CULTURE MEDI UM FOR EPI THELI AL STEM CELLS AND ORGANO DS COWMPRI SI NG SAI D STEM
CELLS The invention relates to a novel culture nmediumfor cultupng

epi t hel i avovamecakl s, especially intestinal and col oni ecepitht@looedi7 st em
cells, and for cultupng organoids conprising said stemcells The invention
further relates to the progeny of cells and organoids that were cultured

usi ng a cul QUIeTURE MBDIUM FOR BERTHEITAIRSTEN CEELS AN OR@ANQIDEDENY in
i enerative nedi cine The sel f-renewi ng epithelium of

toxicity as s or inre

the small i RISING SABSTEM LY ypts and villi (Gregopeff and

Cl evers, 2005 Genes Dev 19, 877-90) Cells are newy generated in the crypts
and are | ost by apoptosis at the tips of the villi, with a resulting

epi thel i al The mvemam relats toh nbvaayBuiemddiem fouadufiag kpitietiahdtarg cellem cel | s
have | o been kpnown to reside near the crypt bottom and to produce the
rapi dl y r ofiPFER ¥f'}ﬁeg“‘f‘?laﬁﬁ‘giCPloé’fﬁﬁF’i'q1§/li'aﬁ§te(‘*r%llsc@]q for gylpuingOrgmoids

di fferenti atdfigkidi i I eSS | ells is
bet ween 4 an% %St;')lqe)érl\@i(l:drjf/lf)r’t?i C%ll_gj eT'r?lEnes E{gﬂﬁ‘&ﬁﬁgmkgg’én%%%’g%%E'g?}é‘gy 116,
7-14) Thr eeougiahdids dat wereadlteret lusing pes|turemedionydf ¢lss ingeiloat arglabltse @sechf

ent er oendoc a(nh)@e cel | i formfromTA cells .and gontinue their mgration in
coherent batfds PREERG M RECKY BV (BeaRREVEDEHVIG | us receives cells from
multiple different crypts The fourth nmajor differentiated cell-type, the
Paneth cell, resides at the crypt bottom A gene, Lgr5, was recently

i dent i f}%&d whi chhg %elfsrﬁeezwmg@anﬁ%huexpfrtés§@allixmeamfeiw oidersdlintotcyypes arshrglli ng

Crypt B , ' |ls that .
1 or sper el AL ad Flebeg R ot BLASESTERN, G bR ael efbfucd it Fi g ab)
(Barker et ek cryp204hd datost ey dptipicbBOR tHO@ps)of Whd 1idti,av iliDalEBultifg Bhitldiap

GFP/ t anoxi fen-i nduci bl e Cre reconbi nase cassette was i nt eg{;&t ed into the
Lgr5 | ocus, M-ougdinhefnhday it fhsangpset Sekrengwingastern pelly hpvs Jangbesr knewn

constitute gubliiPRde e &R0 hl a?ld\%'%)ﬁglug ﬂl%ﬁﬁ’%ﬁﬁrhléfé%t%ng&%ﬁﬁ? of the

&
epi t hel i um even when assesseg 14 non after nduct was recently
di scoverded amplifyalgdd Al gelds capetde dédiffegembiatibgitowends dlblideagess The aningiad mar ker

for adult stemcells Wiile Lgr 5 s e resseg in stemcells % br ai n,
i dney, 1 1 vAFTOSOf piEm cells heRgeeh 4 nekd prarypidRisrionss angCBsre. 194t ol 1 cl e,
ovary, adregadrddB@EIbgy; 116, 7-14). Three differentiated cell types, enterocytes, goblet cells
and enteroendocrine cells, form from TA cells and continue their migration in coherent
bands along the crypt-villus axis. Each villus receives cells from multiple different
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bottom.

A gene, Lgr5, was recently identified which is specifically expressed in a fifth
cell type, cycling Crypt Base Columnar (CBC) cells, which are small cells that are
25  interspersed between the Paneth cells (indicated by black arrows in Fig 8b) (Barker et
al., 2007. Nature 449: 1003-1007). Using a mouse in which a GFP/tamoxifen-inducible
Cre recombinase cassette was integrated into the Lgr5 locus, it was shown by lineage
tracing that the Lgr5* CBC cells constitute multipotent stem cells which generate all
cell types of the epithelium even when assessed 14 months after Cre induction.
30
It was recently discovered that also Lgr6, besides Lgr5, but not Lgr4, is a unique
marker for adult stem cells. While Lgr 5 is expressed in stem cells of brain, kidney,
liver, retina, stomach, intestine, pancreas, breast, hair follicle, ovary, adrenal medulla,

and skin, Lgr6 is expressed in stem cells of brain, lung, breast, hair follicle, and skin.



and skin, Lgr6 is expressed in stemcells of brain, lung, breast, hair
follicle, and skinlt is generally believed that an intimate contact between
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small intestine, co stonmach and pancreas conprising s mcells and
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undi fferenti ated phenotype and sel f mai nt enance capabilities For exanple,
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stem cell, an isolated tissue fragment comprising said epithelial stem cells, or an
adenoma cell with the extracellular matrix, culturing the stem cell, isolated tissue

20  fragment, or adenoma cell in the presence of a cell culture medium, comprising a basal
medium for animal or human cells to which is added a Bone Morphogenetic Protein
(BMP) inhibitor, between 5 and 500 ngram/ml or at least 5 and not higher than 500
ngram/ml of a mitogenic growth factor, whereby a Wnt agonist is added if epithelial
stem cells and isolated tissue fragments are cultured.

25

It was surprisingly found by the present inventors that a method of the invention

allows culturing of epithelial stem cells, isolated fragments from the small intestine,
colon, stomach and pancreas comprising said stem cells and adenoma cells, while
preserving the presence of stem cells that retain an undifferentiated phenotype and seif-

30  maintenance capabilities. For example, isolated crypts that are cultured according to a
method of the invention develop into crypt-villus organoids, comprising a central
lumen lined by a villus-like epithelium. The growth of isolated crypts was fuelled by

stem cells that are present in the crypts. The resulting organoids undergo multiple crypt



allows the outgrowh of single, isolated epithelial stemcells into
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and massive proliferation of progenitor cells residing in the middle of the crypts,

ensures proper replacement of the shed cells.

20 Stem cells are found in many organs of adult humans and mice. Although there
may be great variation in the exact characteristics of adult stem cells in individual
tissues, adult stem cells share the following characteristics: They retain an
undifferentiated phenotype; their offspring can differentiate towards all lineages present
in the pertinent tissue; they retain self-maintenance capabilities throughout life; and

25  they are able to regenerate the pertinent tissue after injury. Stem cells reside in a
specialized location, the stem cell niche, which supplies the appropriate cell-cell

contacts and signals for maintenance of said stem cell population.

Epithelial stem cells are able to form the distinct cell types of which the
30  epithelium is composed. Some epithelia, such as skin or intestine, show rapid cell
turnover, indicating that the residing stem cells must be continuously proliferating.
Other epithelia, such as the liver or pancreas, show a very slow turnover under normal

conditions.



jejunum ileum and colon, and the pyloric region of the stomach by
protocols that are known to the skilled person For exanple, crypts can be
i sol at ed Wy 201i9b=:aBi on of isolated tissue with chel ati ngcagants/cbiat

rel ease cells fromtheir calcium and magnesi um dependent interactions with
t he basenent nenbrane and stromal cell types After washing the tissue, the
epithelial cell layer is scraped fromthe gubmicosa with a glass slide and
m nced This is followed by incubation in trypsin or, nore preferred, EDTA
and/ or EGTA and separation of undigested tissue fragnments and single cells
fromcrypts using, for exapple, filtration and/ or centpfugations steps
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rates Preferred Lgr5 ‘and/ or 6 ndi ng conpounds conprises anti bodi es, such
as nonocl onaypsanSirbidatineghadsare spd o fsoted frygmesvghthz pasareashinddtonochhe

extracel lul ar donain of either Lgr5 or Lgr6, such as nonocl onal anti bodies
i ncl udi ng nmouse and rat nonocl onal anti bodi es Using such an anti body, Lgr5

and/ or Lgr6- expviesiN® isIR8s@ ¢edls Edth HRtHeR inb@dare kabwaXRRlag. Wi th the aid
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ligand binding. Ligands for Lgr 5 and Lgr 6 are not yet described in the literature. A
preferred method therefore comprises preparing a cell suspension from said epithelial
20  tissue, contacting said cell suspension with an Lgr5 and/or 6 binding compound,
isolating said Lgr5 and/or 6 binding compound, and isolating the stem cells from said
binding compound. It is preferred that a single cell suspension comprising the epithelial
stem cells is mechanically generated from the isolated crypts as it was found that at this
stage epithelial stem cells treated with trypsin yielded rather low survival rates.
25
Preferred Lgr5 and/or 6 binding compounds comprises antibodies, such as
monoclonal antibodies that specifically recognize and bind to the extracellular domain
of either Lgr5 or Lgr6, such as monoclonal antibodies including mouse and rat
monoclonal antibodies. Using such an antibody, Lgr5 and/or Lgr6-expressing stem

30  cells can be isolated, for example with the aid of magnetic beads or through

fluorescence-activated cell sorting, as is clear to a skilled person.



cells are isolated fromthe small intestine, including duodenum jejunum
and il eum pancreas or stonmach Isolated stemcells are preferably cultured

in a mcnyen¥ig@Ment that mmcs at least in part a cebbqt}ﬁrmﬁm@ﬁﬂ n
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cul tupng said stemcells in the presence of biomate pals, such as matrices,
scaffolds, and culture substrates that pz.lresent key regul atory signals
controlling stemcell fate Said biomate pals conprise natural,
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et al., 2007. Curr Opin Chem Biol. 11(4): 381-387: Saha et al., 2008. Biophysical
Journal 95: 4426—4438; Little et al., 2008. Chem. Rev 108, 1787-1796). As is known
20  to a skilled person, the mechanical properties such as, for example, the elasticity of the
scaffold influences proliferation, differentiation and migration of stem cells. A
preferred scaffold comprises biodegradable (co)polymers that are replaced by natural
occurring components after transplantation in a subject, for example to promote tissue
regeneration and/or wound healing. It is furthermore preferred that said scaffold does
25  not substantially induce an immunogenic response after transplantation is a subject.
Said scaffold is supplemented with natural, semi-synthetic or synthetic ligands, which
provide the signals that are required for proliferation and/or differentiation, and/or
migration of stem cells. In a preferred embodiment, said ligands comprise defined

amino acid fragments. Examples of said synthetic polymers comprise Pluronic® F127

30  block copolymer surfactant (BASF), and Ethisorb ® (Johnson and Johnson).

A cellular niche is in part determined by the stem cells and surrounding cells, and

the extracellular matrix (ECM) that is produced by the cells in said niche. In a preferred



wherein the gl ycoproteins conprise collagen, entactin (nidogen),
fibronectin, and lamnin ECMis secreted by connective tissue cells

Di f f er entwhyhRe13ECM are known, conprising different eeyRQShiod@is7
including different types of glycoproteins and/or different conbination of

gl ycoproteins Said ECM can be provided by culturing ECM producing cells,
such as for exanple fibroblast cells, in qsreceptacle, prior to the renoval
of these cells and the addition of isolated crypts or epithelial stemcells
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could not be cultured for longer periods and no continued presence of undifferentiated

stem cells was observed. In addition, the presence of an ECM allowed culturing of

20  three-dimensional tissue organoids, which could not be cultured in the absence of an

ECM.

A preferred ECM for use in a method of the invention comprises at least two
distinct glycoproteins, such as two different types of collagen or a collagen and
25  laminin. Said ECM can be a synthetic hydrogel extracellular matrix or a naturally

™
1

occurring ECM. A most preferred ECM is provided by Matrigel ™ (BD Biosciences),

which comprises laminin, entactin, and collagen [V.

A cell culture medium that is used in a method of the invention comprises any

30  cell culture medium. A preferred cell culture medium is a defined synthetic medium

that is buffered at a pH of 7.4 (preferably between 7. 2 and 7.6 or at least 7.2 and not
higher than 7.6) with a carbonate-based buffer, while the cells are cultured in an

atmosphere comprising between 5 % and 10% CO?2, or at least 5% and not more than



DMVEM F12 and RPM 1640 suppl enented with gl utam ne, insulin,
Penicillin/streptonycin and transferrin In a further preferred enbodi nent,
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free culture and already includes insulin In this case, said Advanced
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consisting qf two different receptor serine/th i i nases, e | and
Cype 115 acapadt nchides fispanih BFgBest: i pHESHOPMaREE 4 sroaypmied KPS ept or
resul ting i medilf @pkdfdablyQUpREmbhttd wiBGARERAIndndaRAicTING/ sk 3mgci‘h.eqﬁ@t or

subsequent |y phosphoryl ates specific receptor substrates (SMAD), resulting

in a signal amsate praferedabatsam celleatiiregnediumris sepplé meniteshalth apuiified.y  Sai d
BMP i nhi bitor iF defw as @l}"l a)g] ntt. t hat btl qu t‘f a BVP nolecule to forma
conpl ex wheP B3N PHE BB AP SMMUICSRE Y &y TRA8H20G dyes BOL GBI 69" pr event i ng
or i nhi bi ti mglefihed Eimgtinegt ich bR BYByiNelkaaH 6 feal salBMrumes@lidfients such
Alternatively, said inhibitor is an agent that acts as an antagoni st or

rever selagoti & expmplet Ao (Isyitiogen)pNt deet Y videing Jipma) N2 gnsistogen)and
prevents bigdj e RTs 0, f atter agent is
an anti bodyaﬁﬁ@?‘ e%}cﬁﬁgﬁg@ %kgso?@éc%g? %ﬁ‘?g‘;n“df“ﬁ‘ﬁ g%%%@h?%g}enngedéﬁﬁ to the
ant i body- borgendir¢edcecept or Said BMP inhibitor inhibits a BWMP-dependent
activity in a cell to at nost 90% nore preferred at nost 80% nore

preferred at nost 70% nore preferred at nmost 50% nore preferred at nost
30% more preferr edA%mgB&ém #AVis JBELIORRE bl 681 onelifinRls! avﬁ?dtgq%ﬁbltgﬁl el of

a BWMP activity in the absence of said inhibitor As is known
ski | | edider sSBMPsdim\MB aditrienic diganrhio arecapetreromphexdedmyistmegsUiwondjfieifeet
;{ aglsc,r i FZ)BBp%g%as&}]?\://h\ég%%%ﬁgfﬁfs,ft%e F%n%@é)ee llargce%)t(oergpllhieftiy;?edll.rgce%tiolr ber berg
phosphorylates the type I receptor, resulting in the activation of this receptor kinase.
The type I receptor subsequently phosphorylates specific receptor substrates (SMAD),
resulting in a signal transduction pathway leading to transcriptional activity.
20
Said BMP inhibitor is defined as an agent that binds to a BMP molecule to form a
complex wherein the BMP activity is neutralized, for example by preventing or
inhibiting the binding of the BMP molecule to a BMP receptor. Alternatively, said
inhibitor is an agent that acts as an antagonist or reverse agonist. This type of inhibitor
25  binds with a BMP receptor and prevents binding of a BMP to said receptor. An

example of a latter agent is an antibody that binds a BMP receptor and prevents binding

of BMP to the antibody-bound receptor.

Said BMP inhibitor inhibits a BMP-dependent activity in a cell to at most 90%,
30  more preferred at most 80%, more preferred at most 70%, more preferred at most 50%,
more preferred at most 30%, more preferred at most 10%, more preferred 0%, relative

to a level of a BMP activity in the absence of said inhibitor. As is known to a skilled



Several classes of natural BMP-binding proteins are known, including Noggin
(Peprotech), Chordin and chordin-like proteins (R& sytens) conprising

chordi n doaabhiseeedigl | i statin and follistatin-related preop@iNiSo{oRéd15yt ens)
conprising a follistatin domain, DAN and DAN-|i ke proteins (R&D sytens)

conprising a DAN cystei ne-knot domain, sclerostin /SOST (R&D sytens),
decopn (R&D sytens), and al pha-2 nmacr ogl obgl in (R&D systens) A preferred
BMP inhibitor for use in a nmethod of the invention is selected from Noggin,
DAN, and DAprédnke BMPh&ivig daf bk ddichginee bh endasuraipdheXrandcriptiomdResyityesrs )
These diffusibhle proteins are able to bind a BVMP |igand with varying
degrees of BMP. fertarample 4sepemplifigd i 4ilbgehesg et al 9 2007y BME Gel BiekSptlor s The
addition of any of these BMP inhibitors to the basal culture nmedium
prevents the | oss of stemcells, which otherwi se occurs after about 2-3
weeks of cul t ur$evhraiokssepoéhanrat 8 MBVBindinty frdtears arskideggiinclinbigg Noggs

preferahly added to the basal K cylture nediumat a concentration of at |east
10 ng/ nid @F@O&C@%éﬁ%napgrﬂé%rﬁtn-' ma?emsxﬁ]ﬁﬁ?éﬁﬁm&m@a%c CEH8t 50

ng/ M, mor ey hShEFofifliat aﬁﬁ@@l‘iist%QlQ—rélgt/errﬁbiﬂpﬁi&Brsﬁ/{e’?ﬁs? %ngaaﬁgat ration is
approxi mately 100 ng/m or 100 ng/m During cul tupng of stemcélls, said

BMP i nhi bi tfotlistaingtosiaen,dbAN and dN tldetpneseins KR &Des ytal) womgvieing adesdbnd day,
while the cul tur iumis . refre erably ever rth day A further
component 1ateegkn gt S pE BRI T R Skt N e tab g, The

Wit si gnal | d1pih-PatdarstYobusinREBIDN@ddas)a series of events that occur when a
Wit protein binds to a cell-surface receptor of a Frizzled receptor famly

menber Yhis results in the activation of Dishevelled family proteins which
inhibit a conpl j NSk [ ud [ - tein
APC to degrade ‘?ﬁ{e?{é%‘g({ %'ﬁia'?‘ﬁ g)ﬁtggg%rélg‘l’glr? al'ﬁ'gthr%ég E Heiqﬁ?ngr???%%é%%ﬁiu@@ar

b- cat eni n eNbgdie d3AN; ansDAINike prominsTinEud iy Cabdrhy ard @restlin (R&DRyfean).or SA
Wht agonist_is defined as an agent that activates T LEF- nedi at ed

ef i | | . CF/ .
transcri pt i BISP AITRISERE profgies agahiede sindraBMbdiaand Mithsarpe degreeothaliiniy wit
agoni st st haHd iRhiBfl (2 REL! ¥ RlgRalinf rd eploRd TREGERIIOH of Y odthERENAP | Nl uding

any and all of the Wit fam |y “protéins, an iInhibitor I ntracel lul ar
b- cat enli5n diegbadesttp e baald-uitotd mediomsprofenBChe Id5FoSsem c¥is, vdgdnotberwise

stimiates g Wt aeLil b% LBl fehlu@y at | east 10% more

A most preferred BMP inhibitor is Noggin. Noggin is preferably added to the
basal culture medium at a concentration of at least 10 ng/ml, more preferred at least 20
20  ng/ml, more preferred at least 50 ng/ml, more preferred at least 100 ng/ml. A most
preferred concentration is approximately 100 ng/ml or 100 ng/ml. During culturing of
stem cells, said BMP inhibitor is preferably added to the culture medium every second

day, while the culture medium is refreshed preferably every fourth day.

