein into damaged cardiac tissue of a subject.

It is preferred that the subject is suffering from a cardiac disease or condition.
In the method of repairing cardiac tissue, the isolated cardiomyocyte cell is preferably
transplanted into damaged cardiac tissue of a subject. More preferably, the method

results in the restoration of cardiac function in a subject.

Also disclosed is a myocardial model for testing the ability of stem cells that

have differentiated into cardiomyocytes to restore cardiac function.

Also disclosed is a cell composition including a differentiated cell, and a
carrier.

The term "inducing differentiation” as used herein is taken to mean causing a
stem cell to develop into a specific differentiated cell type as a result of a direct or
intentional influence on the stem cell. Influencing factors can include cellular
parameters such as ion influx, a pH change and/or extracellular factors, such as

secreted proteins, such as but not limited to growth factors and cytokines that regulate
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differentiating into a cardiomyocyte cell when treated using a method as
disclosed herein into cardiac tissue of a subject. The isolated

cardiomyocyte cell is preferably 15 transplanted into damaged cardiac

tissue of a subject. More preferably, the method results in the restoration

of cardiac function in a subject. Also disdlosed is a method of repairing

cardiac tissue, the method including introducing an isolated
cardidrisgseytisie@nbatignclosisy Rstetle shdyona kelicedpartentifence and may be
diffeientieding saiodeegitdiomyocyte cell when treated using a method as
disclosed 20 herein into damaged cardiac tissue of a subject. It is

preferreehibratibg swaiertdsceniipnenif el s cViding diserseANe0RIHAR) are co-
In tﬂe m thoo}{of altrln% i&rdlac tissue, the |sola}tged cardlomdyc_)c%te cell” '
iCHrFE Rl it PR hR AN RN S dvgiag His 5Ty sl iBjaRemipRenic ce
prefecihier theodnetitoly resiifesatiah et dstoeation wilicaediac ﬁwﬂot'mrﬁremrabiy, the
sHRisRlorie A Hised ig yrwAcr dghenadeh ferirstnsthe RRHEYREm cell is

st 'm cells that have ditferentiated into cardiomyocytes to restore cardiac
i

d (

G RSB SEISLB PTEE e LomPBSRIBIRIHORRMY & dftfeRspRriRRiccels for a
aperiadcariiee ﬂlf@ctien’ntbimﬂiurdelgiﬂ'efferﬁatignimﬂ'tm&s@cb?neia ig)mli«mﬁcell type.
\RERRIGBISINEA s85LeBN Criko HevalBRdaias SpeiIR AfRIRRIRRining the
cell type as a result of a direct or intentional influence on the stem cell.

IRESEIMP A S5 WEn Th iRl cceMmi RN Sp SRR SR etshieh 4% i8R inrgsenge of the
pehthpoge aal®r Ektramebufanitactdiss aadcitean ceicretay peoseingatirom each

281hu AL RES GrUCHJBRORS 200 eutalaes hat requlate 8 and

trigger differentiation. 1t may include culturi e cell to confluence and

may be inf y nsity. Preferably, the hES cell and any cell
providinémﬁgggﬁt%%nﬁﬁgégg@%rg fcgfe&l%;gd%r? VSI'[I%? ﬁ??g?%ic%ilf ated _Or? a
iMOBRAARYPHIBEIPY IR SRils 224l adveditbayewidcelltEerferiofupsr differentiation
peoaucetkiycproliferation of the embryonic cell in culture. Preferably, the

embryonic cell monolayer is grown to substantial confluence and the stem

cellis atioweiddasaisiiathePERaBRA0E & XanobHIasBrdkMm afdhSpically those
evq/kblr onic cells for a Peri d of time sufficient to induce differentiation of

NG e gﬁrtwapgrgragil\ﬁec QL é:_ell renewal, but do not kill stem cells or drive them
to differentiate exclusively into extraembryonic lineages. A gradual withdrawal from
optimal conditions for stem cell growth favours differentiation of the stem cell to
specific cell types. Suitable culture conditions may include the addition of DMSO,
retinoic acid, FGFs or BMPs in co-culture which could increase differentiation rate

and/or efficiency.

The cell density of the embryonic cell layer typically affects its stability and
performance. The embryonic cells are typically confluent. Typically, the embryonic
cells are grown to confluence and are then exposed to an agent which prevents
further division of the cells, such as mitomycin C. The embryonic monolayer layer is
typically established 2 days prior to addition of the stem cell(s). The stem cells are
typically dispersed and then introduced to a monolayer of embryonic cells. Typically,
the stem cells and embryonic cells are co-cultured for a period of two to three weeks
until a substantial portion of the stem cells have differentiated.