25 A further component that is added to the basal culture medium is a Wnt agonist.
The Wnt signalling pathway is defined by a series of events that occur when a Wnt
protein binds to a cell-surface receptor of a Frizzled receptor family member. This
results in the activation of Dishevelled family proteins which inhibit a complex of
proteins that includes axin, GSK-3, and the protein APC to degrade intracellular p-

30 catenin. The resulting enriched nuclear -catenin enhances transcription by TCF/LEF

family transcription factors.



preferred at | east 20% nore preferred at |east 30% nore preferred at
| east 50% nore preferred at |l east 70% nore preferred at |east 90% nore

pref err edyat]@@ded13100% relative to a level of said Whipcgtih¥iolagodih t he
absence of said nolecule As is known to a skilled person, a Wit activity

can be determ ned by measuring the transcriptional activity of Wi, for
exanpl e by pTOPFLASH and pFOPFLASH Tcf |ucyferase reporter constructs (
Kopnek et al , 1997 Science 275 1784-1787) A Wht agoni st conprises a
secreted gl ycopx ¥miagoniscik deffiimgl ddvah-algérhinhat heiivadést FCRALEFpmédimbti - r el at ed
Protein). Wit-2b/ 13, Wit-3/Int-4, Wit-3a (R&D sytens), Wit- 4, Wit -5a,

Wit - 5b, Wit TaseriatioR 4R Aicelly YWt agonpstoare HiesciResraciscisgHinm fue WK Reomsts g - gos) | |

Wit - 7a (R&Qyigy ivatthrrzgledﬁ%b\%ﬁ{f@ﬂ%y RPN MYy Lihd MY thedRmiL 4D/ 15,

Wit -1 Ga, Wht-10b/ 12, WaiM I 16" An overvi ew of "human Wit proteins
i s provi dedfamnly'pTd4EnV\idh ifAMeNOfGRtr SEDRET foaRRDTdEgNGatiorR&Dd Sytstaens ofcat al og,

2004 Furth agonists include the R-spondin famly of secreted

rotei nd. afFENEF SRR HaEPRE! S IRES AV AL hindt ekt teast e GOy

si gnal i ng patRWEY adBsht YOIC hord peRiFRUI 8 RAst00 % MBEBRITSrédaILRNS0%, thotd\NU206,
Nuvel o, San Carlos, CA), R-spondin 2 ((R& sytens), R-spondin 3, and

R- spondi n- Arefeapd aNoast I78%( alosopicédrieddit Nosted 0% . geers prebemecatdeast 100%) ( R&D

t ., Wwhi ' . | at t ein. t hat ti ik Wit
ot oter ' i m et o eT At ST AU L b RES O salPiagl S unbigR ahe
i nduces actskupdipertoffa Wi aMiititysdagibaldeRempal Byayeabltafit Mt uandtiphictdls et al
(2007) BMC Cell Biol 8 12) A small-nol ecul e agoni st of the Wit signaling
pat hwayl0 arpcHHitnelpYYphifer slampe bwaTOVE,LA@fhlsandé%é}ﬁﬁL;AS%Eﬁf lupiferdsedigBonte al so

expressly i%&ﬁ%{ﬂ%sd( ‘%@;‘{?ﬁk\ﬁq%b?@% | §5ier(cjerﬂ7§.tl7§h—ll(7%9 )5) Angew Chem Int Ed Engl

44, 1987-90 nown s conpriSe small-interfering RNAsS (siRNA,
Cell Signaling), lithium(Sigm), kenpaullone (Bionol International, Leost,
Met al (2000) Eur J Bi.ochem 267, 5983-5994), 6-Bronpi ndirubi n-30-acet oxi ne
(Meyer, L et al® (WHOSIMEHOMRESE] @ 35retadbelzcal %te)n,mésggwg%e,l@?«d;gﬁﬂmszse

(Si g Al d DEpYinaneRATORID! WiteBhs! wiRAAnERAT1AS, e feRk damt hat

prevent interaction of GSK-3'with axin An overview is provided by Meijer et
al , (2604)4 WneiddsWinh SPhdintrad Klirdggishial eGali 20(tle BicthemAFiop8ResWiine R83:s her eby

oot e S AR AT, LA NS B el o
9b/14b/15; Wnt-10a; Wnt-10b/12; Wnt-11; and Wnt-16. An overview of human Wnt
proteins is provided in "THE WNT FAMILY OF SECRETED PROTEINS", R&D
Systems Catalog, 2004. Further Wnt agonists include the R-spondin family of secreted

20  proteins, which is implicated in the activation and regulation of Wnt signaling pathway
and which is comprised of 4 members (R-spondin 1 (NU206, Nuvelo, San Carlos, CA),
R-spondin 2 ((R&D sytems), R-spondin 3, and R-spondin-4); and Norrin (also called
Norrie Disease Protein or NDP) (R&D sytems), which is a secreted regulatory protein
that functions like a Wnt protein in that it binds with high affinity to the Frizzled-4

25  receptor and induces activation of the Wnt signaling pathway (Kestutis Planutis et al.
(2007) BMC Cell Biol. 8: 12). A small-molecule agonist of the Wnt signaling
pathway, an aminopyrimidine derivative, was recently identified and is also expressly

included as a Wnt agonist (Liu et al. (2005) Angew Chem Int Ed Engl. 44, 1987-90).

30 Known GSK-inhibitors comprise small-interfering RNAs (siRNA; Cell
Signaling), lithium (Sigma), kenpaullone (Biomol International; Leost, M. et al. (2000)
Eur. J. Biochem. 267, 5983-5994), 6-Bromoindirubin-30-acetoxime (Meijer, L. et al.
(2003) Chem. Biol. 10, 1255-1266), SB 216763 and SB 415286 (Sigma-Aldrich), and



conprise, for exanple, the nmethods and assay as described in Liao et al
2004, Endocri nol ogy, 145(6) 2941-9) In a preferred enbodi nent, said Wt

agoni st iwosglaphagd fromone or nore of a Wit famly neqxb@rNng}Om@ﬁgh n 1-4,
Norrin, and a GSK-inhibitor It was found by the inventors that the addition

of at Ieast one Wit agonists to the basal culture mediumis essential for
proliferation of the epithelial stemcell ®°r isolated crypts In a further
preferred enbodi nent, said Wht agoni st corprises or consists of Rspondin 1

R-spondi n 1FRATphagfigmadthterasieR AD-dehiecdpgaideS that pre@erteftetidtiod oBGSK-3
concentration of at least 50 ng/m, nore preferred at | east 100 ng/m, nore
preferred atith@asy Aameﬂge/wns pr%ﬁ'@f by Mesier @l at200dhEendom Flgrmacologicad

pref erred aﬁcn!e §285ép7q A{W égge%%)pf;%gg ol:a%h {f@ﬁéfeafvie d?fanBaSQSPfsgd' n 1

i S approxinmate 0 ng/ni ri ng cul tupng or stem ce sai d
Wit famly fmﬂbtermmmgmlefzdroﬁb}y( -Adaablition atenlenoss tbmrs&:lmqjemmnamdry second

day, while the culture di mi refreshed refer ever urth day In a
preferrer’d e%%ﬂ%‘?e‘i‘?f ﬁ’ioéifa? assey ‘é"éﬂ”t? Pn "?‘fbe‘gj‘?(aéﬁ’? consi sting

of R—spondrgmdo\é%o@gy’alq@(%@nﬁgﬁ dypre preferably, R-spondin and Wit-3a are
both used as Wht agoni st This conbination is particularly preferred since

this combination surprisingly has a synergetic effect on organoid formation

Preferred conce rat a oxi teI ng/ or 500 ng/m _for

R onontrn and” oBiA Setenas oS4 8RR S W achug?R PR Ch s dpaa Faf ofof Ly ¢ ner
conponent t¥ak fdrﬁrlyaﬁi@ﬁm@ext R- iﬂaﬁdnhalSMN&ﬂht € GBFtLMH]b'lt§r at Whe fbﬂﬁ@b? (@ owt h
factor selected froma famly grow h factors conprising epidernmal growh

fact or W@nvemeﬁrtmtéﬁqddltﬂfmfﬁ tﬂﬂ&hqmg Vénioagenispde e basplpvdiugenapdinmpha,
P tech P b n- deri ved
e ot oo PR L PTG AT o BRELA e, br Gor

(KGR, Peprotech) EGF is apotent mtogenic factor for a variety of cultured

ectodermal and nmesodernal cells and has a\grof ound effect on the
di fferenti ati onldt fugBergireferred empadiment jsgid YWRAGREORISY FRIPRFISEAQT eSSty R-

f'i brobl ast sggofqfmel. R- 'nEiMrlensyhffergﬁz a‘aﬂécfg)rtﬁ%aé%l‘béﬁﬁe frdRin{BPr ane- bound

nol ecul e whi'ch 1s pr eo yti | eave enerate the 53-am no acid

pept i delShorenmkenttdtian of bi least 80 eg/m:lehﬂose pxefﬁreﬂeat leest 100tnggeh norgpwitriedfaact or

's BGF BGF fe3st 200 ng/ml, more preferred at least 300 ng/ml, more preferred at least 500 ng/ml. A
most preferred concentration of R-spondin 1 is approximately 500 ng/ml or 500 ng/ml.
During culturing of stem cells, said Wnt family member is preferably added to the

culture medium every second day, while the culture medium is refreshed preferably

20  every fourth day.

In a preferred embodiment, a Wnt agonist is selected from the group consisting
of: R-spondin, Wnt-3a and Wnt-6. More preferably, R-spondin and Wnt-3a are both
used as Wnt agonist. This combination is particularly preferred since this combination

25  surprisingly has a synergetic effect on organoid formation. Preferred concentrations are
approximately 500 ng/ml or 500 ng/ml for R-spondin and approximately 100 ng/ml or
100 ng/ml for Wnt3a.

Yet a further component that is added to the basal culture medium is a mitogenic

30  growth factor selected from a family of growth factors comprising epidermal growth
factor (EGF; (Peprotech), Transforming Growth Factor-alpha (TGF-alpha; Peprotech),

basic Fibroblast Growth Factor (bFGF, Peprotech), brain-derived neurotrophic factor
(BDNF; R&D Systems), and Keratinocyte Growth Factor (KGF; Peprotech). EGF is a



preferably added to the basal culture nediumat a concentration of between
5 and 500 ng/m or of at least 5 and not higher than 500 ng/m A preferred

concent r agpQhidiefs | east 10, 20, 25, 30, 40, 45, or 50pag/Niho@dediot
hi gher than 500, 450, 400, 350, 300, 250, 200, 150, or 100 ng/m A nore

preferred concentration is at |east 50 and not higher than 100 ng/m An
even nore preferred concentration is about1150 ng/mM or 50 ng/mM The sane
concentrations could be used for a FG-, preferably for FG-l O or FG-7 If
more than queent@htdgsnidSsdor fooh varianpl eultutéd’ e asdtrm@Find médodermmuh et andt | on of
a FG- is as bove and refers to the total concentration of FG- used

defi ned . 1 .0 ]
During cul tllfﬁﬁ@’lr?ff’u%ff gite s anitke disigreatipanaf e ¢fig PRl A v ANdrn ViR fr abl y
added to tm%nfetrlﬁrgtf@stgrﬁ%émuwer 1S BER e dor WAL a{rﬂ@nﬁ%&&_—ﬂ?@rﬂmd' umis

refreshed preferably every fourth day Any nenber o amly may be
used Pref ermlegyle RBich 1apditen] yiraHly Oldasedimextnéi@ethe §3-ahsmo kadpeptale KG-
(Keratinocyte Gowmh Factor) In.a further. preferred enbodi -y

Conbi nat oGO TaLRIRAHEr bt ATRETFE GBFS S0 By SR, R find KGE,
or EGF and BiRbly sddEdS theltasdIRIhRIRdiH af HEGHERFAIIR dfbe@vdeH S dMAr500
preferred enbodi nent, a conbination of mtogenic gromh factors such as,

for exanpl eng/mGM efrid 194@R anst nE@zhgnthafr G ag/misAguiefered conchrtrasmab acul t ur e

medi um A furt j t , of nmet hod,accordi ng to. the. invent.

conpri ses Z‘%ﬁ‘?ﬁ?ﬁ?ﬁﬁn%%?ﬁ? %/Hg and poit ] g?ﬁﬁﬁ%“@ﬁaé% 4@%?1% ?@Q The

addi ti on of258, RugK 50 4t 100th@ymMASmbREteired PorRéRiiticanohklesst SOSRERbAI | Y when
cultering single stemcells Said Rock inhibitor is preferably selected from

R) - ( +) -¥0r arfugher thangl@0mednh yin even mpre pieferiad)copesnstatiom e akaus SR ag{raleor 50

di hydr ochl qr.i - 27 el -

S (14 di ag Bk TRRIRRY EDRichirulort £t e Rk Ry B P Pderably fpr EOF g or

Chem cal ), RGH.([(ShofetthaReneFGFlis hsef (s medniplé F&H7 204 HGTADI thy lcpacentragd |

- hexahydr ol 4-di azepi di hydrochl oride (H 1152, Tocris Biaschi ence)
sai d Rho- ki(_ﬁgslleclf FifsBEtiBTd ahase i pe & w;&%_b%zm?rgrﬁswefogf% Wedddug o the
cul ture nmediWmigy 6f Hen AN daidaNitchdhicow Meralibf &t réfeNably AR 1 Pihe THlbMr i NG
said stemcells preferred concentration for Y27632 1's 10 DM n yet a

f ur t herl5enoelimmrey¢rysepwtddny, wbdeothei uiuteanediemiinefreshedpreforgbly evesy a cul ture

oray an | rlp et i anP oo S B me Rt Po: PLerall PGET ARORer o
survival armeGF10 is used. FGF7 is also known as KGF (Keratinocyte Growth Factor) . In a
further preferred embodiment, a combination of mitogenic growth factors such as, for
example, EGF and KGF, or EGF and BDNF, is added to the basal culture medium. In a
20  further preferred embodiment, a combination of mitogenic growth factors such as, for

example, EGF and KGF, or EGF and FGF10, is added to the basal culture medium.

A further embodiment of a method according to the invention comprises a culture

medium comprising a Rock (Rho-kinase) inhibitor. The addition of a Rock inhibitor

25  was found to prevent anoikis, especially when cultering single stem cells. Said Rock
inhibitor is preferably selected from R)-(+)-trans-4-(1-aminoethyl)-N-(4-
Pyridyl)cyclohexanecarboxamide dihydrochloride monohydrate (Y-27632; Sigma-
Aldrich), 5-(1,4-diazepan- 1-ylsulfonyl)isoquinoline (fasudil or HA1077; Cayman
Chemical), and (S)-(+)-2-methyl-1-[(4-methyl-5-isoquinolinyl)sulfonyl] -hexahydro-

30  1H-1,4-diazepine dihydrochloride (H-1152; Tocris Bioschience). Said Rho-kinase
inhibitor, for example Y-27632, is preferably added to the culture medium every
second day during the first seven days of culturing said stem cells. A preferred

concentration for Y27632 is 10 OM.



proliferation. Notch receptor proteins can interact with a nunber of
surface-bound or secreted ligands, including but not limted to Delta 1,
Jagged 1 wpSoRwoodld Delta-like 1, Delta-like 3, Delta-| ipkgnd200dR06v1k1 9and
bi ndi ng, Notch receptors are activated by serial cleavage events invol ving
menbers of the ADAM protease famly, as well as an intranmenbranous cl eavage
regul ated by the gamma secretase presinili@ The resultant is a

transl ocation of the intracellular domain of Notch to the nucleus where it
transcriptionally activates downstream genes. A preferred Notch agonist is
sel ected fron1Jagged 1 and Delta 1, or_an active fragnent or derivative

t hereof. A nostIngEet @mhéaelnb@cbﬁ\ea@arwf‘éboq accprgingyeihe MECUBRONASISCRE . | 2004.

Breast CancgfiiuResed RS- 5,)5 i g q Sai d
DSL pepti de &BJ\IA gpg fliﬁs pre er:al l'y ﬁkgfégga@ﬁa}‘iggﬁg ntr |on§%\lﬁ\lfz\8§ﬁ%10 nvi
and 100 nM pﬂayamnmmhtmdbum\deﬂrfdteniaterdmﬁ@hen dshvaail d5G0 celMburhieabaldi ti on of a

Not ch agoni st during the first week of cultupng, increases the
ool tur 030t tR R PRyoish FerEhigr REIDS ain tarart Rt Pt PL R Tdce HOGREPaET y
added to th&c&k’édtl aﬁdﬁﬁﬁlwﬁ\{bﬁﬁﬁbt BRGRAD Baka @%gé& ltﬁ}ﬁii'ahébeﬁﬁ‘{&@ jdays of
culturing said stem cel tch agonist is defined as a nol ecul e that
stinul at es laelmhkﬁﬁ allﬁtltla\)ﬂqey‘l Upon ligend bipgingt Nohsecep@vsy armctevqnetdetb)esremu at

| east 20%

e r rod TP GaltRhBun el e PO APRELEPRE AT iR T oo et

| east 100%mrre;haﬁquao.ﬁscuaavlage/@lgumiedabM&(ghmaﬁtswﬂetaye piesinhi. The eRGRarfs sai d
nol ecule. As is known to a skilled person, a Notch activity can be

det er nilfed dianstagauen efghe Hérawlhﬂgmn}ﬁm ehBptchde theinuglens wheiedh, for exanpl e
by a 4xwt h C aI ,
1595 oI carinetispefgaivaEE R arGRNELEA pRIHATSHER bl Gkl 2

cul t ure nedirerm)aggedyrandiDedrad, ba&ahct'medralgmeﬁom el ate tbérebﬂmammel | s to

whi ch is adde Mor pho Praotein (BMP i bitor, a Wit agoni st;
and bet meerprsggﬁa%@% %awéb&sg?ﬁ eRjjdegPopiss ol 520)Qﬂd'3wait GRBFe Rasdh 500
nanogr an m r@fs_ReMs %ﬁ@h@s%h%%lﬁﬁwcﬁétmﬁﬁ ARd bgLQHeg i GQURI sting
of EGF, TGFD, KG-, a FG-. Preferably, a mtogenic factor

i ssel eclibed s‘pleo)ms pteéerglpl@mp@i n@rmnsctntngoobetE@n 17@M Ehda]rﬁi) KGror ar lehstdh EGF

TG~ D and F r @_4 GF, EGE and K
and FarT orthgnelbEi i 1l TR fdiRe 8 a boRaE R Freictts e ey
or first week of culturing, increases the culture efficiency by a factor of 2-3. Said Notch

agonist is preferably added to the culture medium every second day during the first
seven days of culturing said stem cells.

20

A Notch agonist is defined as a molecule that stimulates a Notch activity in a cell

by at least 10%, more preferred at least 20%, more preferred at least 30%, more
preferred at least 50%, more preferred at least 70%, more preferred at least 90%, more
preferred at least 100%, relative to a level of a Notch activity in the absence of said

25  molecule. As is known to a skilled person, a Notch activity can be determined by
measuring the transcriptional activity of Notch, for example by a 4xwtCBF1-luciferase

reporter construct as described (Hsieh et al., 1996. Mol. Cell. Biol. 16, 952-959).

The invention further provides a cell culture medium, comprising a basal medium
30  for animal or human cells to which is added a Bone Morphogenetic Protein (BMP)
inhibitor, a Wnt agonist; and between 5 and 500 nanogram/ml or at least 5 and not
more than 500 nanogram/ml of a mitogenic growth factor selected from the group

consisting of EGF, TGFO, KGF, FGF10 and a FGF. Preferably, a mitogenic factor is



fromTGD and a FGF EG- may be replaced by TGFD Several preferred culture
media are later on identified depending on the organoid to be obtained A

cell cul twpeofM@bis according to the invention allows thermaihyiowdbordnd/ or
proliferation and/or differentiation of epithelial stemcells or isolated

crypts on an extracellular matrix The termcell culture nediumis
synonynous with medi um cul ture nmedi um or Il mediumlIn a preferred nethod
according to the invention, a first culture medi um conprises Noggi n as BWP
i nhi bitor, deddeddpordehdgdoufy antsBtihpefl BGFANGFKeand Knm(yrtfeorfBE@Ht, TAFact or as

m t ogeni c grow h facqtors and R-spondin 1 as Wit a oni st , gl emented with

B27, N2, anthdNFQRELPYirepdt@l nl GicE BR0F G i fromm EQFan HS/GEOF&P'“ ¢Feyd Farl O
[LeuI 5] - GaSFGPV'oHroFﬁ E8fIAd WFocngn???Ff@%éjﬁdm rﬁ?‘?di'ﬁi]%q{j Figrthis

first mediumln ano pre erred enbodi nent ture medium called a
second cul tfiom T@E[launﬂaEGiFdeEGFmaiy beseaded Hyi TGFOneSaivenal prefeept] chhae t her e

N covi nans cedi e o Ghadeained alenties o g crereif o Bo Ganea N ol Folise der mal

G owt h Fact gedidffladierddtg RARY i€ efERAMIIBWE R QfrviRgl M&%@Ht@ra%ﬁ’%d}oi actors,
and R-spondin 1 as Wit ‘agoni st, supplenented with , ,

N- Acet yl cysdiffierenkarorof dpathaliad stepecelleor molatedoyypts BEAN egtraggluRGHa@IxTAdse t wo
cell culturg medja support pancreatic fragments conprisin ic stem
ol I s that GFEegl SuRHPRRahR B SRl dus LR RESYE: SOURF matto PERSTERIMG 0

form pancreati c organoi ds conprising pancreatic islet-like structures on an

extracellular matrix The second nedi um wi t hout No&;gl nis a mninmmmedi um
wher easl® he fi rbta prgterigdimethesascerdinggdhe ’(!’)Wé'ﬁ'qnnﬁ @Sﬁéé“‘#ﬁd‘i‘@mmor expandi ng

bronot e surTOTCangEan S EATP I PRS Fl B TN ATEAI FRIREFENT ¢ of

cul ture A tG@GrovthrRadionns hmsgémegrodelsfagmd avxhll?ckpdnﬂmabhe\w\@agnmsrmt e, 1 nduce
the differentiation of I]ls ancreat | n0| t hi t | east
5 days One ppercdenisd with 58{7 i gﬁﬂ?ﬁ% leafing ?Kéfa ﬁ?wﬁﬂt YOGk 4
pancreatic &ftQaFGFPb ' ﬂeN@Sﬂer ["E&eﬁ‘tﬂﬁ%ﬁd/%i‘ﬂﬁ&ﬁn%hﬂmecrﬁw HsP6e Sflcacd ed by

RT- PCR or by i'mmunohi stochem stry Adifferentiation nediumas for exanple a
third ot5 f olmst firsmeddium.i s said to be functional when Neurogenin-3 could be

detect ed by[n anoﬁler preferréﬁ em%rl]r%erlltsga?d: cueftrl?res ;[nre iu%lc tca61rleda a second culture medium

1s identical as said first medium except that there is no Noggin and preferably no
[Leul5]-Gastrin I, Exendin and/or Nicotinamide . Said second culture medium
therefore comprises both Epidermal Growth Factor and Keratinocyte Growth Factor as

20  mitogenic growth factors, and R-spondin 1 as Wnt agonist, supplemented with B27,
N2, and N-Acetylcystein. KGF could also be replaced by a FGF, or by FGF10.
These two cell culture media support pancreatic fragments comprising pancreatic stem
cells that are grown in these media in a Matrigel extracellular matrix to form pancreatic
organoids comprising pancreatic islet-like structures on an extracellular matrix. The

25  second medium without Noggin is a minimum medium whereas the first one with
Noggin leads to an improved medium for expanding pancreatic fragments. An
expanding medium is a medium which preferably promote survival and/or proliferation

of cells during at least two days of culture.

30 A third medium has been designed which is able to promote, induce the differentiation
of cells towards a pancreatic organoids within at least 5 days. One preferred
differentiation marker towards the formation of a pancreatic organoid is Neurogenin-3

whose expression could be detected by RT-PCR or by immunohistochemistry. A



| east five days of culture in said nediumThis differentiation step is
preferably carried out after a first expanding step in a nmediumas the

first or \wweoenfhopRgi um as defined above This third nedi p@ring20@R06d16a2l W th
the second nediumidentified above except that there is no FGF or KG- or

FGFI O This third medi um conprises Epidermal G owmh Factor and R-spondin 1
as Wit agoni st, supplenented with B27, N2,,and NAcetyl cystein A fourth
medi um has been designed that is identical " with said first nmedi um wherein

sai d fourt hdiffedhtiatidnsmediem as dedxampid £dhindidr fodrthembdilimGasiid pobé fumiadomul
Exendin Said third mediumis a mnimal differentiation nmedium whereas said
fourth mediitsn Newpgsniy? 60eld beidetested iy RiE-PER orey imppymobistqchemptiyafiep At
mediumi s i i - N E5; - LG

i 1 orenti At AYrEDGleh ShA M RCHAS B RkepREANELED s ThiERERN Mired o,
of pancr eatow afiergafuci ek paddihg steprt aatddium avthelfastroe aseonddndayurd et definadg t he

presence of a specifi rker associated with the pancreatic |ineage as
def i ned%_ear‘?b!oé?'plﬁ‘ésr‘_i’fra e EepHcab Pt he agered meabigvideaiilisd Aot et
pancreati ¢ hingagss AEGHEE KA oSEGEES.1 Pits &fird mg&m%g&yr%g r(sjﬁida%ﬁct abl e by

RTPCR or i munohi strochem stry after at |east 7, 8, ays of culture

in a differGewthFacor andR-aportied e Y agonist, pupplemantadl wish B3d, Narandt¥-ai ni ng
and/ or cult ng a eoancreati c organoid, epithelial stemcells, isolated
tissue fraﬁg"ﬁ §°3Mprising said epithelial stemcells or adenoma cells are

cul tured i nAgodri mEdiBines ®kdh@dsidndd (e i ideicaDw it §£@ Midst i wmwheeis equent |y
in a second step either in the third or fourth nedium The first step may

have a l§ur awidfeush mediyng issalsa supplgesrtedanieh ey 1 DeGassing &pnddor ExendinsSald may be
carried out [ -t - - 4. 5 7 : re t nont hs
The second L8R By dtertmigme fym! ypfegsaiflpuiifed gy 4F 75
days or | ongsrovedcaliffatmntion npeddrar Aldifferemiatio eheditim iksd mgdiam ekichacel | ul ar
herein Preferred concentrations of each conpoupnd present

matri x as defin
in each neonraﬁ?faﬁgv@d%eﬁ@aagp%%ha aéeﬂfrféaf[}ﬁr@méfetwniqﬁ CF%S“HE%%'??ET ¥ or in
the exanpl e@agL Bt &lﬂ?@flﬁﬂgﬁ%@@&ﬂc%ﬁ& orgahoifl, cﬂ?’f@{%ﬁ%dnlcmﬁ’)? Egg{lélbﬂxré@b# o be

used for regénerative nedicine, one starts fromepithella s or from an

i sol at d padetacoag ite fresegeeolta dpecidicobarker esaiated edh erpacrrent lindage as

pancreati ¢ o aanol el 9 BEMSES A ikl LSS WushE LSl gRe Starts
lineage include: the secretion of insulin which is detectable by RTPCR or
immunohistrochemistry after at least 7, 8, 9, 10 days of culture in a differentiation
medium.

20  Therefore in a preferred method for obtaining and/or culturing a pancreatic organoid,
epithelial stem cells, isolated tissue fragments comprising said epithelial stem cells or
adenoma cells are cultured in a first step either in the first or second medium,
subsequently in a second step either in the third or fourth medium. The first step may
have a duration of at least two weeks and may be longer. A first step may be carried out

25 formorethan1,2,3,4,5,6,7, 8,9, or more than 10 months. The second step may
have a duration of 8,9, 10, 11, 12, 13, 14, 15, 16 days or longer. Each step is
preferably carried out using an extracellular matrix as defined herein. Preferred
concentrations of each compound present in each medium have already been defined
herein in the description or in the examples. In a preferred embodiment, if a pancreatic

30  organoid is to be used for regenerative medicine, one starts from epithelial cells or
from an isolated pancreatic fragment . In another preferred embodiment, if a pancreatic

organoid is to be used as a drug discovery system, one starts from adenoma.

Accordingly, a pancreatic organoid obtainable by a method of the invention is a further



Accordi ngly, a pancreatic organoid obtainable by a method of the invention
is a furtheraspect of the invention Accordingly, in a further aspect, the

i nventi onyphaw@esza first, second, third, fourth nmedi upcgnigdefolodosds her ei n
To the best of our know edge, this is the first tine that a pancreatic

organoi d had been obtained that is functional and alive after at |east ten
nmonth of culture (see experinmental part) Féncti onality is preferably
characterized by the secretion of insulin”Since the final anmount of

pancreas orgpefioftheafitentingdA &OrdigLIf! ifS fOtthér dspect dHE aivemibrofrocides alfigst, t he
skill ed person understands that the invention is a pioneer invention and

pot ent i al | yseepitth fhifdefpusbaBedivmias delingdhergih. exanpl e regenerative medi cine

Accor di ngl yg, {2 b@stgﬂ’f %[lpfcr{% FJ%F m?flsfd% fuf%F ifle Y ﬁg%/ z?fc &ggﬁoklcpﬁ'&i Bee

pancreati c organol em ce i sol S ragment s
conpri si ng chaidedthat 1béxl1noabn&1taemabed Afserar leasieémmnmedflcaltare&seewxpemaelmhh

contact with extracel | ul inafjrst step in di um conpri si ng
EGF, KGR orPaEgd ungiionaktsisdy Fibly @@leaﬁbhf@tsecrg B’b%‘ﬁé tedOfeheB27, N2,

and N-Acet Yt*uFaY%ﬁ]%hx'ﬂ of g%HQé&CHﬂ%d}Hdé db&nﬁecﬁ@o%‘ﬂﬂeﬁ%?dfe%u?at%ﬁ%‘f‘émlﬁgﬁﬂ{e' sing
EGF and R-spondin Wit agoni s suppl emented wth 7, N2, an

N- Acet yl cysskdiad p|ens0a uhderstands tbatehermedtmetshqﬂomcowdmmgl and pbtwtlalrlwentl on, a
cul ture nmedi um co Nogg? as |3l\/P i nhi bitor. Epidermal G owh Factor
st ogent WEGH BEH RO I Eor s Bafe s RTINS AR as vt sgoni St Thi <
cell culture medium supports cultupng of isolated small intestinal crypts
in 3 dinensional cultures conprising Matpgel as extracellular matrix In a

f ur t herlOpr ehesordinglveintiauelated methng fpbolrth@mgrw@mrwuhun@ Tpancpatic medi um

conpri ses ng{‘)ﬁjgg %/B] " [Qlcgh%,\g olakPli 95% m%&%%gﬁ?%g%ndggm%naﬁggm c

growt h facto agoni St agge

agoni st anccetlber RtmOkna RalsLart dhlitkred mcomzz?m a]imxsrammlanaudntxumea fieditepn

supports cul tup i solated single epithelial stemcells in 3 dinmensional
cul tures cdﬁﬁrm@lg Wy cREPHes EsE é&&%F&éE%Fum Rpspepdin 1jag W/@&agannsur t her

preferred QF L i;ses
Noggi n as Bl\/ygl ﬁhﬁglﬁt oltr?ill @%p?\%er ma Q&@?%%&Qac?‘éﬁg‘é ; grrVE%l,\cl HHQ@ 'Ithogenl C
gr owt h 15actmedymRospoinotig EGF andR cpoiiin 1 3a Vet a\gbmsagumjlanmtedswpplBéﬁeNﬂedw th

gtgolmegtSt| (r)]nedq\fJ A%%Zylcysten and N-Acetylcystein Wit-3a is a preferred Wit

In a further preferred method according to the invention, a culture medium
comprises Noggin as BMP inhibitor, Epidermal Growth Factor as mitogenic growth
20  factor, R-spondin 1 and/or Wnt3a as Wnt agonist. This cell culture medium supports
culturing of isolated small intestinal crypts in 3 dimensional cultures comprising

Matrigel as extracellular matrix.

In a further preferred method according to the invention, a culture medium
25  comprises Noggin as BMP inhibitor, Epidermal Growth Factor as mitogenic growth
factor, R-spondin 1 as Wnt agonist, Jagged-DSL peptide as Notch agonist and the Rho
kinase inhibitor Y-27632. This cell culture medium supports culturing of isolated single
epithelial stem cells in 3 dimensional cultures comprising Matrigel as extracellular
matrix.
30
In yet a further preferred method according to the invention, a culture medium
comprises Noggin as BMP inhibitor, Epidermal Growth Factor and/or BDNF as

mitogenic growth factors, R-spondin 1 and/or Wnt-3a as Wnt agonists, supplemented



this preferred nethod This cell culture nmedi um supports cul tupng of
i solated colon crypts U 3 dinensional cultures conprising Mitpgel as

extracel lwbabhig@bsisx This mediumis able to pronote surgiyAL28d0&17
proliferation and/or differentiation of cells during at | east two days of

culture A preferred differentiation marker towards the formation of a colon
crypt may be selected fromthe follow ng qEZ.oup al kal i ne phosphati se
i ndi cating the presence of enterocyte, i ndicating the presente of

gobl et cel IsivamdeNevh©gEBRT, N2 &fd NI @@ sein. 'Whiddh Gatprefgrtdsviragssinga of
endocri ne ceI S The expression of each of these markers could be det ect ed
by RTPCR orthisyrefamethawsthodothis aeld evlinramedimusHpparis enlaring of dsolaecherien ng

survival_and(ge upﬁel,ﬁén%'msrmu 006 fori G M BRG RLLORATIAE Bl R oDt ai ni ng

a colon crypt'Is suc at at ast one entl |ed ers could be
det ect ed afrhediumatis hidasé pdmade sutyival and/or prol&erafipon A0d/dagisfeadntiatidit ofrellof

| onger A preferred nmedi um conpri ses Nogagi BNP,inhibtor i der mal
G owt h Pact@yingat ﬁ?iaf‘dUB ff- ﬁaﬁff%?‘eggﬁgﬂﬂ“?ﬁ%(ﬂqﬁ eI‘%tWEF/%gF heywnt - 3a as

Wit agoni Stt%nnﬁuﬂmf%%mne&%lw thiy B sl @At ehb11B% g HuRntkanécet yl cystein
This mediumis called the firth nediumof the i nventl on which represents a

further asmhosphafise imdlqanngﬁm pmq:sefr@eqf@htﬂ@ym Muq3riedicatirertherptesende bbor

obtaining a ul t a colon cr itheli stemc i sol at ed
tissue fr aggr?gif:?geli ?ﬁf"é‘: % & %?)‘P %" ‘“Stcéh?%hﬁelpée%Pce (Hjeeﬁ'gﬂ%{"}?el s are
cul tured inefs. nméleume@ﬁoh aﬁéuchfo'f@fés@b.uﬂ@erdodo@icﬁus@wwctém@y RTPUR dragi um Thi s
method is preferably carried out using an extracellular matrix as defined

her ei n 10r efiemunghistnehemistrat Adanedign fenctinad daprometipe surehital pri/elai d nedi um
have already beep, oﬂ%%‘?ggﬂ?{)@anoﬁg éehlg f&eo%?efn ﬁg c'3 0(?1r 15 OgnGxaTe! es

Accordingly, a ol |nvent| onis a
further aspestond oftthendelmmacl hﬂmeTstxdultEdeMéctafafmnrat leaavm edye, 61 Nigs9j s the
first tine th t a_calon ¢crypt had been obtained that is functional and

ali ve af t erlOfayp gheylture oblonger. 4 preferrgd mpdiugn camprisgs Npggingas BMRdphibitorey) t ur e

(see exper 'E’B?@érﬁJaI B8\ th lﬁ'd(?)?taé Rﬂ% é&né’ gn‘o@vtmﬁ:ﬁcﬁr 2Rl s g&%ﬁ“itaﬁ&‘o? Afhcly the

presence of "at [east one of s as I1dentified above The invention
is a pilénees Wntvzegmmstsnsmpdtmmn@wltlahtl lyas@pmnsf B& Nobssil IﬁiAdetyle)stdimm

exanpl e r egﬁﬁf lgl?ltl%\éq ge ﬂegf' QR &?ﬁccor gn%htnon w c%rrg[];rggern?sda F?tther aspect of

obt ai ni ng
the invention.

Therefore in a preferred method for obtaining and/or culturing a colon crypt, epithelial
stem cells, isolated tissue fragments comprising said epithelial stem cells or adenoma

20  cells are cultured in a medium as identified abve, preferably the fifth medium. This
method is preferably carried out using an extracellular matrix as defined herein.
Preferred concentrations of each compound present in said medium have already been
defined herein in the description or in the examples. Accordingly, a colon crypt
obtainable by a method of the invention is a further aspect of the invention. To the best

25  of our knowledge, this is the first time that a colon crypt had been obtained that is
functional and alive after at least 1, 2, 3,4,5,6,7,8,9, 10, 11, 12 month of culture (see
experimental part). Functionality is preferably characterized by the presence of at least
one of the markers as identified above. The invention is a pioneer invention and
potentially opens new possibilities in for example regenerative medicine.

30
Accordingly, in a preferred method for obtaining and/or culturing a colon crypt,
epithelial stem cells, isolated tissue fragments comprising said epithelial stem cells or

adenoma cells are cultured in contact with an extracellular matrix in a medium



epithelial stemcells, isolated tissue fragnents conprising said epithelial
stemcells or adenoma cells are cultured in contact with an extracell ul ar

mat ri X i nyg 0Bk BONPri si ng Noggi n, EGF, and R-spondi npgraidi@icodit-3 as
Wht agoni st, supplenented with B27, N2, and N Acetylcystein In yet a
further preferred method according to the invention, a culture nmedi um
conpri ses Noggin as BMP inhibitor, Epiderqgl G owh Factor as mtogenic
grow h factor, R-spondin |as Wit agoni st, "suppl enmented with either Wt-3a

or KGF, anctolmpiisi@NRIBGH, agd R2spondia, 1 AdAsrol/il-8 4 Wait Agditlbts supptinitidds
call ed the sixth medium and represents accordingly a further aspect of the
i nventi on Kath BRay. M and p-acelylpgte. FGE or by FGFl O This nedium preferably
conprises Noggin as BWP inhibitor, Epidermal G owh Factor and FGFl O as
mtogenic growh factor, R-spondin 1 and Wit-3a as Wit agonist, and further
conpri si ng B27,InN2t a Nriheepryfeted tnedthod4deb@inStophefingenténh, asubue Gredsurnce i t

gives better results than r. exanple FG=7 (figure 32) This cell culture
medi um SupFOFPEIseNegain ﬁi;BIYﬁ’ B aiat dpt l&&owtﬁggﬁ@hﬁﬂsmapg@a%gw&horganoi d

in 3 di rensi,qpalR-Gohbi B3 v@mrsgbhﬁi,wp BHE wRR RELTRGEE] B REFTRIJ | X Thi's
sixth mediumis a nmedium for expanding a gastric fragnent An expandi ng

medi um i s durtheticompnkingB27; 82eNabtepylpywerot Ehis mediwvmais calet! e spitio ieflemnat i on

of cells duri,ng at |east .t d of cul ture An addjtional nediu i e a
sevent h_ medithiimegnisderordinehh Biitheh pephch o T GrokEERe) bf Falnced pha

di fferenti agtGob: f FGFl(b.ST!ai@\Werdﬂﬁn?r@@rﬁbl_rylcﬁnﬁﬁgékmbg?giﬁﬁs BRAL ihhfbibF,agnent
within at |least 2 days This seventh nediumis identical to the sixth nmedium

i dent i fliled Emdarmableayih Haper andhEGE b eemitogeniogronfth (aetor3R-spendied wedd

Feduoed of WhPF LR BEEITE Ty TR DG R NI vor e by
conpari son prefetrb aldMFGBaimencgnés rttieoiesyltsaiemior ieRarhple FEI BTt (fi goiedi 20Thihi s

sevent h nmedi um conpri ses Epidermal Growh Factor and R-spondin 1 and Wt - 3a
as Wit agorficHtcultnis drgdinmm supres cotaing pidprlaled gasiiie fragments Rpgasiiapigeidy st ei n

and Gastri n@aoﬁﬁmehg?odéwhﬁ&% tr?/sirtg@;ig?grelés&g{aggmﬁmdtﬂﬂ of 1 nM Said

seventh nmediumis a erenti o) um A erentiation nediumis a
medi umhshi chhipsiethenablim is adwedesn Gor eppaniiges gatrspieagridnt. Aln £Xmpandmigi at i on of
|.east ,two

fg:’lngr d:Jlr1i tnrﬂ%(ﬁ@raé%a H}ed&mbggf’cpipgéferSa’bly6[5r031’0te8§urv9i’val%%d%?%rsoli?graggrll E)Pcre?lsor

during at least two days of culture. An additional medium, i.e. a seventh medium has
been designed which is able to promote, induce the differentiation of cells towards a
gastric organoid or gastric fragment within at least 2 days. This seventh medium is

20  identical to the sixth medium identified above except that the concentration of Wnt-3a
is reduced compared to the one present in the sixth medium. The concentration is
reduced of at least 25%, 50%, 100%, 200%, 300%, 400%, 500%, 600% or more by
comparison to the Wnt-3a concentration present in the sixth medium. This seventh
medium comprises Epidermal Growth Factor and R-spondin 1 and Wnt-3a as Wnt

25  agonist, Noggin and FGF10 supplemented with B27, N2, N-Acetylcystein and Gastrin.
Gastrin is preferably used at a concentration of 1 nM.
Said seventh medium is a differentiation medium. A differentiation medium is a
medium which preferably induces or promotes a specific differentiation of cells during
at least two, 3,4, 5,6, 7, 8,9, 10 days of culture or longer. In the case of a gastric