The term "extracellular medium" as used herein is taken to mean conditioned
medium produced from growing an embryonic cell as herein described in a medium
for a period of time so that extracellular factors, such as secreted proteins, produced

by the embryonic cell are present in the conditioned medium. The medium can include
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Alternatively, the stem cell may be allowed to grow in culture containing

the 10 extracellular medium of the embryonic cell(s), but not in the

presence of the embryonic cell(s). The embryonic cells and stem cells

may be separated from each other by a filter or an acellular matrix such

as agar. In general for differentiation of stem cells the stem cell can be

plated on a monolayer of embryonic cells and allowed to grow in culture
toeRiBDeReAif R RIFON A% dhengrerdm ddheCetisitionsamplstdiadal medium such

dl&ﬁﬁ[ﬁﬂb@&d embyamne éé@éﬂt@'ﬁ@d@ﬂ@!ﬂ@%ﬁ%%%@hﬁ!%rowded in serum
e’p(irmls& e for stem cell renewa), but do no Ki Iﬁem cells or drive

the 8 différenhtiate exclisivelyini é;meorﬂ%?yo frSRUTA GRldifarcells are
wthtireas a1 groralhojstiendl :donikitivafd? Migvh wigh §rowthGavaersicillin, streptomycin

dmem%tm@s%tﬁe@n%l& tagéssnacifie celbhyRes ﬁmtwﬁQH"‘é‘t@n cells the
conditions mglmlncl ethe addition of DMSO, retinoic acid, FGFs o

BRI 8 TS TR FEREASR R tERR AR SSREBING 20%or less
efficienty reheasel| efermsitijtioh ke reedryo ionc EINBy2 et sicbycafiditieniésl medium

stahility @@ﬁa%fﬂr%nﬁare%mrxga&ée IS a1e Spigally £8oflugnty,,

Typically, the embryonic 25 cells are grown to confluence and are then

exposedﬁﬁeaégfaasméygg Bwsnrfvéwt Bﬁ Avisign.abihe sl

gf EIS dd%?nyocytes
mitomycin C. The embryonic monolayer layer is typica éestab IS
d598 Sﬁofr%%daa%SW'BFFné/'Q?e%a&En@)a"r%%&%?ﬁ%éi%‘ 8 mysielRIphenotype, a-

dispevsed @d’ﬂlﬂbpbloerrysm’iranhimadw@am@nm@/ersef@mbw@ﬂtﬁé?@{& muscle staining.
TW&‘%&% ht%étc%’ﬂif(‘) o é}]cagce,ig%f’%ﬁe QT}%%tg q(for ‘?] Péa %ose skilled

of two to three weeks 30 unt a su stantla em cells’ hav

diffelefitiited"9e Q@Waé%ra{%llﬁﬁﬁ'ﬁf@mﬁbﬁe%@ [Ps dfese Msith |§Q&¢d‘@ﬁﬁéldeh}’de
meafecaigivihehomezitim prediiasd PRaTEreuiRe e IR BIRINALIhARcteristics

herejn edi m for a period of time sq that extracellular
fa%ﬁ%rsg(gﬁﬁl assgtséeaé?aepe prggglsncsie pcecqace: n n% eggt% m%% Eén Bﬁé“h clamp,
pPé%@fﬁ@hXﬁ@'@@héﬂﬁ)ﬁgdPrﬁgdlum The medlum can include 9

components that encourage the growth of the cells, for example basal

medium Sigeh cedDiitie ola e nsimidiemy esdentaknie dierdeDREM)) dre genetically
HaausriEd Zaarexidedimser WfJF%‘?(Jﬁ{PTbV‘{Bﬁ@wéﬁﬁlé@ IR B9 sudden death in
C%mrﬁans nt SEFQ%nTy%%'y‘%Ens Igel\lrll?/ezol Cferlomattﬁese modified stem cells will thus be
abnormal and yield a culture model for cardiac ailments associated with defective ion
channels. This would be useful for basic research and for testing pharmaceuticals.
Likewise, models in culture for other genetically based cardiac diseases could be
created. Cardiomyocytes as disclosed herein can also be used for transplantation and

restoration of heart function.

For instance, ischaemic heart disease is the leading cause of morbidity and
mortality in the western world. Cardiac ischaemia caused by oxygen deprivation and
subsequent oxygen reperfusion initiates irreversible cell damage, eventually leading to
widespread cell death and loss of function. Strategies to regenerate damaged cardiac
tissue by cardiomyocyte transplantation may prevent or limit post-infarction cardiac
failure. The methods of enhancing stem cells to differentiate into cardiomyocytes, as
hereinbefore described would be wuseful for treating such heart diseases.
Cardiomyocytes as disclosed herein may also be used in a myocardial infarction
model for testing the ability to restore cardiac function.
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cultured normally in a 1 :1 mixture of DMEM with 7.5% FCS, penicillin,

streptomycin 5 and 1% non-essential amino acids. In the coculture with

human stem cells the medium is replaced with human embryonic stem

cell medium containing 20%or less FCS. In the case of conditioned

medium from END-2 cells the conditiond@®medium will be prepared in

serum free form as opposed to the standard 7.5% serum. The

cardiom{ARS/RESHI T MYPSAHA Atedsidreriashnadhempibasdisiepeaisthat have

10icarheafie thaneasiaingd yids mﬁgnsgbmagﬂ&ogl&%%emr@m RUgHRre cardiac
enat a- troponin, a-tropomysin and.a-MHC antibodies also give . =

AR B e R AR S en s S iy o, s

alfBBRiial tenidtods IFITAVEPtR o3eirsRillewdel thélfare Neas palflergiyameter of

t?@g@}%@?ﬂﬁ%@ f@é@f#ﬁ@iéllrgarﬁéglf”}%@ﬂﬁy(éﬁee}Wef&@i?@u\%}ﬁh ogntrol and
about 2% t out 49 ararorma )/ on anne aracteristics .

R AT TR S e eI L B A B RN ek rPerapiaton ar
el@:ﬁ@@%}@ﬁ@bé?@%@zﬁrP@R@@i@mlﬁieﬁﬁfmamwhmezafdmmcapacity of
afReonRa dethedregnhie genetically QdHIRAIO HRAEURHRRS ihdB5n following

example, ion channels (this causes sudden death in humans).
o s W&%@RQS derived from these modified stem cells will thus be 20
abnormal and yield a culture model for cardiac ailments associated with

defectivé‘iBRAS cHARRLS UPRigsaBHid BLITTR Mo PRI HaGdsfidieRhanpise may be
testery phammageuticals.atdkpwisepmodelsnnyoultiere fasrotherrigeseticatbes. The

PEaRASAIORRCIERABRR AU RRIC iR yRRYes a5 disciosed

herein can also be used for transplantation and restoration of heart

function23 EQr.i i ' rt disease is the leading cause of
morbicty o T e e T CarTee b N, G eoss the
b§ 80 eh@ePATAEBA Rd0WinssBatpieahiyed ¢topareeyion mitdieble progenitors
irieessile-eed ﬁaﬁn@@engwmlbfé@dbga ttqaewi%@tsarﬁﬂalqslbﬂeiﬂéhn@ﬁt%eﬂcient
loss of functipn. Strategies to regenerate damaged cardiac  tissue by _
AR R P B R S ot B A SO OBl Gapiaaet hat i
30sfed @ a T eisthaeaceofa i Aheidif esrniated| saodiiffyemtizse Thie animal can be

cardieppmsytiasiamndsieihsiaredesaiibed wWomid Bewsefubiardr %6%!9{9 and any

h tdi . di t disclosed herein may also be i
A A, BRI eI et i (BSER o EALby T factargese animals

cardjaméluststidnit are not limited to, electrophysiological characteristic of heart tissue
or. various heart function. For instance, contractile function may be assessed in terms
of volume and pressure changes in a heart. Preferably, ventricular contractile function
is assessed. Methods of assessing heart function and cardiac tissue characteristics
would involve techniques also known to those skilled in the field.

Disclosed is a cell composition inciuding a differentiated cell disclosed herein,
and a carrier. The carrier may be any physiologically acceptable carrier that maintains
the cells. It may be PBS or other minimum essential medium known to those skilled in
the field. The cell composition disclosed herein can be used for biological analysis or
medical purposes, such as transplantation.

The cell composition disclosed herein can be used in methods of repairing or
treating diseases or conditions, such as cardiac disease or where tissue damage has
occurred. The treatment may include, but is not limited to, the administration of cells

or cell compositions (either as partly or fully differentiated) into patients. These cells or
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10 Disclosed is a myocardial model for testing the ability of stems cells

that have differentiated into cardiomyocytes using methods disclosed

herein to restore cardiac function. In order to test the effectiveness of
cardiomyocyte transplantation in vivo, it is important to have a

reproducible animal model with a measurhble parameter of 5 cardiac

function. The parameters used should clearly distinguish control and
explerfioERR tmmars kb edenexanplereal st achditioievie dfie restoration of
trapspiaNiatine sakPaiscessitgly datppninade RYrelalionshins s a

measure of the pumping capacity of the heart and may be used as a

read-outrpfalipredt cmgia@ewﬂgﬂ f@mwiamﬁganép'%ga@&&f%&%%stme word

apimal, such as, but not limjte an immunodeficient mouse may be
us%ociné)é‘%e'uﬁﬂi@&a&%?@ép%Fth"&%rr%iéHﬁFb’ﬁ‘?te%Om?ﬁ‘P%icﬁi?s&BP&%@S.eS , I not
Tihéershadiomydoyestaes adddiveedcbyn poethosls disptosed diepein. The
myocardial model disclosed herein is preferably designed to assess the

extent off bardiswssjumirdiotl oving ttanseta nhateciatsli armyloeyiestiofesuiiabi@e like is

PIOGEIMETS fnsnipRipuiahiedinst apimal Mf?ﬁ%ﬁ%%@&%ﬁg%%?éntext for the

animal is an immunodeficient animal created as a mode
niisEfMbEYeREaSATARIWFIRPRFELCIEPISSasiRy 485 anwersdl ackwsematters
ofdheediffererdfates prcdiamyesdeas. Whis avinabaageheran6ARRIES in the field
'%‘1%95?9 Fb“’iH”éﬁ{;#gEgﬁP.méﬂHSW‘as%" stQS\/iH]?Xu%?rrz]allpaebB%rlpe' r{ﬁe‘:".mrd ?i? date of
non-human primates. Parameters used to measure cardiac repair iR tRede
affAAP0 Rid) FrRRRiE2YRR: are not limited to, electrophysiological

characteristic of heart tissue or, various heart function. For instance,
contractil@upiessAtnyEpoaskEsed httarens follwoksnebedd/ifessierence to the

CB@E&ﬂ%Hy&nBe@éénﬂ?@?rﬁﬂi){dr‘é@ﬁﬁ@%tl:'f'ﬁrﬁgﬂtﬁaﬁg%ﬁﬂgg@dlshowever that the
assessed. ods of agsessing heart function and cardiac tissue
jEia kR ok G R o T VEVERE
thesfieton®ikeloseer &ty cbihedmpotitioterucioelingpadifferentiated cell
disclosed herein, and a carrier. The carrier may be any physiologically
acceptable carrier that maintains the cells. It may be PBS or other
minimum essential medium known to those skilled in the field. The cell
cBripbdisurigitotost theereto epalgng ddaloimgielogical analysis or
medical purposes, such as transplantation.