30  organoid or gastric fragment, differentiation may be measured by detecting the
presence of a specific marker associated with the gastric lineage. Examples of markers

associated with the gastric lineage include: MUCSAC (a pit cell marker), GASTRIN
and/or SOMATOSTATIN (both, endocrine cell markers). The presence of at least one



organoid or gastric fragnent, differentiation may be nmeasured by detecting
the presence of a specific marker associated with the gastric |ineage
Exanpl es associated with the gastric |ineage AC (a
pit cell ‘%ZEW’#% STRIN and/ or SOVATOSTATI N (bot h, en ggﬂL%gﬁ’éoe

mar kers) The presence of at |east oneof said markers is preferably carried
out using RT-PCR and/or i nmmunohi stochem styy or i nmunofl uorescence The
presence of at |east one of these narkerslls preferably detectable after at
| east 6 daysf dail hbhkeflii§ pRfQIYI 3hrried otOomdhd RTISCR ARA/6r PhAhIhMbheistiyeast 10
days A differentiation nediumas for exanple a seventh nmediumis said to be
functional emEMycflugegseenem dhgipresprceats g Eapigustof these maskerers Praferably be
detected by f t of

cul tur o i n e fherd e URF SRR R e b ot mFEplerctiot ARERET o

after a firBidexpanidifagntitiop nedian ﬁedjmmmpletarvevauhh’redrmdistsmdas bdef i ned
above Therefore |n a preferred nethod for obtaining and/ or cultupqgr

gastri c  r atygtienal g«brﬂt pldpashpPneeldhs akevesidersiiediraarkens sovld bedsishisa b
conpri si ng Pé‘k%r%9'.M%hbm£to§ﬁe?ﬂh?ﬂﬂtér a?ieagt%%m o?%biuﬁe%'i ?ar&HJeg%?%'nﬁ a

first step either in the sixth nmedium subsequ 'y 1n a second step either
i n the sevedhfferemaatiamstépas rprefEnablyr @rmrdedue aied yfusaexpaedmgutepusa mgedamn as
extracellul&r tri .as d ?in herein The first step may have a duration
of at |east™§s ﬁé& f¥NGer A first step may be carried out for

nore than 3The.4efor"=_b inGy prZﬁerr@d n%thdarfof%tﬁm%ean%‘fcﬁ(wﬂuﬁﬁgePgJE?ch figfer duration
of 6, 7, 8, 9, 10, 11, 12, 13, 14 days or |ongér Preferred

concent¥at | eméiebdl smtﬁlbomemdssm él@em@mrs nomcrhmge@m&mth@lméstarmrcelslﬁyr been
defi ned here nint r,in es Accaor a _gastric
fragnent ootrampeeieye shfarfing Brlhee e InFrEoiED SRg i A sy efe%or ¢ he
i nvention As:e@@m(dstagle)rhemﬂda: i &fte hfe@thnE R depas p@kﬁr@ulybm@eaﬂd{Mngcaﬂ tupng
a gastric fragnent , epitheljal stemcells, isolated tissue fragnents
conpri si ng %raaelémrtmenrar d%frr@ﬁﬂ@&q'm STherfirsicrasiomay beve sduiponefiat Igasid i n

contact w t ﬁﬁt?%‘é%d A AR Eq Egﬁ(agb% Jah‘ie%torﬁtf@ﬂabrl@_@ gFQ' 519, GORRY I i ng

Noggi n as B tor |derna act or $7'm’t ogeni c
growt h 1f5act<mrmoda—”ﬂm)m«3mﬂ s’le;amdy%ﬂﬂzeé%duraeorv‘bt 6299510, 1antl2,f1ar thdo, 16
conpri si ng

Ic stein, subseguentl n a second ste in a
medi um conp %Pﬁ!}“ﬁﬁi g C@'\;‘SW‘W"?%? ch Ggmpo iRt P @ a as Wit
agoni st , have already been defmed herein in the description or in the examples. Accordmgly, a

gastric fragment obtainable by a method of the invention is a further aspect of the
invention.
20
Accordingly, in a preferred method for obtaining and/or culturing a gastric fragment ,
epithelial stem cells, isolated tissue fragments comprising said epithelial stem cells or
adenoma cells are cultured in contact with an extracellularmatrix in a first step in a
medium comprising Noggin as BMP inhibitor, Epidermal Growth Factor and FGF10 as
25  mitogenic growth factor, R-spondin 1 and Wnt-3a as Wnt agonist, and further
comprising B27, N2, N-Acetylcystein, subsequently in a second step in a medium
comprising Epidermal Growth Factor and R-spondin 1 and Wnt-3a as Wnt agonist,
Noggin and FGF10 supplemented with B27, N2, and N-Acetylcystein, wherein the
concentration of Wnt-3 is reduced in the second step by comparison to the Wnt-3a

30  concentration as present in the first step.



Noggi n and FGFl O suppl enented with B27, N2, and N Acetyl cystein, wherein
the concentration of Wit-3 is reduced in the second step by conparison to
t he Wit - 3go%eneppdsati on as present in the first steplnpy@inidofowobdier
preferred nmethod according to the invention, a culture nmedi um conprises
Noggi n as BMP inhibitor and Epidermal G owmh Factor as mitogenic growh
factor This cell culture nmedi um supports igltupng of isolated adenona
fragnents or isolated single adenona cells”in 3 dinensional cultures
conpri si ng Mat pdelyeasfigther preedried ndgthadidcondiry ol tBé s entsait; A caurk @edexanpl e
Wit 3a, can be freshly added to a culture nedium Al ternatively, aligand is
expressed icAMPrises Noggipas BYR inhipatoeand Bpjdeimal frewthdpctpr @s mitagemie 2igtth a

suitable e ' - ' i | d c ' is
cul tured ang g atRLA IRk ERRL AR LA LR BB B, Vest ed
at suit abl asdlateeksinpleexlendsa Edls ip R aliptmjombbdlairey domppisogudetriddt 3a as soon as
t hey reach confluency and stop growing Culture mediumfromcells that were
not traﬁsféé?@&"&&rl ®tted with said expression construct is used as a
control The conditioned nmediumis harvested and tested, for exanple in an
assay wherein luciferase expression in controlled by TCF responsive

el enents to test!ligand, sunh 39 feseanoploWnalavin txgfoeshit adsled bo asulwie Bed{utopnek et

al , 1997 ience 275.1784-1787) The umis dil uted en used,j.n the

cul tures t CIEHEERAREARLE FEPREAdS RATAN b e iealing oe ERFLEREN life

addi tion ofwiga gx@@&scngeskibgeaﬁkt@mtpthﬁ%lsﬁda@aﬁ&tsralm&mtlﬂ{e if edlndrbe cul ture
as is the addition of too little |Iigand Therefore, the actual dilution of

t he cor@i t iapA e qubigramediim carpisg thasachaedligandtis barvesteghaicuitifde tims

det er m ned e EbEStarThE LAVEIH AR LIRS, LGRS, L delc gt U e

I ivent1 o upng epit a em ¢l 1S or

i sol at ed orsgpn@bdiy! Culiirereadiimdiont celRha evdrd asiardismed @k iife@ed afith said
extracellular matrix, whereby said stemcells preferably do not conprise
human enbr FEPTEESIQR EPRSHUFY 1§ upsdas grcopola T Be s NEE iMadiump dnharugsted and

Furt her mor Geq &, ?&Le‘igﬁ]gfet iEQn%Q{jaﬁrhﬁ{eiré% l@ﬁf?%&@;igéssf&n%ﬂ‘g&ﬁ&?ol?eﬁadggélﬂt estine,

col on, and stonmac also abfe to initiate these I Nensi o or ganoi ds
i n a cubt urespordieialemenotaiasgfor thetfresencovefret Wan agdmestisncleast WarBaf(iotinek et

provides th f.a cut ' accprdi.ng to,the invention for

Uit upng pdhol St Seeseatietid- LB el Rgipantibufy khn aredh theids o
regenerate tissue. As is known to the skilled person, the addition of an excess of ligand
sometimes is as detrimental for the culture as is the addition of too little ligand.
Therefore, the actual dilution of the conditioned medium will depend on the amount of

20  ligand that is determined in the test.

The invention further provides the use of a culture medium according to the
invention for culturing epithelial stem cells or isolated organoid structures that
comprise these stem cells on an extracellular matrix, whereby said stem cells preferably

25  do not comprise human embryonic stem cells. Preferred are human adult stem cells.
Furthermore, single sorted epithelial stem cells from the small intestine, colon, and
stomach are also able to initiate these 3 dimensional organoids in a culture medium
according to the invention. The invention further provides the use of a culture medium
according to the invention for culturing pancreatic fragments comprising stem cells that

30  form pancreatic organoids comprising pancreatic island-like structures.

It is preferred that said stem cells are pancreas, stomach, intestinal or colonic

epithelial stem cells, whereby most preferred stem cells are small intestinal stem cells.



form pancreati c organoi ds conprising pancreatic island-like structures It
is preferred that said stemcells are pancreas, stomach, intestinal or

col oni ¢ eRpLf)dosdiz3Stem cel | s, whereby nost preferred s@@qhﬁgbﬁﬁm@ﬁ¢ smal |
intestinal stemcellsA culture nmediumaccording to the invention all owed

t he establishnment of long-termculture conditions under which single crypts
undergo nmultiple crypt fission events, mhlbe si mul tanously generating
villus-like epithelial domains in whi ch aII differentiated cell types are
present Usi Agukure ulddiune ataidiag tauthe gikinlign hidowdtethe Bytetlisharenedtl lougeeraul t ur e
periods of at |east seven nonths, at |east eight nonths, at |east nine

mont hs, at FUiAEs conditions Hrdes Whigh Singlg wa@etgﬁdé@lgale@rm'twen gB¢Bhol ogi cal

changes aftg Wty [
ool ated or e EeRASS b ML e MR RIm AT, el PIEROA o
becomes fi |deddypustake prpsqnt dfsimg a:ethltuwe nretiold alci:ckdir@po)meohvcmtmeIallewaal e pi nched

of f at the villus ti |on S fo nd tp un 0 conti nuous
buddr ng Soveureirrion e el Sibe oS aldeprien Mopifedbleauit WPCLart  of

crypt fissiefn: fdaensdihPt -1 1 ke extensions conprise all differentiated
epithelial cell types, including proliferative cells, Paneth cells,
enterocytes and goblet cells No nyofibroblasts or other non epi thel i al

cells were identified in the organoids at, any. st on of

budd ng crypt Sr s bl PR nthn A0 PiGes RENBk BBy fim iR
struct ures @urOThE LpyEr dp&an bﬁfresthBBlalddﬂﬂybthec@m&s sédisd ArdkBisaBgibhel i um
and filled with apoptotic ce bodi es The crypt-villus orPan0|ds conprise a

centrallQ ur@hdqai“méa lggps guyand momﬁk&ll@cbmth@ppmmwr%lw mhehliksapapeniisd at
consecutive eﬁlk gl% ﬂ Mhed Kﬁ'ldﬁ tHe%i fl@ tﬁ?sﬁletc t?@%&r}e?t{ls fo'abg}(; glfdeF% (#]mglll—rmnt hs

organoi ds can passa and mal nt'ai ne ure
wi t hout | osbunlgnﬂgmeems%mm cﬁéat@hd?chamaébiﬁ)tsl 6sprd%assra@inmg:emﬁfcﬁy;atﬂsynonnvol ves
manual fra tatlg(I of organoi ds pt-villus organ0|d structure

is formed ¥Rt eé*@ﬁﬁlpnmramnsgtaélrd Efﬂ%qengats %Pl@ﬁllel&e 4yt 8Fluddut one
week, st rUGHYERfidk CelfOPIReh ENRL efbloPREY ¥nd gﬁ#ackﬁs N G ML bHS

organ0|d structures that are obtalned with t crypts H stol ogi cal
anal ysil$ ofothérewe-epithednbiells vadre adensfiediretie bhgnpideseanyatagen of t he basic
crypt-villus architecture, the presence of all differentiated cell types,
and the absence of nonepithelial elenents

Expansion of the budding crypt structures created organoids, comprising >40
crypt-like structures surrounding a central lumen lined by a villus-like epithelium and
filled with apoptotic cell bodies. The crypt-villus organoids comprise a central lumen

20  lined by a villus-like epithelium. The lumen is opened at consecutive time intervals to
release the content into the medium. The organoids can be passaged and maintained in
culture for at least 6 months without losing the essential characteristics. Passaging

preferably involves manual fragmentation of organoids.

25 A similar crypt-villus organoid structure is formed when single epithelial stem
cells are cultured. After about one week, structures are formed that strongly resemble
the crypt-villus organoid structures that are obtained with intact crypts. Histological
analysis of these organoids also revealed the preservation of the basic crypt-villus
architecture, the presence of all differentiated cell types, and the absence of non-

30  epithelial elements.

In one aspect, the invention therefore provides crypt-villus organoids, comprising

a central lumen lined by a villus-like epithelium that result from culturing of epithehal



In one aspect, the invention therefore provides crypt-villus organoids,
conprising a central lunen lined by a villus-like epitheliumthat result

from cul twgngidajeoapi t hel i al stem cells or isolated cryptscirii@oeWoddds e

medi um of the invention Preferably, said crypt-villus organoid is

obt ai nabl e using a nethod of the invention In a further aspect, the

i nvention provi des pancreatic organoids g?(rierat ed or obtai nabl e by
culturing pancreatic fragnents accordi ng a nmethod of the invention

Appr oxi mat ediem 201% @fisdiied papearigatcuiuRmealighds tHonmmiopUP@Edgbl$tdaldct ure 7
days after the start of the culture The pancreatic ducts rapidly

prol i f er at ryptnvibnengargid ispobidisable usieg a eghndeof thiingBntsm- y grows very sl ow y
After passaging of the pancreatic organoids, pancreatic islet-like
structures that secrete insulin are observed which resenble the pancreatic
i sl ets of Uangarthansptdiahe aiventonggaenides paneeAlit bygapaids gessated ssotaainbisle
inventign further provides a gastric Qrganoid copprising a central |unen
Pref er aBl y WaUVHAER PRRECRICSEASBICASi2SCHBING 1A anethed, Olthg i VEBYO!  t he i nventi on

Further gr o/so@;ﬂof(mago%wmmc&%n@_gg%ﬂoi}w f&nf:yb%ﬁgomwéw dfag{ aft?ecf)arrp' e

to increase e presénce of pancreatic islets 1nt rganol ds
further suppostarttofi¢hecawllture: iThe paifcréasioldatts daffid ygrelifemtes uie borasisigagshe aainar

fragments, conpri.se cycl opan ne (Soni.c-hedgehog i.nhi bitor, Tocri,

B 09ct ance) SO GERRCCIETE SN FiTics PRepPrae) Marin ERiRIEmyTy ve
(Exendi n 4, paGalebfi©lshit dikPeRbdiées RaB /G InsulSiR filedblert ENBRARESe mbie et ch
agoni st (Jagged peptide, Ana Spec), N cotinam de and a Wit agoni st such as

Wit - 3a Wt -Baciegtigistataeftliapgethansyhat pse gregerdnn bedthytpanersasclifsuairidewi th a

single cell. The invention.further. provides a col|ecti of ¢ t-villus,
gastri ¢ or ButEe R oP ol A RS Y SRl Blen Rl cr 2

more than 2Qid gmrk @pgaioed Ribyaimableh haRihda ofinlgamoesisonThe crypt-villus
organoi ds surround a central lumen lined by a villus-like epithelium The
lumen is filled with apoptotic cell bodies The cells in the crypt-villus

organoids are p%ﬁﬂe??@wtﬂ&c&rﬂkﬁ%ﬁ?u&%d(‘ie‘?islio%icﬁmu-}eqnéd]ﬁmpﬁﬁie?arﬂélett@e
0 ypt-11 pop

structures The top the cr e’ structures conprise apoptotic cells
t hat arl® shedeassttbe preserica e parSadadc csddth ecthe ongambidsroy pd fuvihkt support geenoi ds
preferably c?nﬁhi st @t Ifeast 10% vi abl e. Ctﬁ:l?l s, nore pref e[ red at |east 20%
vi abl e cel I9"HBE &' |5P fed fragments spehyay 2astiin Iy RIS CRIPYSC M5r @S erred at
| east 60% V('S@Ri'cﬂxeﬁgéﬂo?in}!ﬂﬁﬁ@r; Po&{ B osdetl) | £a84n, BI% (G1aBlBn TiRE gé;ptid@r e
preferred at | east 80%viable cells, nore preferred at | east 90%

and its derivative (Exendin 4; California Peptide Research), gastrin (Genscript), a

Notch agonist (Jagged peptide, Ana Spec), Nicotinamide and a Wnt agonist such as

20  Wnt-3a.Wnt-3a is attractive to be used when one starts culture with a single cell.

The invention further provides a collection of crypt-villus, gastric or pancreatic
organoids, each comprising more than 10, preferably more than 20, more preferably
more than 40 organoids. The crypt-villus organoids surround a central lumen lined by a
25  villus-like epithelium. The lumen is filled with apoptotic cell bodies. The cells in the
crypt-villus organoids are polarized, with stem cells residing in the basis of the
structures. The top of the crypt-like structures comprise apoptotic cells that are shed
into the lumen. Said collection of crypt-villus organoids preferably comprises at least
10% viable cells, more preferred at least 20% viable cells, more preferred at least 50%
30  viable cells, more preferred at least 60% viable cells, more preferred at least 70%
viable cells, more preferred at least 80% viable cells, more preferred at least 90%
viable cells. Viability of cells may be assessed using Hoechst staining or Propidium

lIodide staining in FACS.



viable cells Viability of cells nmay be assessed using Hoechst staining or
Propi dium lodide staining in FACSIn a further aspect, the invention

provi des WwBeoHs@ofAk the crypt-villus organoi ds, gastri cppi8an@iodsort
pancreatic organoi ds according to the invention in a drug di scovery screen,

toxicity assay or in regenerative nedicine For high-throughput purposes,
said crypt-villus, gastric or pancreatic ghpganoids are cultured in

mul tiwell plates such as. for exanple, 96 well plates or 384 well plates
Libraries of nolecules are used to identify a nolecule that affects said

or ganoi ds Pref rred |ibraries conprise antibody fra ment | | braries, peptide
phage di spl ay ?la?heééspeﬁbmq e BRIy IS ‘t‘%“%} CL@W(YPW lugpasaCAFdpch) |

lipid libr %hit% ok GZhOMR b} parRYLHh R @k dga%oroerap&ﬁm% hd BIcahi &Biok tn gdh@.&%m

Si gma Al dpch) or mnatural conpoun 't braries (Specs, Timlec t her
geneti c | i Iscrzen,asxicinatsey osmdegdnatrativachedeimmr repress t he expressi on of one
of nore_genes in the progeny of the adenoma cells These genetic |ibraries
conprlsg CDNA libraries, antisense libraries, and si RNA or other noncodi ng

RNA |'ibraries ?@ﬁh@ﬁlm@ugnm%qwésabmcgappom@t%] tri®ripafdBattciigAiYidaAt i ons

of a test agent for certain F)erl od of time At e end of the exloosure
period, tharcedluiadas reylewell platest seeh Théonexpmplea P setliphages ors384swel! platesover

any_ehange it o8l hoichE! #9100 ol 201 TSl e SEEHEHARR, 1 1. O

| oss of, pro eration, a nor cel d

crypt-vill ﬂ%efe@&ﬁhbﬂaﬁe@dforﬁ;ﬁmra@&[m@ ﬁa@mmnsl&ne@rpepdn@p}hge dsprhyt 0 identify
drugs that specificall g target epithe carci noma cells, but not said

crypt - #P1 | dibrarigaqreptide ?raﬁﬁh@r&é@l’c’*%m §Wmad%ld88h)(dl‘8'fdylﬁ¥af\?‘?sl (BiMobastri c or
pancreatic gﬁtﬂ@tﬂoéo‘iiﬁpq%ﬂﬂ bl 8. %][I%)i’ Agamt §‘§nﬁsﬁldﬁﬁh C&'datdrhl%ﬁxp@%@ as

Caco-2 cell's in toxicity assays pot ent i al novel drugs or o nown or
novel food Ibupeh €Syeas, sTnﬁlTleth@nrtbem)oreszgedetmrlmanamlah be uscgahatr mducmror

pancreatic or an0| ds can useg cul tuR 8 of a %f’ 3%.n Sf;fﬁh a
nor ovi rus WHRTEH %?%Pé’fﬁsl%'/‘q 8k8 5‘°§%$et“§b|"e‘ £ PrasgRy el s rtiesfrodel
Cul tures C%@Pétlcﬂlﬂ?ﬂné%rc%mph‘éé EDNS\ B6EAG0 hitiseAdeaibiaelsUlnd IRNROSNRRAtHoKE
nmedi ci ne, exanpl e in post-radiation and/ or post-surgery repair of the

i nt estilpal ceging ll?é% dnmaruen Tt‘heecellepfan mef@fabtmpmrﬁtdetgtmuiaple@pmdmerlailmm dfra
patents oLl SHTR S L DBITA Y B S Ra R ARy e cese
evaluated. The term "affecting" is used to cover any change in a cell, including, but not
limited to, a reduction in, or loss of, proliferation, a morphological change, and cell
death. Said crypt-villus, gastric or pancreatic organoids can also be used to identify
20  drugs that specifically target epithelial carcinoma cells, but not said crypt-villus, gastric

or pancreatic organoids.