Figure 1 : hES-2 cells were co-cultured with mitomycin C treated END-2 cells

in DMEM media containing L-glutamine, insulin-transferirin- selenium, non-essential
amino acids, 90 uM B-mercaptoethanol, penicillin/streptomycin, and varying
concentrations of fetal calf serum ( FCS). Co-cultures were carried out in 12-well
plates and beating areas were counted at 12 days after the start of co-culture. Each
different condition consisted of at least 3 independent experiments. In the co- cultures
containing 20% FCS the average number of beating areas in a 12-well plate was 2.
With decreasing amounts of FCS in the co-culture, increasing numbers of beating
areas were found. In co-cultures without serum (0%FCS) the average number of
beating areas was 24.
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30 The cell composition disclosed herein can be used in methods of
repairing or treating diseases or conditions, such as cardiac disease or
where tissue damage has occurred. The treatment may include, but is not
limited to, the administration of cells or cell compositions (either as partly
or fully differentiated) into patients. Thesicells or 11 cell compositions
would result in reversal of the condition via the restoration of function as

f’reViOUSt}:’g?P%Cﬂ?%?%lEQ?@éfl% t}nté?ygh-ﬁmﬁfwé? wftahw'm@%%@gel@e‘é@@g;@n%% cells in
cription and clalms IS Specifcation e War/ comprise” an .

e R b e B o s SOt g rgn-essentia
iragmitied aoidxclitfe othder Rtithagoehmponepesidilliofpdrsptorsyeps. Bnd  varying

diggissirrehdosuragntsapcisrnaterals). deyicasuRticlesAng tha K] & 12-well
|ggluded |g£|s sﬁ)g(/-:-mflcatlon soleléfor the purpose of providing a context

e PrRNOSRRBR ETE ROMLaY o ddpRrehied thseadgrtrase in the
ohthelser widtiertindorneed wast afstbgtioar thasktor\@enedeorinuoiture conditions.

geneal W%ﬁﬂﬂ@té"a&%ﬁ@%ﬁge@}ﬁ\(@% F—Q%@W?éeﬁibmvlﬁ%%@eaﬁ e number

existed in Australia before the priority date of each claim of this
aphheatian 878 PRSEERIRISAHSARIF now be more fully described with
reference to the accompanying examples and drawings. It should be
uRGEHSRCHANE RINET: ode i fpRtHins A iG I MgV e only and
should not be taken in any way as a 15 restriction on the generality of the

inventioNV@&schibe ralfower s fefcylutathuth viserraterslogrinyings) like cells from

dieavingsubigusgférehfisbion cellspysriec araigtwed g thrmBemy aiedreatedmarker
EN(II)%échS:‘ellgh in DMEM media containing L- Iutargne, insulin-transferirin-

f ,
ronotro onseis and. _ﬁ%%)[j’ggalt%rétﬁaaoﬁync ion were

sgfenlum, non-esse%'ﬁafe% amino acl S,n9 SIW
pbivicHlivfsosgiomyesitesn & ieahangysiptemndenionstuftéstahatathsgroelis resembled

FhePlaf el NarRs cvRrece RS NIRArOH - lids Wl MalRS RAd ReHIDD B58RSon. Realn

were co nt%iﬂ ?t 12 days after the start of co-culture. Each different ]

O B RSHYEle ST U RSP T A B B S SHOHh 2B connexin 43
cakpressicontaindngtz0et FES ftial andrafé nianNest chrdeamtyrprsasrn @upled by
152\5"?”@%%MW%I@%WAW@S&W&QHQ@%}?&J@ﬁ%i@iftigg%ﬁ%@ﬁrﬁglqé%ﬂ%ses by

ngreasing/J numbers of beating areas were found, In co-cultures without
0

is SIRP E@gﬁ’@ﬁgﬁ?féfﬁ@é’ rﬁal:?femggroe‘nfunctional a 1c calcium ion channels.

Cell culture

END-2 cells and hES2 cells were cultured as described previously (7, 11, 12).
To initiate cocultures, mitogenically inactive END-2 cell cultures, treated for 3hr with
mitomycin C (mit.C; 10ug/ml) (7), replaced mouse embryonic fibroblasts (MEFs) as
feeders for hES cells. Co- cultures were then grown for up to 6 weeks and scored for
the presence of areas of beating muscle from 5 days onwards. HepG2 cells, a
carcinoma cell line resembling liver parenchymal cells (13), were cultured in DMEM
plus 10% fetal calf serum (FCS) and passaged twice weekly. Co-cultures were
initiated as for END-2 cells. For electrophysiology, beating aggregates were

dissociated using collagenase and replated on gelatine-coated coverslips.
Immunohistochemistry

Cells were fixed with 3.0% paraformaldehyde, then permeablized with 0.1%
triton™ X 100. Undifferentiated hES colonies were then stained overnight at 4 0C with
anti-oct4 (Sigma), visualized using the ABC complex/HPR kit (DAKO) and the Fast