Said crypt-villus, gastric or pancreatic organoids can further replace the use of
cell hines such as Caco-2 cells in toxicity assays of potential novel drugs or of known or

25  novel food supplements.

Furthermore, said crypt-villus, gastric or pancreatic organoids can be used for
culturing of a pathogen such as a norovirus which presently lacks a suitable tissue
culture or animal model.

30

Cultures comprising crypt-villus organoids are useful in regenerative medicine,

for example in post-radiation and/or post-surgery repair of the intestinal epithelium, in

the repair of the intestinal epithelium in patients suffering from inflammatory bowel



epitheliumin patients suffering fromshort bowel syndrome Further use is
present in the repair of the intestinal epitheliumin patients with

her edi t anyo3hfpReas of the small intestine/colon CulturegriaBRioleshii9
pancreatic organoids are also useful in regenerative nedicine, for exanple
as inplants after resection of the pancreas or part thereof and for
treatment of diabetes such as diabetes | di abetes Il In an alternative
enbodi ment, the expanded epithelial stemcells are reprogramred into

rel ated ti sdiseasté atchsas €chn’ adi,seefseranéuhzﬂmltieﬁ cplis; aediini the caphir of theahtediimg
pancreatic b- and liv cel.ls ar, it has not been possible to
regenerat e %ﬂi‘&l“é‘&t‘? Baycaty %‘%P% fR‘?E‘rI’é‘ anﬁ eﬁ?%‘ﬁﬂ%ﬁ:ﬂ ‘fﬁed%Pfgée"’rh‘é

cul turing ngt ?851% dfind Jﬂ?esi?ﬁa‘?%ﬁfﬂﬂelium/ﬁxrﬁa'u@ﬁks‘Mnlh' he‘?&ﬁt*a})ﬁd&é%sékr@'tb{éﬁnﬁlw
factors that trans-differentiate the closely related epithelial stem cel
to a pancr eatdasunaedlpn. Guiwraschon@namgammrream argmaidd drg alpdsedul inver cel | |t

wil | |l ear to a ski. erson t hat gene t hera C addi ti onal | be
be < 5

ted o5 reerde e o BOaRRe e o b 8 BE Pt o o

for exanpl ehedosr fRriRr qéataﬁnm@daés@hcms aigbé@vi dndldigRng el i very vehicle

to deliver genetic information, |ike DNA and/or RNA to stemcells A skilled
person can replace or repair particular genes targeted in gene t herapy For

examl e, & N0 T G808 cRBod RS HRCh MR, IRIPPSERT (A, hacati on w thin

t he genone to replace a noh unc anot her eXanpl'e, an abnorna

gene sequen@prdgammlned nﬁecpfeaalecduisoé f;ﬁemmak fgeaantie pang atictiels gl kiongd| ogous
recomnmbi nati on Alternatlvelﬁ sel ective reverse nutatign can return a gene
to its ¥or neancreate BicsHs And liverreHs ehhambireitihas aptbeen pesstbhetorfegRNeERs on (t he

degree to ‘”&In%l%aﬁc BaRSr I eft YEMELoMRART s éell@LTrZey&g%lé% B-L od9 6 the

Preferably, e stemcells are ex vivo treate erapy approach
and are submeqmmnﬁkyumruﬂhﬁmbbedandy&hbrﬁannaﬂmtpmeﬂhﬁmhhymaﬂhummmhbe|ng in

need of trea not her. aspect, i on OVId nmef hod for
Colturi ng. s saibrs PR et iRt Mer g DpBTeang oef) 4 Bl 1 ut ar
matri x, attgghing an epithelial adenoma cell to the extracellular matrix,

culturing the cell in the presence of a cell culture nmedium conprising a
basal n¥di um for animal or human ceIIs to which is added a Bone

o phogenet o P g0, E L B SRS RT RR o

method directed at repairing damaged or diseased tissue. Use can, for example, be
made of an adenoviral or retroviral gene delivery vehicle to deliver genetic information,
like DNA and/or RNA to stem cells. A skilled person can replace or repair particular

20  genes targeted in gene therapy. For example, a normal gene may be inserted into a
nonspecific location within the genome to replace a nonfunctional gene. In another
example, an abnormal gene sequence can be replaced for a normal gene sequence
through homologous recombination. Alternatively, selective reverse mutation can
return a gene to its normal function. A further example is altering the regulation (the

25  degree to which a gene is turned on or off) of a particular gene. Preferably, the stem

cells are ex vivo treated by a gene therapy approach and are subsequently transferred to

the mammal, preferably a human being in need of treatment.

In another aspect, the invention provides a method for culturing an epithelial

30  adenoma cell, comprising providing an extracellular matrix, attaching an epithelial
adenoma cell to the extracellular matrix, culturing the cell in the presence of a cell
culture medium, comprising a basal medium for animal or human cells to which is

added a Bone Morphogenetic Protein (BMP) inhibitor, and between 5 and 500



selected from EG-, TGF-al pha and KG- KGF may be replaced by a FG-F or FGFl O
An epithelial colon adenoma cell conprises an alteration in a gene coding

for APC pgehgidheod3i ch results in less efficient degrad@twgﬁlgmﬂmmn7
intracel lular b-catenin by a conplex of proteins conprising APC O he

mut ati ons conmon in col on adenomas conprise nutations in b-catenin or AXi n2
The overall result is enhanced TCF/ LEF sigpal ling because of an increased
anount of b-catenin in the nucleus A culture nediumw thout a Wit agoni st

was found tr@rdie/ndlwk bl leae Stanti et moad thire5@0 hg@ramahl @mkemegerﬁegﬂos«tﬁ&icd)r adenona
cell can be jsolated fromepithelial adenoma by nethods known in the art,

conpri si ng Selseted $@nHEGE; §65alphaang %%&@Férwwed@lﬁﬁﬂﬁbw FeFpafGRdPy,

single Lgr5- or Lgr-6- positive adenoma cells can be isolated fromthe
adenoma by using a Lgr5-binding conpound, followed by nagnetic beads or
FACS anal yses TreepitheBaltdotm ddendrhecelbronvirdes apalogyetion mfa gene epdihp &dri al

adenoma_cel | _that was cultured in res ce of a cell | ture medi um

t
conpri sPng 4 %B?z&?'“ﬁé@l‘?ﬁﬁﬁw ?‘“a{ﬁ?srf‘é{] ﬁ“?fb?f igtrace I BFFaFeé‘"h‘EVd%d a

Bone Mor ph%%féx'd?f pPét@ﬁ]@'cﬂmf)ﬁNﬁ’g A@%&%utﬁ%s%kﬁﬁ&ﬂm%o%@d@%&gf ant n
or at least 5 and not nore than 500 ngramiml of Epidermal G owth Factor

(EGF) The compusethutationdineB-caknin oaraindoThebyerall oesglbvetrdpne@dpmlé(LEEed
t hr ee- di nensi opal structfre suc ecture

rat ey &1 el RN S AP Rt P EOY P Lk i T e oR SRS YT

r andon Yy Orm&Hiaaithnes BentapbhiarwdsiieuiBboieharfitiatt f@mOnemtroalof hdéfmaTher e
is no sign of differentiation into other epithelial cell types This result

i ndi catl®s #eHsl e for APC in the three-di mension organization of the
crypt-villus-like architecture In addition, the invention provides the use
of the progeny of the adenoma cells for a targeted drug di scovery screen to
identify a drugaidaiensipecel casdd igolatell éoihsepidehsinmlieae@hh by acetipals &dow o in
expanded normal epithelial cells that are culture g@%n the sane culture

medi um For B #fh-CORPESEIRADG Ut girsedatingngep’s siehys DPTadatsmatidy 1 34ngle
cul tured IrL%fylarlngelé peé.a@@%e%eﬁ,ac@ﬁscaﬁﬁ;e .%ae@h%m &@ame{dmmﬁ& pr 384

wel | pl ates braries of nolecules are used to identify a nol ecuIe t hat
af f ect d5sailgrpbogerycimmpiued rfetowedbbamagss ohsrise BNES bodysdsr agnent
i braries, peptide phage display |ibraries, peptide libraries (e g
LOPAP(tm), Sigma Al dpch), lipid libraries (Biowl), synthetic conpound
libraries The invention further provides progeny of an epithelial adenoma cell that was

cultured in the presence of a cell culture medium, comprising a basal medium for
animal or human cells to which is added a Bone Morphogenetic Protein (BMP)

20  inhibitor and between 5 and 500 ngram/ml or at least 5 and not more than 500
ngram/ml of Epidermal Growth Factor (EGF). The cultured adenoma cells are not able
to develop a polarized three-dimensional structure such as a crypt-villus-like
architecture. Rather, adenoma cells form balloon-like structures in which cells are
randomly oriented towards either the periphery or the central lumen. There is no sign of

25  differentiation into other epithelial cell types. This result indicates a role for APC in the

three-dimension organization of the crypt-villus-like architecture.

In addition, the invention provides the use of the progeny of the adenoma cells

for a targeted drug discovery screen to identify a drug that specifically affects adenoma

30  cells compared to expanded normal epithelial cells that are cultured in the same culture
medium. For high-throughput purposes, the progeny of adenoma cells is cultured in
multiwell plates such as, for example, 96 well plates or 384 well plates. Libraries of

molecules are used to identify a molecule that affects said progeny. Preferred libraries



(e g LOP AC(tm, Sigma Al dpch) or natural conpound |ibraries (Specs,
Ti nTec) Furthernore, genetic |libraries can be used that induce or repress

t he expragsi@fy@hsigne of nore genes in the progeny of theradopemodie! | s
These genetic libraries conprlse CDNA libraries, antisense libraries, and

si RNA or other non-coding RNA |ibraries A conpound that affects adenoma
cells is subsequently, or in parallel, tested for affecting expanded nor nal
epithelial cells The term"affecting"” is uSed to cover any change in a

cel I, incl udinpgs@artidddg fiagmentiibraxies| paRideiphager dibpld ehilraiies) peptideditplngdsogi cal
change and cel | death Said progeny can also be used to identify drugs that
speci fi cal I§&tLPH p‘i'gfﬁéﬁl%w alnafi HB%I%@IPMO'I:&WWMW%Wilhélnem

adenom celi 5,1 6PALA 80bek £XRH OB DhubNGRAAN IBRC RS, il e of ear

that said progeny can a be use In a ghput® appr oac or the
det er m nat iFurthedmdre, gcnetm)hbmtnestxmhlbce ustdthial lnﬂycmdepsressabebxpressmfoﬂcms of

drug capdi dates The inyention furthernore des the yse. of the rogeny
of " Sden B CCaTTS 24 IF HERIPEEY Ohihe eBrIDs BRI EResp 2ARst Bl <3 e bs.

gastric or gpynd frafRd aalisdnsy RbMtkd WAd SIRIED B} BeLfon- ORI RAL it Aried. A
toxicity assays Said progeny and crypt-villus organoids are easy to culture

and nore clcomgbynd dbgeaffsicts qghch@ma yelbsph suhskquentlyairlis parabel, tebod ferxaifasting

epithelial cell, lLines su a ATCC HIB: 407 ( AT

SBF (ATOC CREndat BT RERelRLe Ty Pt ety bt 6 st md

anti ci pat edell haéluamg laGEdWEtibe S lok $os0 BE, ProleEranbh, M MbipiBlogicalanap® aadlcknr es or
with cryptvillus organoids nore cIoseI resemble results obtained in

pat i entl8 Adeeth| Syidgeagennsancalsq be used o sdenybodmey thatespepificali ngrast geithelipeci f i ¢
cyt ot oxi Ci ty, LOMDOUNdS o %}ed%%ﬁeﬁe? Fg an%?a étlr?c?nﬁdngéjsue}sfo% quﬁger

chenDpreven ive agen nvi ron pplenen and
potenti al mmxumannsnThe cells are exposed to nultiple concentrations of a
test agent for certain period of time The concentration ranges for test
agents in the assay are determned in a prelimnary assay using an exposure

of five days apdyfiog didrihdiQma p@é%’ﬂ‘y%ﬁﬁal@bggﬁ% ifQln ;@uat&%ﬂg ﬂ;aicﬁm Al

the end of the exposure period cultures are ev nhibition
of growbh [Datthe elctenalmatllw@fdmmgtembmnmsablhe/ admeegmal mtprofiles hédrugnhi bi t ed
end point bg(?g g@rcent (TC50)In this docunent and in its clains, the verb
"to conpri $&NSHE i ts conjugations is used

The invention furthermore provides the use of the progeny of adenoma cells
according to the invention, of pancreatic organoids, of gastric organoids and of crypt-
20  villus organoids of the invention, in toxicity assays. Said progeny and crypt-villus
organoids are easy to culture and more closely resemble primary epithelial cells than,
for example, epithelial cell lines such as Caco-2 (ATCC HTB-37), I-407 (ATCC
CCL6), and XBF (ATCC CRL 8808) which are currently used in toxicity assays. It is
anticipated that toxicity results obtained with primary adenoma cultures or with crypt-
25  villus organoids more closely resemble results obtained in patients. A cell-based
toxicity test is used for determining organ specific cytotoxicity. Compounds that are
tested in said test comprise cancer chemopreventive agents, environmental chemicals,
food supplements, and potential toxicants. The cells are exposed to multiple
concentrations of a test agent for certain period of time. The concentration ranges for
30  test agents in the assay are determined in a preliminary assay using an exposure of five
days and log dilutions from the highest soluble concentration. At the end of the
exposure period, the cultures are evaluated for inhibition of growth. Data are analyzed

to determine the concentration that inhibited end point by 50 percent (TC50).



inits non-limting sense to nean that itens follow ng the word are

i ncluded, but itens not specifically nentioned are not excluded In addition
t he verb woeongsiist" may be replaced by "to consi st esgemnNiabiopoafi7 mreani ng
that a product as defined herein may conprise additional conponent(s) than
t he ones specifically identified, said additional conponent(s) not altering
the uni que characteristic of the inventioggl n addition a nethod as defined
herein may conprise additional step(s) than the ones specifically
identified, said additional step(s) not altering the unique characteristic

of the inventjon In addition, reference to an elenent by the indefinite
article »aningparindRand ok cialie e P sBpBrT iy e ARSI iR one. of
the el enentiniig nRhastitthg séhdk BSMmedM@aCidth £l 10GhiRathE Y@ il ih@adddN Bl itdpey e be
one and only one of the elenments The indefinite article "a" or "an" thus
usual | y meais spesifiqalissnenpaeed arpaoigxctndedbowddition theayysb Gboi apnsiel yriaywieen used
i n assogi at j it erjcal. valde (abo 10 referabl y. means that the
val ue ng’y bljé:&;a %éééfﬁl \}gﬁgliiljsﬁ ﬁ’geseg{"anl/yoé)flrjmrr}e(ean%]lgl{b%tsasg r‘i@c’fgfa s geﬁ“gmeég 5E ARY pat ent
and | it er atdohgprisehédigoge sompbeghi(s Nthbh ther@s efdcifrdan ¢ idenGifitd, QRidadeaitdaale by
incorporated by reference in the n entirety The follow naﬂexar_rpl es are

of fered f orcamuofeRttsAnPLAtepnge Psswdqusrharacierigtiapethg arventer dg eddition pi ni t t he

scope, of ¢ haeRLESERkBYERY Al LonAR RRRIFLLRL] Al B Fhayrenclioure 1

Gowth factor requirement o culture a seeded with
EGF (E, O-5demgied Jaidadtidmpaapiisnndt a{tBrifle @ nigkerchjractaristia gflthemventiaay. y pt

or ganoi gs re.counted 7 days after seedipg b 500 G ypts/¢rypt organoids
wer e Uit ur B re?gtﬂtcs_éo A plRmenchaheindsdinde AMEIS BO6F 1) 45S Wt b the

i ndi cat ed W%E%@ﬂosmﬂﬁy thatR@rd @hh BNESF tBQ%l%&ﬁ%%ﬁ&%&, Gh¥RLhOEGRRAl ds
were counted at each passage The experinent was repeated three tinmes with

conpar abl e dleaslylrequiris ghat ¢heZe B prebaridsinte nne of the nleewnisndhe mdyfmitecarticlar e

system a Tije course of i sol ated single,cr .Qrow ng i nto an organoid
o fierentiah Phidh fapanediBitrastCrtate - Ta6atrd Gdhil cbBhtaliig "panet h
cell's at crypdn Bed iPaBodi@idnoMBh a Bumeri&ll Fglue (htsook a0 BsteerabPf eafshthaigat |y
form crypt organoi ds Through repeated crégt fission, the structures

gener atl® nutabreonay bethegiien|vialus af ) mrore pgkassil Fsofdhe walye 14

All patent and literature references cited in the present specification are hereby
incorporated by reference in their entirety.
The following examples are offered for illustrative purposes only, and are not intended

20  to limit the scope of the present invention in any way.



d 3D reconstructed confocal inmage of a single organoid after a 3 week
culture Lgr5- GFP+ stemcells (light grey) are localized at the tip of
crypt-1ikgodefiopszCount erstai ni ng for DNA ToPro-3 (darlpcgmngdiofosihenmatic
representation of a crypt organoid The organoid consists of a central |unen
lined by villus-like epitheliumand a nunber of surrounding crypt-Ilike
domains Dark grey cells at the tip of the erypt domai n indicates the
position of Lgr5+ stemcells, which are present in each crypt donmain Scal e
bar i ndi catBschpisnofifiguee 3 Cl uster analysis of gene expression profiling
Cluster analysis of expression levels using freshly isolated col onic and
smal |l intestinal crypts as well as small intestinal organoids showed high
degree of sli-gf%lleqr ic% fa‘éﬁ)‘??e maldend SHE icn%[georganoi ds and the tissue they
wer e derived rom sna Inte tina11 crypts l'oni ¢ crypts clustered on a
separ at e branhcryprsdvaateaigd avidi EGE (Er{i- 5@ eg/en] pxpt Rspowdin pgRt 61500 ag/mlhi s
closely, .related. tissue O nate, onlx 1 io/ of 1{11” ne%ﬁé@ressed wer e

si gni fi Cant'M ¥ IRHfAIS AR PIEARNIES HETEFOURIEH idaysalles sering B nPR STYRISFIYBY ypt s,
whil e -wee orpifds @%%]ﬁﬁe@%ﬂh@@(ﬂ%ﬁ%' And l@lsﬁ&ﬁdiﬂfﬂ(sé?@ ¥Phit) WiRgeRUI ty

Pat hway anal ysis on these differential genes reveal ed the Specific presence
of a | ynphoodicated amnants o&Nopgihrapd ivlloweddbnd pabsageppCrypt wrpaheidnovesd gni f i cant
pat hway coul d be jdentified .n the.small nunber, of genes enriched.in the
organol ds (HBPCSAbEHT s Bo R SERSTITEY “onoReater aireg FEtss Wi aiaibls

bi ol ogi cal rBgilge, while the |ynphocyte signature derives from contam nating
intraepithelial immne cells, lost upon culture Figure 4 Crypt organoids
preser\V& basic crypt-villus characteristics a-e The Wit activation code is
preserved i pt i ear. b- i ark grey, arrows) was only
seen in cr y%%ﬁéghgsﬂagﬂﬁ?rgﬁé%frwgg%'ﬁ%tclrg‘ﬁ%?ﬁggaesg?t%&i g 5 Asterisk, matpgel,
Lu, [umen hk: Bph82oyrkd ofdn igsley) singlecot pitessengiinoangirgahiotdt Differdsisal cel | s and
TA cel |l s Not eEtJ_grS- GFP + stemcel |l s as indicated by white arrgw c Caspase-
3+ apopt ot i BICHETNSe EAUFAR! igragy revapls Siasylestnatraning PRATD celiieat CaYRt PAYOMEInen
lined by entgpeeybes sdng}é)isgméar@mg‘@mdémgf&m &@gtwaﬁ&h&m& répeited
nont hs ol d crypt culture e-g Lineage tracing of gr§+ stemcells in\ itro
e Cryptlé fraoyptifgsionBEERrictess g@reeRiohRosad@opeclika @ppirdrganasca dagil ¢

S 2 At TR bRk B0 L9 Bl ot o

GFP"* stem cells (light grey) are localized at the tip of crypt-like domains.

Counterstaining for DNA: ToPro-3 (dark grey). e: Schematic representation of a crypt

organoid. The organoid consists of a central lumen lined by villus-like epithelium and a
20 number of surrounding crypt-like domains. Dark grey cells at the tip of the crypt

domain indicates the position of Lgr5™ stem cells, which are present in each crypt

domain. Scale bar indicates 50 um.