3,3"-diaminobenzidine tablet set (Sigma). For immunofluorescence antibodies against
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beating areas was 24. 12 Figure 2: hES-2 cells were co-cultured with
mitomycin C treated END-2 cells in DMEM media containing L-glutamirie,
insulin-transferirin- selenium, non-essential amino acids, 90 pM
(3-mercaptoethanol, penicillin/streptomycin, and varying concentrations of
fetal calf serum ( FCS). Co-cultures weréZarried out in 12-well 5 plates

and beating areas were counted from day 8 to day 18. A linear increase in

tea el o PBY A INGPAFERE whaS btige P RonY iy B a2V ailiepfddr K. Chien),
cuteraepeditions. (Kb the L osiste ahsensa o BRMEBUAXNRGE, WaR) and *
a %Ii iht(;n%ea:}se ' ) th% nl{/vmpeerucs)(fa e%tin(%%rbegs obser\{ﬁdf?fter 18 dtays. uaated
Bes Method an OQWer) methods of Carrying U ﬂ?@ Invention 10 Whertriugate

hess el weretibediafulddosenvisabespienesdem® (VE) Maniasis fiowmges (Leica

thsy seausewdifareriiation themingrBmstie was-taliated garcomeric

marker proteins, chronotropic responses and ion channel expression and

iRy RIm dRIgalf r@reiamypaysasy &geirophysiology demonstrated
that most cells resembled human fetal ventricular cells, with atrial-like

responsegin,a, mipAty AOBBIaHRR- RAAL MR QiESE/ b dbortion after

measurements, lucifer yellow injection and connexin'43 expression

dEHUINSR LR TSR POt IS HRS HE e ESritPRy B RIS CHEHESR S Bgproval of
gt jethitionsrimmitidie . tAa tibody stainied and rhéitioneshel@eiiicabrdiomyocytes

R Ml R P JRPEERE 8 SE AR A tes were
cliflrtsd doaeRipbBadpie PRifsted ov kangsgndesfimndieutyeem@reglass coverslips.

nitog@aically dnastive & phisstatigglbereswiratendoredhn Wikkodsitosayeinwith low
C(J(gni't&' J.Opg/ml) (7), replaced mouse embryonic fibroblasts (MEFs) as
feeders for hES cells. Co- cultures were then grown for up to 6 weeks and
scored for the presence of areas of beating muscle from 5 days onwards.
eciro }h%sm Q@’é . . . .
ep elts; a arcinoma cell line resembling liver parenchymal cells

(13), ltured in DM I 0% fetal calf serum (FCS) and, ,
passagd AR I ER Eb SRS Rerd AR AETSPENDE T 3 using

electfophysiol PP Heatmifeagdreyatestmerentdidsocidtedarsity, CA, U.S.A.). Cell

cgliagraaps RRerGRIRIRL AL HEIINRRO BRI SRYGEXIRSH mode. The pipette offset,
series resistance and transient cancellation were compensated; subsequent action
potentials were recorded by switching to the current-clamp mode of the 200B
amplifier. Output signals were digitized at 4 kHz using a Pentium 1ll™ equipped with an
AD/DAC LAB PC+ acquisition board (National Instruments, Austin, TX, U.S.A.). Patch
pipettes with a resistance between 1 and 3 MQ were used. Bath medium was 140 mM
NaCl, 5mM KCL, 2mM CaCl2, 10 mM HEPES, adjusted to pH 7.45 with NaOH.
Pipette composition: 145 mM KCI, 5 mM NaCl, 2 mM CaCi2, 4 mM EGTA, 2 mM
MgCl2, 10 mM HEPES, adjusted to pH 7.30 with KOH. Verapamil was used at 5uM,
as indicated.

Calcium measurements

Cells were labelled for 15 min at 37 0C with 10uM fura2-AM. The light from
two excitation monochromators (SPEX fluorolog SPEX Industries EDISON, N.J,
U.S.A.) was rapidly alternated between 340 (8) nm and 380 (8) nm and coupled into a
microscope via a UV-optic fiber. Fluorescence intensity images were recorded from
living cells at a maximal rate 120 ms / pair and corrected for background fluorescence.

Calibration used the minimal ratio (Rmin) after addition of 5 pg/ml ionomycin and 4
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Immunohistochemistry 30 Cells were fixed with 3.0% paraformaidehyde,
then permeablized with 0.1% triton's X 100. Undifferentiated hES colonies
were then stained overnight at 4 OC with anti-oct4 (Sigma), visualized
using the ABC complex/HPR kit (DAKO) and the Fast
3,3"-diaminobenzidine tablet set (Sigmaj4For immunofluorescence
antibodies against 13 a-actinin, tropomyosin and pan-cadherin (Sigma),