Figure 3. Cluster analysis of gene expression profiling.

25  Cluster analysis of expression levels using freshly isolated colonic and small intestinal
crypts as well as small intestinal organoids showed high degree of similarity between
small intestinal organoids and the tissue they were derived from, small intestinal crypts.
Colonic crypts clustered on a separate branch, indicating a different gene expression
pattern of this closely related tissue. Of note, only 1.2% of all genes expressed were

30  significantly enriched in organoids relative to small intestinal crypts, while —vice versa-
2% were enriched in small intestinal crypts. Ingenuity Pathway analysis on these
differential genes revealed the specific presence of a lymphocyte signature in freshly

isolated crypts, while no significant pathway could be identified in the small number of



single LacZ+ cells (day 1) generated entire LacZ+ crypts in\ itro
(Day2-14) Insets show higher magnification of stained crypt organoids f

Hi st ol ogiwaloanahyisi S shows an entire LacZ+ crypt-donmai pcedahiio@oss bl ack)
feeds into the villus domain g The percentage of crypt organoids with LacZ+
cells remai ned steady over time, indicating that Lgr5+ cells possess

|l ong-termstemcell activity 500 crypts seeded in triplicate, and
LacZ+ crypt organoids were counted Error bars are standard deviation of
triplicat esgeiRe ekghed immeRtorp@midsepeashedny. We%ﬂdllm%&hwméﬂa&i:ﬂérbﬁp results
Figure 5 Higher resolution imuge of Fig 4a, Fig limand 1llp Figure 6 No

evi dence of TRIRSENF Plodegical “Plsﬁr‘ﬁlﬂiea‘@? QWW%W&%%H@P‘% fré’“? WalRti ng
for snooth ﬂM%&h%eﬁﬁt UreNs. 9ad kg 95 EYirurExanpl es i ndicated by bl ack
arrows) denonstrates the presénce 8 eplthellal fibrobl asts beneath the
epithelial layer b Absence of SMA+ cells in matpgel (asterisk) indicates

t he absence _of gygg ithelia 4 flbroqlasts |n he culture system Scal e bar,
50 nmm Féur’é‘%‘re ‘c?rf%‘co STRSAICAYE Tagicsr HeR ‘fSr charaglebEtieso] Rosa26- YFP

reporter noLSEHWASHScTMGE Qe WY prkairved 1‘;1%9% pt QoMialnk Oa: chle%?BQ%tenﬁNéa}krmged
for the indicated days Lgr5+ ceIIs are t grey and indicated by t

whi t e ar r owngregl, Beowesn waapnkyl sgom gmmptdkmws Viaghef resalutinn image in Fig 5.

Lgr 5- EGFP-i res- eERT2/ 26-Y stinul ated b

Viro tor 105t SRRETEAERehaERRE Y §F % R Pt & a dadiLon o
I uor escenceelslang!ia &eYNoehpns GHP e adl ks @ @it ewifiParr el Sadpday 1)
generated nu|tiple ofstr&Pg in vitro over the next five days. The villus

domai n Hur s3" aneptosig cels/dark gey fastavewshagding lﬁ@vﬂ’%?@ﬂtﬁ?blt@@ﬂlﬁdmﬁdfbdr mat i on
(white cir Cé‘ﬁérowgse dt H'@gh%ﬁﬁ) 01%9{ Jn a %d%f%gl%t fr oqnthV'chJi Hl%,pfi l]ﬂﬁllrg
e e us

Figure 8 . sorte Lgr em enera Ire’cry

structures.ea: Lgxeﬁge(ﬁ_'d%mig afdldrs* mmmaned: \furrom ﬂny[hgflﬁﬂﬁg;ﬁ’ E@EB-—z@SeERTZ

intestine ( ot red to wild-type littermate ( G-P+ cel ls were

di vi ded i nt 5@ c@rfgpmtgtme e imploied by tam@&?ﬁruearfrqﬁqsr 1dd¥opi c

anal ysi s of 5y Jurltﬁ?éal fér IR GhAL /L Hﬁ%pﬂa@len E&kgr&)%é:@llal Salblegck

arrowheads) and G-Pl ow above CBC(white arrdwhea c Sorted G-Phl cells d
1000 bort suglGERNL" el I(@a)(l)eg‘emraaﬂdctn@%&@ket}!pss l(zmigrh(l)aydf t4er Ingets elayw

éulture e-f ourt ee ter sortin s, formcrypt
o ganor de. | Db ey o Bhingh ePh hidhfoig DB TR anElahORe o Vo 1 e
arrows) | ocaitReLa¢z cdryfitdomain (dark grey/black) feeds into the villus domain. g: The

in

percentage of crypt organoids with LacZ" cells remained steady over time, indicating
that Lgr5* cells possess long-term stem cell activity. 500 crypts were seeded in
20 triplicate, and LacZ" crypt organoids were counted. Error bars are standard deviation of

triplicates. The experiment was repeated three times with similar results.

Figure 5. Higher resolution image of Fig 4a, Fig 11m and 11p.

25  Figure 6. No evidence of subepithelial fibroblasts in crypt organoids.
a: Immunostaining for smooth muscle actin (SMA; dark grey, examples indicated by
black arrows) demonstrates the presence of subepithelial fibroblasts beneath the
epithelial layer. b: Absence of SMA+ cells in matrigel (asterisk) indicates the absence
of subepithelial fibroblasts in the culture system. Scale bar; 50 ym.

30
Figure 7. a-c: A crypt from an Lgr5-EGFP-ires-CreERT2/Rosa26-YFP reporter mouse
was stimulated by tamoxifen in vitro for 12 hr, and imaged for the indicated days.

Lgr5" cells are light grey and indicated by the white arrows. d: Seven-day-old



bottonms Scale bar, 50 mm f : Higher magnification of crypt bottomin e g
To visualize proliferating cells, the organoids were cultured with the

t hym di neygn#a@ofigdVU (1 ight grey, exanples indicated bypwhini8odicoens) for 1
hr, after which they were fixed Note that only crypt donains incorporated

EdU Counterstain: DAPlI (dark grey) Figure 9 a : Colony-form ng efficiency
of single cells sorted in individual well gqThe average is given for 4

i ndi vi dual experinments, of which in each experinent 100 cells were visually
verified ardgiroids decivédivem dndrgrSEGM ifes-CrABR EXROPA26- YFP aryptsceessf ul |y
growi ng single GFP111 cell ¢ : Numbers of cells per single organoid

aver aged f SPMUYEGHY KgosHgarbyitre for 12 by apd enliused a'éjdé‘}i‘éﬁfgf%hhed‘@ﬁ%‘éﬂ from a
si ngl e-cel | i : + igure 10.
ol ony- 1 or 157G oot aur Rt Cer ERB e G h O e AR LR e
exanpl e of ggneuedaesdfipleloffspmmoginngtrsongltbe GHR fivedald. The vdluadoowin tpostnt to a

dust partic)e as, a,l rk Scale bar: 50 mm.Fiqure 11. Conposition of
aingl & 5t erlER LD dlfcsrgaRs ey “alis AR tTTIURG (Sl RIBoNete i e
confocal i mpeey EQfs afe migéhtidg Bwhafl Vill@O8od4iRY (apex of enterocytes |ining
central lunmen) b : MicZ staining indicated by white arrows (goblet cells),

c lysozynein light grey (Paneth cells), d : Chronmogranin Ain |light grey

ent er oend n 2| |'S) . cl was,, count erstained wi,th DAPlI. e-gQ:
St D R T b et S e T Y MR e

ent erocyt e gdr§UHPY ceBNpriepdred BBRGN Lors- IRABPIiRes AN KREP @edigeMionpel I s), g
| ysozyme in dark grey (Paneth cells), h @ Synaptophysin in dark grey
(ent er d@ndsempaedde Miklytyps Livermatesden)olFR edlssraspyivddegtinoriyodppelalens;

or ganoi ds gegpn & t.h ) : WP I (j),
Paneth cells (k %ﬁ?en%éﬁggﬁgﬁﬁgﬁég%éfPia?%sifgﬁge%msgg&grcgﬂ ;gliﬁ)(%\l'slsrrage
i || ustrat elGERSarCRC etllshiakalrosttids) mdGHRPGhesoversdB { wisiat arcowtehdsh c:n

i f - bord d > | um nal , ~of th id,
e Il car eitrisg il aft &1 o8 sotsd GERE el el o G o righi aBeT by p_ .
Low power ifmaedt eVt Fhbttee QIR fidrYortin f‘ﬁﬂ%l@f(}@hydals %rgla&g%t%réeinlokcﬁg W th

apoptotic bodies and +I i ned by pol ari zed enterocytes G goblet cells ; EC
ent er odhdoovignkgdeGFR™ cellp(lighagetylretel dnd;Paastheells kyhireetrpye) locSedlaectdypy : 5 nm

(m p), 1 n, Figyre 12 arisgn of electron mcroscqpic inmages
bet ween i nrg\;}tvglscg betbaé,n%jpinm. t2 l-fi:(g?h I magni itaflon ol’ crypt bottom 1n e g T
visualize proliferating cells, the organoids were cultured with the thymidine analog
EdU (light grey, examples indicated by white arrows) for 1 hr, after which they were

fixed. Note that only crypt domains incorporated EdU. Counterstain: DAPI (dark grey).

20  Figure 9. a: Colony-forming efficiency of single cells sorted in individual wells. The
average is given for 4 individual experiments, of which in each experiment 100 cells
were visually verified and then followed for growth. b: An example of a successfully
growing single GFP" cell. c: Numbers of cells per single organoid averaged for 5
growing organoids. d: Single cell suspension derived from a single-cell-derived-

25  organoid was replated and grown for 2 weeks.

Figure 10. Colony-forming potency of a single cell sorted in an individual well. An
example of a successfully growing single GFP" cell. The arrows point to a dust particle
as a landmark. Scale bar: 50 ym.

30
Figure 11. Composition of single stem cell-derived organoids. a-d: Three dimensional
reconstructed confocal image for a: Villin in light grey (apex of enterocytes lining

central lumen) b: Muc? staining indicated by white arrows (goblet cells), c: lysozyme



\ itro cultured crypt a, b Normal intestine at the base of the crypt with
the connective tissue underneath (arrows) For conparison see c-g of the

or ganoi dsywalsfy/dosdegn at the base of a crypt d : H gh maggipNiSadoloes 1k mage
fromthe apical nmenbrane; There are intercellular clefts (arrows) between

t he nenbranes of two adjacent cells. Note the desnosone (arrow head)
followed by an intercellular cleft e High gnification fromthe basal site
where the nmenbrane of two adjacent cells can be followed by intracellul ar

clefts Thesia lighages (Pareticeetpnidalhenicgranimndnbight gy (Htelobidgtindeel). a
normal nouse The cause of these intercellular clefts nmay be osnotic shock
during al defydeusryasaoupisrstaipedayjth ARl ey, Barafbin sectign statiing grahlplineare in a

heal thy st aﬁh%,s@&?;isk%%lah?@%x ngEHQJo‘égtgﬁﬁnig% Pé‘r{tra? ilmﬂﬂe%&‘?f PRS i dk can

observe m tosi gures a in e C many nucl ear pores , arrows)
and intact (gpblocdeblayrer bys&Rnanioh dadt grey (Banethacellbke hs Bemapraphlysintin dark geey dence
of swel i ng. Therﬁ IS no s)i gnELE karyor exi s, ka,rxol sis or kargopyknosi S
Ther ef oPe, B'CEIeGHOGICCENl)- s Fleckipn BIIBIcoRY SeqUONSBEEYRERreeRAfS in t he

lumen of thenQneaael the PrehdG eﬁ@&%&@i)am&%il%i%wﬁ%éll@&)QH& can
observe in the gut of a normal nousé f Shows anot her exanple of an

ent er oendocenparecrgloctindvells i)t mfd: d.ovepdver ctypt irhagesHyustiEG:s abseree o€ pldoali ne

cells, G ol,gi Figyre 13 Col.on. derived, crypts can intain in culture
e el | Csi rgh'e ecHizRerrasy bEdionar my SRl G ot PR E PR m cr yp
or ganoi ds Usinigal bR p&a@afentfkicldri Aithid QB eHdid b e dsBdeh@lof SEMH of Nt est i nal
crypts Through repeated crypt fission, the structures generate numerous

oct opustdl i keicee\hi (black arrerds patow@pweninmgg of &illug dagwin. iLonlusienBIHNY At ner eases
culture efficlency,Si ' : col 1 ! I i he
presence ofdrE@“mH‘g%%‘%Pe{’@glcﬁ%‘?ﬂ“aﬁ‘&q@B@ﬁ Il%trorgagr;l\ggé g?tgt&gﬁ"g%qg’r%? g{et( or ganoi ds
taken at daell®; EC, amerotddatine cellsheP, Pandth calfs; aherigkyhiauigel Nglertar1Humddi ti on
of Wit 3a further increases culture efficiency of colon crypt organoids
Singl e i sol@ & lMdA Vrypts were cultured in the presence of EGF, Noggin,
R- Spondi n The use of Wht3a conditioned nmedi um (+Wit 3a) increased culture
efficiency up to 30% conpared to culturing colon organoids in control

medi uml1p- Vihg®=)1 2FiGpmpariién sddenon misolsedped irhagembAMEER imice cognamt ow i n \

Lro Singl el 50 2188 AR IO ARRE w ML S5 6 Sh3P0Rh ASS A0 gul tored

tissue underneath (arrows). For comparison see c-g of the organoids also taken at the
base of a crypt. d: High magnification image from the apical membrane; There are
intercellular clefts (arrows) between the membranes of two adjacent cells. Note the

20  desmosome (arrow head) followed by an intercellular cleft. e: High magnification from
the basal site where the membrane of two adjacent cells can be followed by
intracellular clefts. These images are comparable to a and b from the intestine of a
normal mouse. The cause of these intercellular clefts may be osmotic shock during
aldehyde fixation. f,g: All cells that make up the organoid are in a healthy state and

25  lack large vacuoles or other signs of stress. One can observe mitosis figures (¢) and in
each cell many nuclear pores (f, arrows) and intact mitochondria. ER and Golgi (g) can
be seen without any evidence of swelling. There is no sign of karyorexis, karyolysis or
karyopyknosis. Therefore, no sign of cell lysis or apoptosis is observed. Cells in the
lumen of the organoid show the expected apoptotic features as one can observe in the

30  gut of a normal mouse. f shows another example of an enteroendocrine cell. Mi: mitotic

cells, Lu: lumen, EC: enteroendocrine cells, G: Golgi.



descri bed above with the exception that R-spondin was not included in the
culture nedia a Adenoma organoi ds as shown here on day 4 generally grow as

a si npl e WypIhio/@esai ni ng one central | unmen containi ng apeRISbicwosy! s b A
| arger magnification of one adenoma organoid ¢ One adenoma organoid was

stained with b-Catenin (dark grey) and hematoxylin (light grey in |unen)
The outer |ayer of the organoid consists epithelial cells with a nucl ear
b-Catenin staining The inner |unen contains dead cells that have taken up
hemat oxyl i nFigetedi3nCondietiked)crgptsdaibt atagresinsd ginduliugadsivodl. Sindlhsohwdder | ayer
of epithelial cells showi ng clear nuclear b-Catenin Figqure 17 Addition of
Wit 3a i ncr ed¥R8 dﬁrh‘éﬁdeffcfmeP%ﬁ&%wmlﬁf@aﬁmtp&aﬁaﬂﬁaﬁna cagle COPRNg cel | s

were sorte (ﬁlﬂﬂioﬁF5§ Hs%ﬁ?oﬁ"&ﬁahl iﬂfes%élgﬁ%b}tsd Wc&@%%g{cg}ﬁt g_sgloﬁ‘,q ition to

conventional single cell culture con spondi n, Notch
| i gand and sYrR2iBSZenaatedesoarolmestiginsdkefcoypt srgagbids aeddysl4. These | mages of
di shes gth cultured organoids in the presence and absence of Wht3a are
representative b 100 cells/well were seeded and t he number of organoids

were 14 daysgaftiara&ish HoBDRE inteRes p&iur@%%?&ic?.séiq.%lémsdlzﬁed @(ﬂﬁﬁé%tsed in
this graphFigure 18 Mddel for R-spondinl functioh Wht/b-catenin si‘gnalling

i's initiatederagoliubed mithegrestnce afdifalni NedginAR-Spéorglamend BDNE. imaged ohndlon
association with LRP5/6 re tors | bsence,. of R-spondinl, Wt
S onal T e ertbudtaariSidh e SR AL S ' oS Br B sliFRON Ace, i ch i s

kept | ow by DKK 1/ Krenenl -nediated internalization R-spondinl enhances Wt

signal l i ng by antagoni zi ng DKK 1/ Krenenl -nedi ated LRP6 turnover, resulting
in i ncridasediges| b Addinerel Waids farthgr inpeserppliure pligicacyascelak 6¥pf r om PNAS
104 14700, i - i + stem
cells in th%ggs)'?r?éﬁ' g.”‘rr%fee%@f‘%gs%f&% stg \%/g?e{a&ﬁltggﬁ%gbgﬂi @g%%?«fﬁf;éﬁgﬁ?é? Nt esti ne
of Lgr 5- EGAR-Spoadin CTebiREDf viadk eormditiored nkedaup l(€9/nofa) irepraeskailalé ve crypts
are present here The P+ celgés are Lgr5+ (light, grey, indicated by black
arr ows) anoeefgﬁ'ég“ev u e 3&%&9@)@ o AEnE 50108 Casrnotds Tipgrniioh Mediym® (i ndi cat ed
by *) Figurgngfyln the absence of viable Paneth cells, efficiency of
organoid formation is reduced |Isolated crypts were incubated with |uM
Newpor t15Gr een- DCF ( Mol ecul ar probe) in

Figure 16. Adenoma isolated from APC-/- mice can grow in vitro. Single isolated
adenoma from APC-/- mice were dissociated and cultured using conditions as
described above with the exception that R-spondin was not included in the culture
media. a: Adenoma organoids as shown here on day 4 generally grow as a simple cyst,
20  containing one central lumen containing apoptotic cells. b: A larger magnification of
one adenoma organoid. c: One adenoma organoid was stained with B-Catenin (dark
grey) and hematoxylin (light grey in lumen). The outer layer of the organoid consists of
epithelial cells with a nuclear B-Catenin staining. The inner lumen contains dead cells
that have taken up hematoxylin, staining dark grey. d: A larger magnification of the

25  outer layer of epithelial cells showing clear nuclear f-Catenin.

Figure 17 Addition of Wnt3a increases the efficiency of organoid formation. a: Lgr5-
GFP™ cells were sorted and cultured with or without Wnt3a (100ng/ml) in addition to
conventional single cell culture condition (EGF, noggin, R-spondin, Notch ligand and
30  Y-27632, as described above for single cells). These images of dishes with cultured
organoids in the presence and absence of Wnt3a are representative. b: 100 cells/well
were seeded and the number of organoids were 14 days after seeding. The number of

organoids/dish is represented in this graph.



PBS+ 0 1% Pluronic 127 (Sigma) for 3 mn at roomtenperature, follow ng by
PBS wash After this, crypts were enbedded in Matpgel and cultured using the

st andar d \ggndididopdis as descri bed above Figure 2 1 Effi cipef@aM.20fo08@58" 1 C
organoid culture (a) GFP (arrows, indicating G-P positive cells) and D C

i mge of isolated gastric glands fromthe pyloric region of the stomach of
a Lgr5-GFP mice Nuclei are stained with DABlI Magnification 63x (b) 100
gastric glands/well were seeded in duplicates with EG-F (E), R-spondin 1
(R), Noggin (N, EGF + Rspondin 1 (ER). EGF + Noggin (EN), EG- + R-spondin
1 + Noggin (ERN), EGF + R-spondin 1 + Noggin + Wit3A (ERNW or EGF +

- spondi n 1‘£'8Urﬂd§dY'ﬂdelf%ﬁ“3W“ﬂ’qéd”"%‘Em\MK) The nunber of gastric organoids

was count edW%)t{%—%a@Hﬁln s gang}ﬁ'? i!_‘;LO '@%gwcﬁiﬁ?iggggﬁae%i&?W% a izzfed

i ndependent experi nment g were s€eded in
dupl i cat es anidtaksodvati8A withddilRy/6 sereplorsoireihe ap&NRYK) Respoiidin BAVaosighd lienisd

nmedi a NRWCMK) , suppl enent ith the othergro factors, described in a .
The nu( er 'gpit Wd‘gﬁﬁm(?f‘@(aﬁgl#sﬁt %‘i‘e(‘fﬁlgﬁ'frg‘if%a‘tm@h)}s péf‘f“épy_seedi ng and at
day 2 aft erpkRe/Kiemth]-RRAISALEInMAE G R-§RMIR I eARarREs g»aﬁts%nﬁmﬁgwnpl ds in

vitro (a) Isolated gastric glands grow ng into organoids. fferential

i nt er f er encatagenizingsPKKidgremen H-oredaugdsLRP6 firnéyvearrdsutting ingncreasediceld).

ol tur es v BpseedBY Bk, s Blus B adBR NG 680, A5, "0 ot e

have been grown at |east for one nonth. Representative inmages show ng
buddi ng structures com ng out fromthe organgids at different passages.
Passagd?

1 (fpeyre 13 Panethschs gplgcatedpdipgentdgdemd (st cellspp deesimal higlegines. 8, 11,
20 respecti el i jcocul tures
from Lgr 5- L%@E%rwég%gﬁgged %xpr%ﬁ?%ﬁteﬁggé%[fégg%%p?ﬁmg ﬁéereggs Hl%kb'ﬂddi ng at
day 5 aftermgedthangléssdecmeseavitive ndipcadre peestraedhg@osTlid GEP cbils kiregrgy)

cells), indicating.the esence of Lgr ositive cells gni fication 20x
(b) Ki67 st gbﬁ&ﬁ@ﬁc#%% bbéh'a%ga'ﬁw)tasnweaﬁam&C@Pré 'M@Ca%gmggacam '®he base of
the gl and- IpdenenyGhsitfed 6) *paspase-3 (dark grey) apoptotic cells present
i nside the lunen of the organoid (d) Gastric mucin 5AC (dark grey) positive

cells _rit5esent in the gastric organoids. Lu, organoid |umen Magnification
|2:0X' Fi gur ié\f'rggaqgrtheeaatblsecncguo(l;E%b&a@an];&rcmlg%?ﬁéig%yl St olréal?\%ido troggant%nqg nvitro
reshly isol
reduced.
Isolated crypts were incubated with 1uM Newport Green-DCF (Molecular probe) in
PBS+ 0.1% Pluronic 127 (Sigma) for 3 min at room temperature, following by PBS
20  wash. After this, crypts were embedded in Matrigel and cultured using the standard

conditions as described above.

Figure 21 Efficiency of gastric organoid culture. (a) GFP (arrows, indicating GFP
positive cells) and DIC image of isolated gastric glands from the pyloric region of the

25  stomach of a Lgr5-GFP mice. Nuclei are stained with DAPI. Magnification 63x (b) 100
gastric glands/well were seeded in duplicates with EGF (E), R-spondin 1 (R), Noggin
(N), EGF + R-spondin 1 (ER), EGF + Noggin (EN), EGF + R-spondin 1 + Noggin
(ERN), EGF + R-spondin 1 + Noggin + Wnt3A (ERNW) or EGF + R-spondin 1 +
Noggin + Wnt3A + KGF (ERNWK). The number of gastric organoids was counted 2, 5

30 and 7 days later. Results are shown as mean +SEM of 2 independent experiments. (b)
100 gastric glands/well were seeded in duplicates with Wnt3 A recombinant protein

(ENRWK) or Wnt3A conditioned media (ENRWCMK) supplemented with the other



pancreatic ducts were cultured in the presence of EG-, Noggin, R-spondin-1
and KG- Differential interference contrast inmages fromdays 0, 4 and 14

after seegpngiodobgyre 25 Pancreatic islet |ike structuregrihiiodbbgs appr 3
weeks of in vitro culture Differential interference contrast imges from

day 2 1 after seeding. Figure 26 Axin-LacZ mce were injected with vehicle
alone (A) or R Spondin (B). After 2 days, t3he pancreas was isol ated and the
presence of LacZ expression was determ neg' by staining with X-gal. The

m ddl e panegrooht Beohods cabddingeThaemgnbdriof Buidding 6fgafoidy Olas thaited malas 7
positive staining for LacZ, _indicating the expression of Axin-LacZ al ong
the Iining Ytr serdingandratdey & afieiche iy gagsage panel shows that smal |l duct
cells in centroacinar or intercalated duct cells expressed Axin2-LacZ
(exanpl es of which are indicated byblack arrows) Magnifications are shown
i n the cornéguef22daomaiiomgigdaargatoids idwato (a) daldtahgawaic gendsqgrowdhgi n wi | d
type mce At different tinmes after PDL, the pancreas was isqQl ated_and
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i gation was perforimed in wt anof/Axm -LatZ m—ce 7 days after PDL, the
pancreas wdsuliwed wersgassage Axarn -1 day2 by aprchamtal disses atet. €uttureediabg/besnai ni ng
with X-gal of fi xgd tti ssue se t#ons é@} or _whol e nmount (g or&gcrsl fragnents
(E) The whi§8V8i ERadOf ot aYE- ReRj&tE ‘6%#‘??%%&5'69‘”‘{‘%8“@ INEPBASYERpressi on
of Ki67 (ewamh%sudm&hwmamdmﬂd@m@}ntip&m@mm@agéi%xsgep&eﬁgeipmﬁ days
after PDL Magnifications are shown (F) Incorporation of BrdU (exanples

i ndi catl®d pdaaseesf (PH saicsssing daysSud. 20 gapestiyelyer in vivo treatment with
R-spondin Magnifications are showmn (G Lgr5 nRNA expressi on was determ ned
by Q PCR in pancreas tissue obtained fromm ce undergoing PDL or a sham

oper ation |Fghee3RDhrkpandigassc glands RPigaarie aulanes fnom-Lfgeh-LacZamivad.as @bj ect ed
to Q@ PCR The fold increase of L exp(rj(gssi on conpared to TATA box bi ndi ng

ars .
protein (tHUPPresHORSEdREEH iythgdauric pUddRg fidayH) aftes sepding @F¢ #FOWBDL, the
pancreas WagdicsMALRY pRfliveqiak LRSS END! iRdRh m@§ré§@$&m S p&diiwd ai ni ng
with X-gal of fixed tissue sectionis Exanples of stained cells are iIndicated
by bl adk areedasMagnifiFitgnr2dx2(b) Kneihesinof (phak) shawis positiet proliferagmeedls agr own
Invitro i r}hgwaste% e ggmcﬂlf(g setguec%re.t(lcrgaspaseﬁ (dark grey) apoptotic cells present
inside the lumen of the organoid (d) Gastric mucin SAC (dark grey) positive cells

present in the gastric organoids. Lu, organoid lumen. Magnification 20x.

20  Figure 24 Pancreatic ducts can form pancreatic like organoids in vitro. Freshly isolated
pancreatic ducts were cultured in the presence of EGF, Noggin, R-spondin-1 and KGF.

Differential interference contrast images from days 0, 4 and 14 after seeding.

Figure 25 Pancreatic islet like structures form after appr. 3 weeks of in vitro culture.

25  Differential interference contrast images from day 21 after seeding.

Figure 26
Axin-LacZ mice were injected with vehicle alone (A) or R-Spondin (B). After 2 days,
the pancreas was isolated and the presence of LacZ expression was determined by

30  staining with X-gal. The middle panel of B shows a larger magnification of a duct that
shows positive staining for LacZ, indicating the expression of Axin-LacZ along the
lining of the pancreatic duct. The left panel shows that small duct cells in centroacinar

or intercalated duct cells expressed Axin2-LacZ (examples of which are indicated by



points after isolated froma wild type nouse (A, top panel) Centroaci nar
cells did not grow for periods |onger than 7 days, after which they

di si nt egrgbedioiidesifot t om panel ) Pancreatic fragnents Werp@ngLqm/dOgjblt; he
presence or absence of EGF (50 ng/m ), Rspondin ( 1 ng/m), O (100

ng/m) or Noggin (100 ng/m ) Inmages of the cultures were taken 7 and 14
days after the start of the culture with fireshly isol ated pancreatic
fragnents Cultures without EG- did not survive for |onger that 10 days (B)
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sections. Examples of stained cells are indicated by black arrows (I).

Figure 27

20  Images of pancreatic ductal fragments grown in vitro in EM taken at different time
points after isolated from a wild type mouse (A, top panel). Centroacinar cells did not
grow for periods longer than 7 days, after which they disintegrated (A, bottom panel).
Pancreatic fragments were grown in the presence or absence of EGF (50 ng/ml), R-
spondin (1 pg/ml), FGF10 (100 ng/ml) or Noggin (100 ng/ml). Images of the cultures

25  were taken 7 and 14 days after the start of the culture with freshly isolated pancreatic
fragments. Cultures without EGF did not survive for longer that 10 days (B). Pancreatic
fragments isolated from Axin2-LacZ mice were cultured in the absence or presence of
R-spondin (1 pg/ml) for 3 days. X-gal staining showed expression of Wnt-responsive
Axin-LacZ in the ductal cells after 3 and 14 days only in the presence of R-spondin

30  (examples indicated by white arrows). No X-gal staining was detected in the acinar or
islet cells (C). Ductal fragments were isolated from Lgr5-LacZ mice and cultured for 3
days in the absence or presence of R-spondin. Expression of LgrS-LacZ, as indicated

by X-gal staining, shows Lgr5+ cells on the tips of the buds, similar to its expression



absence of FGFl O are shown (A) and shows increased expression of certain
differentiation markers, Ngn3 and somatostatin as neasured by PCR Hprt is a

housekeepypaoRPes16B) At several tine points after the praRghefoibory0 DM
expression of a nunber of markers was assessed by PCR (C) Change in

nor phol ogy from pancreatic cysts to b cell-like structures (D) acconpani ed
t he appearance of certain b cell markers, qguch as Insulin and C peptide as
detected by i munofl uorescence (E) The presence of R-spondin in DMis
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WP inhibitors result in a inhibition of Wit |igand secretion (B) Muse
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Figure 32 Establishnment of human intestinal crypt culture Hunan organoi ds
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33 Establ i s¥néBdufiaf4 dde. Rasidsiveerorgkanon thecindicated dayy) and 4 4Alxahagiifidddiidngastri c

gl ands/ wel | V\ﬁre seeded in duplicate wwth EGF (E), Rspondin
1S snhown.

15  Figure 29
Pancreatic organoids were transferred from EM to DM. The effect of removal of
FGF10 from the expansion medium, resulting in DM, induced differentiation into
islets. Pancreatic organoids were cultured for 10 days in DM after which islet like
structures could be detected in vitro. Pictures of the cultures in the presence and

20  absence of FGF10 are shown (A) and shows increased expression of certain
differentiation markers, Ngn3 and somatostatin as measured by PCR. Hprt is a
housekeeping gene (B). At several time points after the transferral to DM, expression of
a number of markers was assessed by PCR (C). Change in morphology from pancreatic
cysts to B cell-like structures (D) accompanied the appearance of certain B cell markers,

25  such as Insulin and C-peptide as detected by immunofluorescence (E). The presence of
R-spondin in DM is essential for the regeneration of B cell progenitors, as indicated by
positive immunofluorescent staining for Ngn3 (examples are indicated by white

arrows) (F).

30  Figure 30
Human pancreas fragments were freshly isolated and cultured in EM. Pictures were

taken of the cultures at the indicated time points after the start of the culture.



1 (R, Noggin (N, EGF + Rspondin 1 (ER), EGF + Noggin (EN, EGF +
Rspondin 1 + Noggin (ERN), EGF + R spondin 1 + Noggin + Wit3A (ERNW, EGF +

R spondi nyé »g1oMeeabn + Wit 3A + FGFI O (ERNWF), EGF + R- spefiiiBothoto9ggi n +
control conditioned nedia + FGFl O (ERNCCMF) or EGF + R-spondin 1 + Noggin +

Wit 3A conditioned nmedia + FGFl O (ERNWCMF) The nunber of gastric organoids
was counted 2, 5 and 7 days later Results are shown as nean SEM of 2

i ndependent experinents (B) A total of 108 gastric glands / well were
seeded in diglre 8at én wittdcrVpt BRuee pebducoman ligesd(®) (ENRWCM) or Wit 3A

condi tioned pedia supplemented with FG-l O (ENRV\CIV@ The nunber of buddi ng
or ganoi ds WAs Seksmaticdertesetatipn of the Watpatyway )Wheiy Wah ligands argweseesied. 10) in

culture (C rdcGv el e Lo Wht 3A
conditi oneéhé:?e%?tga{(o\?\%{]f QyEBaEr%ﬁ:'ﬁ{f alIc\:lggézgilé ﬁ{agﬁa( %&‘Sﬁg’?ﬁ‘%ﬁﬁypgﬁﬁ%‘hg& W th
ei t her FGFImp@GFant K)r poperivar Iigandb sdcretib@OIVER dhHiBiodrs ragilviin hashiltidemof Batted.

The nunber l.of uddi ng organoi ds was counted after 4 days (passage 7) in
cul ture® A'CaN ¥SEACRt i ve experinent has been shown. (D) I|solated gastric

gl ands deveBpRidige bl}ﬂaﬁoi% eAnRbAander hb@r2 0bAdliodsUsGhdiSLed ffexaRIpid RSt | Mages
fromdays 1, 2, 3, 4, 7 after seeding. After one week, cultures required

splitting IChInsnbation cubeust organgidaiiures withdnaMcV R sesube rcefalerbrafed as
descri bed ion atnhe sullupgel enentary materials and net hods section Representative
i mges of Of% SL?I(iutru S after 15 days, 3 nonths, 4.5 and 6 nonths in

cul ture; (10)xdar@aidfiwaBhesiditifid rdairm lefhdiceth® nitiie 61 gdnéidIulaRs gr own i n
control conditioned nedia. Note that the culture is not grow ng and has
failedlfo flB} RWBindused organpid dephdereseysddyy tho adiitiompsWnkia confitigned sur vi ved
no Ionger than ( days. (F) Wol e-nount E-Cadhepn staining in a 3 nonth-old
gastric organoid. Figure 34 Single Lgr5+ve cells build long-lived gastric
or ganoi ds iAmagiifioat{oh) of GdmfiosladwaiBaEysi s of a freshly isolated pyloric
gastric unit froman Lgr5-EG-Pires- CreERT2 nouse stomach. Arrows show ng
GFPhi (grey), GFPlo (black) and GFP-ve (white) distinct popul ations. (B)

Lgr 5- EGFP+y%, b} S F{81iis&H bFhaiabefdstiRMc it ko and GFP-ve popul ati ons
15 Human organoids cultured out of small intestine (A-D) and colon (E-H) after 3 (A, C,
E, G) and 5 (B, D F, H) days in medium supplemented with EGF, Noggin and
Rspondin with (A, B, E, F) and without (C, D, G, H) Wnt3a conditioned medium.

Figure 33  Establishment of the gastric organoid culture

20  (A) Atotal of 100 gastric glands/well were seeded in duplicate with EGF (E); R-
spondin 1 (R); Noggin (N); EGF + R-spondin 1 (ER); EGF + Noggin (EN); EGF + R-
spondin 1 + Noggin (ERN); EGF + R-spondin 1 + Noggin + Wnt3A (ERNW); EGF +
R-spondin 1 + Noggin + Wnt3A + FGF10 (ERNWF); EGF + R-spondin 1 + Noggin +
control condittoned media + FGF10 (ERNCCMF) or EGF + R-spondin 1 + Noggin +

25  Wnt3A conditioned media + FGF10 (ERNWCMF). The number of gastric organoids
was counted 2, 5 and 7 days later. Results are shown as mean +SEM of 2 independent
experiments.
(B) A total of 100 gastric glands / well were seeded in duplicate with Wnt3A
conditioned media (ENRWCM) or Wnt3A conditioned media supplemented with

30 FGF10 (ENRWCMF). The number of budding organoids was counted after 7, 15
(passage 2) and 60 days (passage 10) in culture.
(C) A total of 100 gastric glands / well were seeded in Wnt3A conditioned media
(WCM) + EGF + Noggin and R-spondin supplemented with either FGF7/KGF (K) or



according to their GFP expression |level. FSC, forward scatter (C
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st ai ni ng (r &g, Whgenieini Br@adaerniv stdindagimraod chohth-&ld gastae stganoid. Hoescht 33345
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and chr onpgpgndB4A flhél@‘MéfSﬁ@tc%HQEﬁ‘mP%QQW‘ég|ng§91€ Eanbliemh-Bxample 1 Cultu
png of small intestine crypts and vil invitro

15  (A) Confocal analysis of a freshly 1solated pyloric gastric unit from an Lgr5-EGFP-
ires—CreERT2 mouse stomach. Arrows showing GFPhi (grey), GFPlo (black) and
GFP-ve (white) distinct populations.

(B) Lgr5-EGFP+ve cells are discriminated from the GFPlo and GFP-ve populations
according to their GFP expression level. FSC, forward scatter.

20  (C) Representative example of a growing organoid originating from a single Lgr5+ve
cell. Arrows showing the formation of gland-like domain buds at day 7. Original
magnifications: days 1-4; 40x magnification, days 5-6; 20x magnification, days 7-8;
10x magnification and day 9; 5x magnification.

(D) Organoids derived from single Lgr5+ve cells have been dissociated and split every

25  5-7 days. Representative images of a 3 months-old culture. Original magnifications: left
panel; 4x magnification, right panel; 10x magnification.

(E) Confocal analysis of Lgr5 EGFP-expressing cells in a 14 day-old gastric culture
grown from a single GFPhi cell. Note that Lgr5-GFP+ve cells are located at the bottom
of the gland domains (white arrow; 10x magnification).

30  (F) Organoids cultured with the thymidine analogue EdU (red) for 1.5 h. Only gland
domains incorporate EQU (white arrows; 20x magnification). Counterstain, 4,6-

diamidino-2-phenylindole (DAPI; nuclear).