ME 2@ @ (itofBraclicansrie maxigrml eho1RaINIcfieneddiien of 5 ug/mi
i&@@hﬁ@ﬁ%m@jﬁﬂ@t&@ucﬁ@@ b@%ﬁﬁ&ﬁ%@ﬂ@éﬁmm@tdé?r&yé’{eddas follows:
(Sigma re used in.c inati ith fluorescent conjugated secondary

a ﬁ?ﬁ%@.‘é‘vﬁ( amgérﬁgg&g%ﬁgog @{.'S.A.). Confocal images (Leica 5

SBstems were made (63x objective) from 2D projected Z- series. Primary
harhals BRi'End fetal cardiomyocytes. Primary tissue was obtained

during cardjac surgeméor following abortion after individual permission
for

using stahdAriEH A'cBhsehtBrotEairey iRy AdpraaIssHt tdolritar Probes,
comideittel Lofitheb0nink STy Wiedicial @gabtsd treohit. Quiukfitardmyieeytestrodes

1eoneredralalrreand Crlipe A8 SRAURAREURISH LN ek cted into.one of a
9‘&{5 rfused by

cardiomyocytes were isolated from fetal hearts pe Langenc‘?)rff

altPHAIBFetPORRIseY b RIRIIRE. cel arh!cHfn e urdpss siedeyduty cycle),
celispliterie cofll6gted' i Ayrnde sy batfitar iwigbtion ceiictal (kdkr scanning microscope

Flecantysiolna. L Rataelg ieggrded from cells at 33 OC in

sponianeously beating areas using an Axopatch 200B amplifier (Axon
In?s%l{msr}%%éggbflzs%srter City, CA, U.S.A.). Cell attached patches were

made Inthe whole ceﬂr\r}oltage-clamp mode. The pipette offset, series
resistan an

trapsient cancellation wer mpensated; subsequent
action po en't‘lga sg}v%e?gdré]c%grgeéa%%;ﬁﬂ&ﬁﬁgﬂtogﬁ% WS AR AT GRYiously (1
of tAe Z006 PetamplifisiurenitNizigneal wetereligitizatbdt forkBiz ugithgraitomycin C

i DligRAty DEBRUH A0 Xty e Bl A0 UHERR 208 Reders for hES
ationa struments, Austin, , DAL F s L .
e S AR RS i T 10 BN VLR RG8 i hhrolutarmine,

Nagl|isrinan K tin 2eibhiCacC v2nidseMidl ERES adjusteeDtqupHFZMerydttoethanol,
Wﬂilliﬁzﬁ%ﬁﬁ%wgﬁi@@b% %@Ma{ﬁ%l&rﬁnw\& &'@)%3-80%89%% ﬁwen grown

mM EGTA, 2 m :
for up to 3 weeks and scored for the presence of areas of beating muscle from 5 days

onwards. To study the effect on cardiomyocyte differentiation we changed the
standard co-culture conditions. The percentage of FCS in the co-cultures varied from
20% FCS to 0% FCS.

The effect of serum on cardiomyocyte differentiation

To determine the effect of serum on the cardiomyocyte differentiation of hES
cells in co-culture with END-2 cells, we decreased the percentage of serum to 10%,
5%, 2.5% and 0% and compared the number of beating areas in a 12-wells co-culture
plate with the standard 20% FCS co-culture conditions. As shown in Figure 1 , a
significant increase in the number of beating areas was observed with lower
percentages of serum, with a more than 12-fold up-regulation in the complete
absence of serum when compared to cultures containing 20% FCS. From day 7
onwards beating areas were observed (and occasionally as soon as day 5 or 6) in
serum free conditions and a linear increase in the number of beating areas was
observed until day 12. From day 12 onwards additional beating areas appeared in the

absence of FCS, but at a relatively lower rate (Figure 2).
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25 MgC12, 10 mM HEPES, adjusted to pH 7.30 with KOH. Verapamil was
used at 5pM, as indicated. Calcium measurements Cells were labelled for
15 min at 37 OC with 10pM fura2-AM. The light from two excitation
monochromators (SPEX fluorolog SPEX Industries EDISON, N.J, 30
U.S.A.) was rapidly alternated between 340 (8) nm and 380 (8) nm and

coupled into a microscope via a UV-optic fiber. Fluorescence intensity
images WeleedtoPdadsromn diwinppiedshisatyakit ihpartan @ ragntiohiheir growth
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ag pliawsadReRmeinieR MRk RN ereRa ik fkdia EQHtPBnQ erentlatlon of
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responsi %Becrbmgutt%rg 5?8168 and chick

co-cUnture conditions., eIf“ne erceneta &0t
frang in mutant zebrafish, descrlbed above it has been suggested that BMPs, FGFs

and repressors of wnt signaling may be the most important (reviewed Olson 17).
Endoderm in the mouse embryo expresses BMP2 (18) and inhibitors of wnt signaling
(19, 20). Direct addition of BMP2 to hES cells however, did not result in
cardiomyocyte differentiation; on the contrary, they appeared to form extraembryonic
endoderm (data not shown). We therefore think it unlikely that activation of the BMP
signaling pathway is the primary event initiated by END-2/hES cell co-culture.
Likewise, we saw no obvious effect of FGFs. These signals could however, be
involved later in differentiation of nascent mesoderm to cardiomyoblasts and use of
BMPs, FGFs and wnt antagonists to enhance differentiation described here is noted
as possible. Late addition of the demethylating agent 5- azacytidine to developing
embryoid bodies has also been shown to be more effective than early addition (9).
Careful stepwise analysis of hES cell differentiation and approaches recapitulating or
mimicking endogenous signals in the embryo are the most likely to increase the
efficiencies of hES differentiation to specific lineages. In addition, transplantation of
committed but immature cells that have retained the capacity to form functional

junctions with host cells are likely to have the least chance of introducing arrythmias.

Sarcomere organization is largely determined by mechanical forces, which are

relatively minor in culture compared with the intact heart. This may explain the poorly
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20% FCS to 0% FCS. The effect of serum on cardiomyocyte

differentiation To determine the effect of serum on the cardiomyocyte
differentiation of hES cells in co-culture with END-2 cells, we decreased

the percentage of serum to 10%, 25 5%, 2.5% and 0% and compared the
number of beating areas in a 12-wells cd&ulture plate with the standard

20% FCS co-culture conditions. As shown in Figure 1, a significant

indebaee iAtainturnbesruetehtirgy wuel Witk obtephadasitlovewdd weeks despite
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ingERAseIR the pember of beating areas was observed until day 12. From

day 12 onwards additional beating areas appeared in the absence of

FCS, bukaha rslajiysdewal At g Wit dar ARaR £01W,H§e§f 5:6848%ed hES

applled clinically it is Iimportant to control their grow h and differentiation.
BSTGRBRAE and adult stem cells from the mouse apparently respond
to cues within the mouse embryo to differentiate to (virtually) all somatic

tissues (e inMaMales B sty trelkighAtardnitibtisnregulated by the
peﬁnvpaﬂseﬂwyeﬁmﬁv@a@m beyisteutfied chiskaulesias aan rﬁ@rk’élﬁ!?qgcreased

II| f f Stem ells in cultur in vivo We have
éhgs%}rgﬁ Q}?éode m gnéscséllmgrc ﬁsouor%é' %lgnas ﬁ{‘é;[elsesﬂltr‘?ite and
hGﬁﬁ’é‘ﬁ@@ esti¥inetBate@iy to cardiomyocytes with characteristics of

fetal ventricular, atrial or pacemaker cells. VE (END-2) and liver
parenchymiie(l9epeioice|Imamanalisimhapibr dteinrsgalaton @réfded sethgiroy this

abHityrie %%@@emr%@nrmméﬁ%@%&? | |§é§eﬂ@ESHﬁQH§&9 iMreceptor

contraﬁ}1 %muse ES cells, in ogur hands human ES cells do not easily
Y

fOIAE FREUR \5\%8ﬁvﬂ?%wr?@segwﬁﬁa@st%a'%@gsﬁﬁwade occur as
"sisyatapeens paiffersistidbion detaardicatydogtethevietyae Kigheeethannels in hES-

daBsiiies doQusrgEIMES JHRiIsqanEass Wi aler Leporte Bt 2nd IC stimuli,

where the hES cells do form embryoid bodies containing cardiomyocytes

IJBAGRLREGH BY i%VFéﬁ?SaLmﬁé?%'atﬁ%f&%fﬂ%na%r@.aﬁmw%v\é?fﬁemgg which
reypeEskirety dricokp drigpe Step? forineawk A inbididdeacasdipgmitagignddsal and hES-

eMARRHNGIRAMERAAde R NReUHdBfs contrasts with mouse fetal myocytes and
mES derived cardiomyocytes where early cells were non-responsive despite the
presence of L-type Ca 2+ channels. Here, the lack of cAMP-dependent protein kinase
appeared to be the limiting factor (10, 16). Thus although hES-derived and early
human fetal cardiomyocytes show some features of early mouse cardiomyocytes,
their calcium channel modulation resembles that in the adult mouse. hES cells may
thus represent an excellent system for studying changes in calcium channel function
during early human development which appears to differ significantly from that in
mice. Furthermore, the appropriate calcium handling makes the cells more suitable for
transplantation. Interesting was the observation of cells with plateau and nonplateau
type action potentials in the fetal atrial cultures. These have been described dispersed
throughout the atrium of intact fetal hearts (21) and have been considered as a
possible index of specialization of an atrial fibre, although their significance is not
clear.



responsible for the effects in tissue recombination experiments in
Xenopus and chick and in mutant zebrafish, described above, it has been
suggested that BMPs, FGFs and repressors of writ signaling may be the
most important (reviewed Olson 17). 20 Endoderm in the mouse embryo
expresses BMP2 (18) and inhibitors of whit signaling (19, 20). Direct
addition of BMP2 to hES cells however, did not result in cardiomyocyte
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endoderm (data not shown). We therefore think it unlikely that activation of
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ap Istsite enbanesiglifferentiation described here is noted as
possible. Late addition of the demethylating agent 5- azacytidine to
developing embryoid bodies has also been shown to be more effective
than early addition (9). 30 Careful stepwise analysis of hES cell
differentiation and approaches recapitulating or mimicking endogenous
signals in the embryo are the most likely to increase the efficiencies of
hES differentiation to specific lineages. In addition, transplantation of
committed but immature cells that have retained the capacity to form
functional junctions with host cells are likely to have the least chance of
introducing arrythmias. 35 Sarcomere organization is largely determined
by mechanical forces, which are relatively minor in culture compared with
the intact heart. This may explain the poorly 16 defined staining observed
here which did not change over 6 weeks despite maintenance of beating
(not shown), Likewise, staining for junctional proteins showed that the
hES derived cardiomyocytes were very immature although real time
determination of intracellular Ca 2+ concentrations clearly showed that the
cells were 5 electrically coupled. Kehat et al (3) recently reported similar
findings in independently derived hES cardiomyocytes. In the adult
mammalian myocardium, cellular Ca 2+ entry is regulated by the
sympathetic nervous system. L-type Ca 2+ channel currents are markedly
increased
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10 by beta-adrenergic (beta-A) agonists, which contribute to changes in
rate and contractile activity of the heart. In the developing mammalian
heart, the regulation of Ca 2+ entry by this enzyme cascade has not been
clearly established, because changes in receptor density and coupling to
downstream elements of the signaling cd8cade occur as 15 development
proceeds. Our data indicate that the L-type Ca 2+ channels in hES-
desreestgrediomyocytes and fetal cardiomyocytes responded to
adrenergic stimuli, indicating a fully developed and connected
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method for enhancing cardiomyocyte differentiation of a human embryonic
Cstiems: cell (hES), the method comprising co-culturing the hES cell with a

cell excreting at least one cardiomyocyte differentiation inducing factor or

1 with g ﬁ?@(@&&'%%ﬂﬁ%ﬂ@ﬂ%ﬁ%@m&te“&%%?e%‘rﬁﬂofﬁe& cQ r}mﬂ%{&iembryonic

that induce differentiation, wherein thé cell excreting the factor pr es
starpretbithexerdiR MEHA ARS8 et dyHat HifalN Aoyl Getrypxereting at
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wExcHenoileruiafiom actadiui aneirieRie 6ek A0 MRS the cen
according to claim 1 or 2, wherein the cell excreting d?{erentlamon
eXaabiesiNg ArempigerieTalrIeif@FiHAsteiie dhvogerianss salstantially as
prasgesalbenendervelikestisside isolated from an embryo. 4. A method
according to any one of claims 1 to 3, wherein the cell producing
differentiation factor(s) is,a mouse VE-like cell or,a cell derived therefro
2.5 5 N ARG it Y ST URB BTG & RN g Aot
is pRBTOBrgee6reg to claim 1 wherein the cell is a liver parenchymal cell. 7.
A method according to claim 5, wherein the liver parenchymal cell is

3.Eep&2-n8et€d@%8&%mgewlﬁé?a§gg ?r@i,omg&?metﬂgf%@n@%i@nr}%f 8ifferentiation
n embryonic stem ce , method comprising co-culturin n
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under serum free conditions that induce differentiation wherein the cell
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5. A method according to claim 4 wherein the cell is a END-2 cell.

6. A method according to claim 1 wherein the cell is a liver parenchymal cell.

7. A method according to claim 5, wherein the liver parenchymal cell is HepG2.

8. A method for enhancing cardiomyocyte differentiation of a human embryonic

stem cell (hES), the method comprising co-culturing the hES cell with a cell excreting at
least one cardiomyocyte differentiation inducing factor or with an extracellular medium
therefrom, under serum free conditions that induce differentiation wherein the cell
excreting said differentiation inducing factor is an embryonic cell derived from visceral
endoderm tissue or visceral endoderm-like tissue isolated from an embryo, or a cell that

expresses endoderm factors.
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25 22 9. A method for testing a factor for cardiogenicity which comprises
culturing the hES cell with a cell excreting at least one cardiomyocyte

differentiation inducing factor or with an extracellular medium therefrom, .ovp vy gk

under conditions that induce differentiation and testing the efficiency of
differentiation of hES cells into cardion?yocytes under serum free 5
conditions in the presence and absence of the factor, wherein the cell

9 excrefirigathedffuttgsrgduiesica foroteidiesenisiiyrwpidiileothatise aitlgtasng the hES

cabhstrptialy-aeBIRduUass-RY oMOLSRIMES 1S RliFe M ABIBIRASLIRY factor or with
te_stlng a jactor for Cardggerglg[g/ which comprises culturin the_ hES cells
AR ULPEE] e By Bt DESETS ’cHP@ﬂm%@ﬂ?'&‘?ff&%f 515 infiRpRjiation and
tefdrtotiog eflicisihyaof ditteamdihilan widthi$hedhe nefocrardicrdesaytesditions geatm free
céﬂeHﬁ%&'iﬁefﬁé‘tﬁ@%r@@daﬁ%%{b%éh@eeﬁ%ciﬁ@%&ﬁﬂi@ﬂ&iﬁéﬂﬁ‘!ﬁé‘ %IF%?creting the

cells into cardiomyocytes under serum free conditions in the presence
fagial RENUIRES &F BR'tircRirt PR Ball isxetdant suksiamfelyrmmspduced by
mimgkecVier-filaetoelis. an embryonic cell derived from visceral endoderm tissue

or visceral endoderm-like tissue isolated from an embryo, or a cell that

1(§Xpre}§§ﬁ§th]o% ?&qggﬁ@afmlsfor cardiogenicity which comprises culturing the hES
cells with a cell excreting at least one cardiomyocyte differentiation inducing factor or
with an extracellular medium therefrom, under conditions that induce differentiation and
testing the efficiency of differentiation of hES cells into cardiomyocytes under serum free
conditions in the presence and absence of the factor, wherein the cell excreting said
differentiation inducing factor is an embryonic cell derived from visceral endoderm tissue
or visceral endoderm-like tissue isolated from an embryo, or a cell that expresses

endoderm factors.