Materials and Methods M ce Qutbred mce of 6-12 weeks of age were used
Ceneration and genotyping of the Lgr5-EG-P-Ires-CreERT2 allele 1 has been
previ ouslyodgffdobdigd 1 Rosaz26-1acZ or YFP Cre reporter preiWeioRofiltai ned
from Jackson Labs Crypt isolation, cell dissociation and culture Crypts
were rel eased fromnurine small intestine by incubation in 2 rruM EDT A/ PBS
for 30 mMmm at 4C Isolated crypts were county d and pelleted 500 crypts were
m xed with 50nm WMatpgel (BD Bioscience) and plated in 24 well plates After
pol ynmer i zat(Gm dfwdetopdelliur&0mn simfle-cély phlugs bf Lpes-BBHEPUrRs{ Advanced

DVEM F12 wit h ﬂrowth factors (10-50 ng/m EGF (Peprotech), 500 ng/m
R-spondi n 1¢reERI SR osae0-YPFeraisg giowsq wapstypelates)wiemegHer inryiroden 4G ng
experi nent Shrs,'a%@'iﬁ)tagéii &l %quﬁiié’ﬁédedabfﬁwpﬁgrek&ngy{)teﬂf)@ %us%tfsg{itte ?c] mn at
37 C, followng by Tesuspension w a glass pipette ssoci ated cells were
passed t hr cuggle 2elamradbl(Hayst 6 ageneratéGnRltiple ofEfPingans vitro. GFdee dat YEPwer e sort ed
by flow_cyt oget r.ér gl\/bFI o, Dako) Single viable epithelial cells were gated
by forwdrd CUSMEAE i de scatter and pul se-width parameter, and negative

st ai ni ng f ahwRFRRhIédhifal lgmeq%ngg&Qdcc%lej_ were collected in crypt culture
medi um and enbedded in Matpgel including Jagged- 1 peptide (Ana Spec, 1 nM
at 1 cel |/ viél)Exprassioa anadlsis pf gaseic-peerfic iganesgfgerh 2 rapythtold cultungsalenized um (250

vais over aittPret B i el i AT wS R e % o ™

nmedi um was gahel) ¥est3 aufEdiud, Hawshdr@astiasieaded cdiudaneé HegaRE eorligenuRed from
Mat pgel and nechanical |y dissociated into single-crypt domains, and

t r ansf dfr ecbPedifip onaVKtiplidtangidssage was perforned every 1-2 weeks with 1 5
split rati - MU i ' : ' r from
pepr ot eeh (e o AaisMthod e RN MAtha Fora, RS RAGL RS Bt SHARGE

4- hydr oxyt amagé bEBCabsginigg @edl efatheli(nnderived gegahoitey. €ousecstdinrHeagthiur e
experinments _The follow ng anti bodj es were used for _inmunostai ning

anti - | ysozw_&? (Rlke) ?Oéfﬁ'_‘t P‘*—"S&?h%?‘j&ﬁﬁﬁ%‘f%s(sm)f,of AHeiomPaReEHErk

anti - b- cat eqj|), g&%o‘?’é Qc_'ﬁgls%ﬂi‘?ﬁ()red,@ﬂtcbng' FRIEA @b LRI Bt 0815 gRge) . anti-
Smoot h nuscle ‘actin (Sigma), anti-EphB2 and B3 (R&D), anti-villm

anti - MI62, chnamegramnoytanivn, ehtqr@adoerir@raetly). anti - caspase-3 (Cell Signaling)
Crypt Isolation Isolated small intestines were opened |ongitudinally, and
washed with



cold PBS The tissue was chopped into around 5 mm pi eces, and further washed
with cold PBS The tissue fragnents were incubated in 2 mM EDTA with PBS for

30 min onypGR1AohAs renmoval of EDTA nmedium the tissue pegiNiBMofoWRr e
vi gorously suspended by 10 ml pipette with cold PBS The supernatant was the

villous fraction and was di scarded, the sedinment was resuspended with PBS
After further vigorous suspension and centygfugati on, the supernatant was
enriched for crypts This fraction was passed through a 70-um cell strainer
(BD bi osci efwadjpléso renove residual villous material |solated crypts were
cent pfuged at 300 rpmfor 3 mn to separate crypts fromsingle cells The
final fraction consisted of essentially pure crypts and was used for

culture or g, 1@16@&1lur9,;§%?9maﬁt.m9am£ ézrﬁﬁv Lﬂ‘ﬂl{%bon and X-gal staining

To activate CreERT2, crypts were 1 ncubated wth | ow dose 4-hydroxytanoxifen
( 10OnM for 12 hr and cultured in crypt culture nmedium X-gal staining was

perfor Vi 0 escribed 1 No staining was seen w t hout
4- hydr oxyt gﬁﬁgf'i%éﬁ“#% H8nt Electron mcroscopy analysis As described

previously 1 Matpgel including crypt organoids were fixed in Karnovsky's
fixative (2% par af or mal dehyde, 2 5% gl ut ar al dehyde, O 1M Na-cacodyl ate, 2 5
mV CaCl 2 aWd:eSGMbwmnce ob - 12 wyekisof age wereatsed. @mﬂagnpen@gmcéypﬁhm%@npl es

m C1 oscope T IAHEIIRS CRERREAHSF g e Lt b el RorR et o6 fPessi on

anal ysis OfCIféQJ:pBﬂleﬁnﬁd‘eY\p&l’é,obﬁdmddfrd)ﬂU@él&sbrﬂEhbsCryptS and organoi ds Freshly
i sol ated small intestinal crypts fromtwo mce were divided into two parts

RNA waslOdi rectly isolated fromone part (RNeasy Mni Kit, Q agen), the

ot her par mﬁto ﬂﬂ%&&ﬂ %Qn REo QA n"%%kcultﬁg%l bgﬁﬁsdwp% rﬁ%e?zgz:n?}é{#?iﬂe%amepar ed

| abel ed ¢ e man acturer I'nstruction
Technol ogi eist)estli)ieftﬁenaﬂtanah hry 2 In@1el D EA/PBRNAr 80 atim a0, [dohitebsernypalwete ypt s and

or ganoi ds were hyb sed par at for the t nmce 4X44k Agllent
ol e Mouis S OLBROARY BELE SPGB P w%ms@gﬂb &l Wﬁsr'aeﬁ{hﬁé'w@ng

exper i ment Splak@4 hag Bla’ﬂasf Akter padinklighirh oRMANEe), Aty mldmﬁ;lddunaéol at ed
colonic crypts were hy di zed against differentially |abel'led snal

i nt est il3al m¢®wnéAdmancmm95Wﬁ/hbwemge¢Wthémtsrs (Hbé@hg/innig‘i(ﬁlﬁ(hpmteﬂﬁdl vi dual
arrays M cropntay 21,903l 3AAE6 AN Wodehl BRILEN) V! Side1FdQYRMguST O
experiments, isolated crypts were incubated in culture medium for 45 min at 37 °C,
following by resuspension with a glass pipette. Dissociated cells were passed through
20-um cell strainer. GFP™, GFP'" or GFP" cells were sorted by flow cytometry
20  (MoFlo, Dako). Single viable epithelial cells were gated by forward scatter, side scatter
and pulse-width parameter, and negative staining for propidium iodide. Sorted cells
were collected in crypt culture medium and embedded in Matrigel including Jagged-1
peptide (Ana Spec, 1 uM) at 1 cell/well (in 96 well plate, 5 ul Matrigel). Crypt culture
medium (250 pl for 48 well plate, 100 pl for 96 well plate) including Y-27632 (10 uM)
25  was overlaid. Growth factors were added every other day and the entire medium was
changed every 4 days. For passage, organoids were removed from Matrigel and

mechanically dissociated into single-crypt domains, and transferred to new Matrigel.

Passage was performed every 1-2 weeks with 1:5 split ratio.

30  Reagents; Murine recombinant EGF and Noggin were purchased from Peprotech.
Human recombinant R-spondin 1", Y-27632 (Sigma), 4-hydroxytamoxifen (Sigma)
and Edu (Invitrogen) were used for culture experiments. The following antibodies were

used for immunostaining: anti-lysozyme (Dako), anti-Synaptophysin (Dako), anti-BrdU



(V95 3, Agilent Technol ogies) Al data anal yses were perfornmed using
ArrayAssist (5 5 1, Stratagene Inc ) and Mcrosoft Excel (M crosoft

Cor por at i\wghofwoszgnal intensities were corrected by sqx@tﬁﬁ%iomodlecal
background Negative val ues were changed into a positive value close to zero
(standard devi ation of the |ocal background) in order to allow cal cul ation
of ratios between intensities for featureiz)only present in one channel

(small intestinal crypts or organoids) or (small intestinal crypts or
col oni ¢ cr yWRioshe)Nantinplchzaini(BD Biascigede), aniiekl cidheaipPB i Bigsderco)vansg- al gori t hm
and individual features were filtered if both (small intestinal crypts or

or ganoi ds) %PO‘(‘Er%SFeaﬁ‘t"éést’g'ﬁé] ali~7phB2 gpd @él(&@i@ antyritiky. aniMped s wer e
changed or 49 er'n’K %lat fa3), %a{ﬁ%?e’iﬁ(@@in gﬁﬁltug)nes the background

si gnal Furtherrm non- un| ormfeatures were ed Data are avail abl e
at GEO (CGene Expr e55| on Omi bus, nunber GSE 14594) upon publication

Unsuper |se r.chi c Ius ering was perfo 0 ormaliz

ntenet Bt et BeBESE IS ngh el mtﬁégfhwsre@&epaiﬁsmf@'yshﬁ washed with

i ntestinal /&)m PBE CTHd (YRES waNchPpapR@) Q%uuésmn%ééé; @hd Rurltd} Shaasvigl ty

bl ock, correlation average |inkage) and visualized wth TreeView Genes were

consi der ed ®iGRBS| Bertissye Ghgmeptdwerfe infubatadend rashEP T Aerith §BS fioral( mar r ays
nore than 3-fald nrlc i ds or anal ysi s The
Mmges o Vet S aHEPG ofEPAPRRENR ARSI Rafme BB AR S s copy
(Leica, SPXuspdna¥®b €0l nilipsjes aapeold\PBSMHIMupkhatht $hethe 9iTicus daceReardd-ei ca,
Mzl 6- FA) For | nmunohi stochem stry, sanples were fixed with 4%

par af orlffal dwapydizcardopathe seimentyyasgesyspendedenifePBS uier furberpagoseds n sect i ons
Were procesgyé Woh@ngg%nqﬁlﬁgtréﬁhﬁ%@ug&%aga{\l WWW@(& Po%?rpggtss trhYs f?@c tioR®" formed

as previousl escri munost al ni S organoi ds
wer e i sol atvesh fasceahthmiplye 70-wsi cedl sudairfer mbpﬁmne(nbﬂuotram@&rr)asndmdnlidwsed W th

4% PFA, foll ow by perm abilizatjon with 0 1% Tpton-X EdU st ai ni ng was
per f or med B Ha'yafq‘?ecrmwae&emrévg%d %@895%|f0r(%nlre;1@ FraraiefgyRts 5g8h) DNA

was stai ned;hye DARI TRk fl-ﬁgﬁfr&‘u%nQM’S'lﬁ@de(aéssgrftf%hgi)u%Qr PRgRPwWieh&dg6aul T ed

wi th confocal™ m croscopy (Leica, SP5) and reco truc ed wmth Volocity
Sof t warlé ( laupnevirsingty Rélsdisspsialipre i nt estinal epitheliumis the nost rapidly
self-renewing tissue in adult manmal s W have recently denonstrated the
presence of approximtely six cycling Lgr5 stem

Tamoxifen induction and X-gal staining: To activate CreERT2, crypts were incubated
with low dose 4-hydroxytamoxifen (100nM) for 12 hr and cultured in crypt culture
medium. X-gal staining was performed as previously described'. No staining was seen

20  without 4-hydroxytamoxifen treatment.

Electron microscopy analysis: As described previously' Matrigel including crypt

organoids were fixed in Karnovsky’s fixative (2% paraformaldehyde, 2.5%

glutaraldehyde, 0.1 M Na-cacodylate, 2.5 mM CaCl, and SmM MgCl,, pH 7.4) for 5 hr
25  atroom temperature. The samples were embedded in Epon resin and were examined

with a Phillips CM 10 microscope (Eindhoven, The Netherlands).

Microarray analysis: Gene expression analysis of colonic crypts, small intestinal crypts
and organoids. Freshly isolated small intestinal crypts from two mice were divided into
30  two parts. RNA was directly isolated from one part (RNeasy Mini Kit, Qiagen), the
other part was cultured for one week, followed by RNA isolation. We prepared labeled
cRNA following the manufacturer’s instruction (Agilent Technologies). Differentially

labelled cRNA from small intestinal crypts and organoids were hybridised separately



cells at the bottons of small intestinal crypts' W have now established
| ong-term cul ture conditions under which single crypts undergo nultiple

crypt fisgoopiamediss, Whil st sinmultanously generating Vipllg2010680017
epithelial domains in which all differentiated cell types are present

Single sorted Lgr5* stemcells can also initiate these crypt-villus

organoi ds Traci ng experinents indicate th ] the Lgr5 stemcell hierarchy is
mai nt ai ned i n organoi ds We conclude that intestinal crypt-villus units are
sel f - or ganifai thg tsd mict o @ XMkiAglilentaWhble Ndvide (Gdnoai® duabédighreMii@miagel | i n

t he absence of a non-epithelial cellular niche The self-renew ng epithelium
of the smal({C4latRdpitye dye syrRieRSHMERtorestliipg & tong ndiyidyal @BRYS are new y

gener at ed i@d&ih&laﬂ%@sl@@g@l ﬁcgcr}yﬁﬁuepevm@gzeggggwdirf*e{%nrislpflaeénehhe villi,

with a turn-over t ay t he renew ng stemcells have
| ong been knmahnntestinad siypes ineap dybeway syperibentsoresalnidg irofqur adliddudl heraysapi dl y

Der o TE e et S SRk b e B e o ™
enter OendOC‘(WS.Qekkﬂerﬁ%ghﬂﬂo;%iésq.%ﬂ Data@hhiSsRNekr€ PRIbMYR dshif Arrfi ARt i on i n
coherent bands along the crypt-villus axis The fourth major differentiated

cel | -type, (63l Saategeneckc]) and diripesft Excal lidligrpsgit Comporaion\R avasignal ecent | y
identified. ene, Lgrh i ch i.s specifical expressed in cycling Crypt
Base. Col umiBieaury woiRredPL b s drEfEs ok Bk ol ARG LlnSin o Githg &
nmouse i n Whhahged ifdoR pRmhxiviaRiz-dlayd Us bdib estéAdard @SainsISke RRSISRLE S oWRS
integrated into the Lgr5 | ocus, we showed by |lineage tracing that the Lgr5+

cel I s d8nstipedes taliay pyeptionsefdptioschargeapripiensigjentor deaturgs pnlydrgseptyines of
t he epithel] : e f i i -
Al t hough a d\?grglh ‘J‘eqnfﬂcl)sﬁ& (l:lm]fétg}rl%% e(%é) é‘]ggmg}egﬁ(s g&?ﬁﬁe&nﬁhb@?&% C?@ﬁ'gc- term
cul ture systrgm)hNerhaénties tabpesdractdwlyi appl yirgd alawes ddgsitbmany padividhdlus
physi ol ogy Mouse cr preparations were suspended in Matpgel Crypt growth
required ECFAMNE “ﬁ-‘%ﬁ@?f&? i bpuy %ﬁ"&' |'a5651%§%@fsrﬂj OF ARGHIsear &%ahqw%m for
Noggi n (Fi gr{f) ol Bfofibl bEyHEsS nibhoriRls Sy BB bRif Bofif BlASK¥PLER! letaRET (Fig
2a) The upper opening rapidly becane seal ed, and the lunen filled wth
apopt otlbc debltgnéphike backgtound gignalu Fuehesmate, comtunioow écaburddivarg fdteestt Hata

rem ni scent ofv Gl ¥Rt trgi { n Pasnle}]?) ce ISs \lﬂveker 85 X5§)4%e(§nent at the bud
Site The meforidoBe CESHQEhs Famispian Ot e aUTRFL OS54 up
publication. Unsupervised hierarchical clustering was performed on normalized
intensities (processed signal in Feature Extraction) of small intestinal/colonic crypts
and organoids using Cluster 3 (distance: city block, correlation: average linkage) and
20  visualized with TreeView. Genes were considered significantly changed if they were

consistently in all arrays more than 3-fold enriched in organoids or crypts.

Imaging analysis: The images of crypt organoids were taken with either confocal
microscopy (Leica, SP5), inverted microscope (Nikon DM-IL) or stereomicroscope

25  (Leica, MZ16-FA). For immunohistochemistry, samples were fixed with 4%
paraformaldehyde (PFA) for 1 hr at room temperature, and Paraffin sections were
processed with standard technique'. Inmunohistochemistry was performed as
previously described'. For whole-mount immunostaining, crypts organoids were
isolated from matrigel using with Dispase (Invitrogen), and fixed with 4% PFA,

30  following by permiabilization with 0.1 % Triton-X. EdU staining was performed
following the manufacturer’s protocol (Click-IT, Invitrogen). DNA was stained by
DAPI or ToPro-3 (Molecular Probe). 3D images were acquired with confocal

microscopy (Leica, SP5) and reconstructed with Volocity Software (Improvision).



Furt her expansion created organoids, conprising >40 crypt-domains
surrounding a central lunmen lined by a villus-like epithelium ("villus

domai n' " )wohbh6s18) E- cadhepn staining reveal ed a singlperaghbioloddyrt (Data
not shown) Weekly, organoids were mechanically dissociated and replated at

1/5 of the pre-plating density Organoids were cultured for >6 nonths

w thout | osing the characteristics descri di bel ow Expressi on anal ysis by
m croarray reveal ed that organoids renained highly simlar to freshly

i sol at ed snRdshults ntestinal crypts, when conpared for instance to fresh col on
crypts (Fig.3) Culture of Lgr5-EG-P-ires-CreERT2 crypts reveal ed Lgr5- GFP+
stemcel|'s 1@&6%?@?@&]%%8%9?{ rapiflyseirenqyung pigsye ihadlt mAnMls i vat i on,

| ] R SO i Sl iy e T
crypts Apopiets acthe bbttamsel snahectsiinaleryhe. Beritavahow esteblishad porgeess

i ni sgent_of the sheddi ng of tic cells at vijlus tips in w (Fig 4c
Vet aphade. U g OB R e ORERE FRroinde o ghal clesrim yPav sty a0

chr omosomesygigh bin{ularéUsif Frdraidll viisPikeSpRAtlal d¥Rafn@UNEhiR afvi dence for the
presence of nyofibroblasts or other non-epithelial cells (Fig 6) W

cul tured crdiffersnfiatedredlliypesEEprasents SiOglsERMed Fegr’e sismestle ¢amaksh iniHate

Creacti vat e Rosaz6-lLacZ reparter to allow.lin e traci Directly after
Chaacti oot BBR SR AR SR RERECli dfednell ind QR BE L BELEN BAFL Yo b

More than HiSmahyidhamigediendtgooriRt Weedoyiclolie thaCinydtifal CH - vAifusd)nitsiafp! yi ng
that the Lgr5-GFP+ cells indeed retained stemcell properties Crypts from

t he Oe-Wct i S¢Htoaganazipg stasaturespvighean ke buily figgus eingle ssweee!l indeaghsehefiang by

confocal anglVsldelRik Vo er tanoxifen treatnment, we noted single
| abel ed celqﬁJg F\ta‘ta'lal ﬁ%ﬁ%é@f}lﬁeﬁ\eage tracing over the follow ng days, both in

freshly isolated crypts (Fig 7a-c) and in established organoids (Fig 7d)

Recently, mm and epitheljial structures were established fraomsingle
stemcells in vﬂlérsgk'rmﬁ%f:?f CQUEQQ%L@PHF e IS IS Hie P Mse di ed
i mredi at el yyifAecdRorkhdiasehithieliih Ble cfsmd SitPare 345981 hp &Rt Xt (HERPESSEE this

cell death A Notch agonistic peptide24”was found to support naintenance of
prol i f dbat i whi, enthgtterm-Qred dimet dfdsdays omthietnayss,, Sedfi-igné wing atem eallsthers lafg

LT CEp e e Tl TR PR e 9800t
transit amplifying (TA) cells. The estimated number of stem cells is between 4 and 6
per crypt. Enterocytes, goblet cells and enteroendocrine cells develop from TA cells
and continue their migration in coherent bands along the crypt-villus axis. The fourth

20  major differentiated cell-type, the Paneth cell, resides at the crypt bottom. We have
recently identified a gene, Lgr5, which is specifically expressed in cycling Crypt Base
Columnar cells that are interspersed between the Paneth cells'. Using a mouse in which
a GFP/tamoxifen-inducible Cre recombinase cassette was integrated into the Lgr5
locus, we showed by lineage tracing that the Lgr5™ cells constitute multipotent stem

25  cells which generate all cell types of the epithelium', even when assessed 14 months

after Cre induction’.

Although a variety of culture systems has been described*”’, no long-term
culture system has been established which maintains basic crypt-villus physiologyz.
30 Mouse crypt preparations were suspended in Matrigel. Crypt growth required
EGF and R-spondin 1 (Fig. 1a). Passaging revealed a requirement for Noggin (Fig 1b).
The cuitured crypts behaved in a stereotypical manner (Fig. 2a). The upper opening

rapidly became sealed, and the lumen filled with apoptotic cells. The crypt region



seeded (Fig 8d) Multiple LgrS-GFP11 ' cells were interm ngled with Paneth
cells at crypt bottonms (Fig 8e-f) EdU (thym di ne anal og) i ncorporation
reveal ed g gll's in the crypts (Fig 8g) W sorted

cell/well; V|suaP$& verified the presence of single cel §%$ﬁJ°ﬁ%“%3&ed t he
resulting growmh In each of four individual experinents, we identified and
foll owed 100 single cells On average, approximtely 6% of the LgrS-GFP 111
cells grew out into organoids, while the remaining cells typically died

Wi thin the fidestent 20Maboss biidasdvRAlsY reghifistéht BRYShCAsicH U/ Binetdi Rl19Flefal
stress inherent to the isolation procedure G-Plow cells rarely grew out
(Fig 9a) Fiduees meseahat the ud @tq. | Thegnajaniey afiveypis eatlé berultinedtfagdbl. d from a
single Lgr r u e si sted of
ar ound 1005@§ﬁr2%“%@%§P%f?ﬁ@%"?ﬁxﬁhgkwﬁﬂHg %ﬁ%g&P %@%{Hgg (%E%%ggerative

crypt cel | s@niraFugheAdhed\bi ewilluaadikeepkBelivnhe: vahgamiads ) Bk ecd) ISoadhatiad i nto
single cells and replated to form new organoi ds P 9d) ThIS procedure
coul d bé re%@at“éde‘éﬁalelde’a%@gl?%P'at/?rr@@‘fb‘w aho¥p)e y@agagm §i¥eout appar ent

| oss of rep Jgééuaﬂgaﬁmh%m&yanm@ BleAG /554G 5[%' plat aev.@@y %g Ok%ere

appeared indistinguis rom hose derived from e crypt anet h
cells and stuttaragefol 56 wemehs| vadae bs aig tbafqlmradmmnoméestﬁb@ ®ley. Exp,resElog 11 c,

g) Fully polarized enterocytes gs evidenced b mat ur e br sh bor der s
9 api val A e BHOSH ASEIen g orBoKs gerdned bigkly TRIY G )
Gobl et cel ||§016!¥H§31*all u'ﬁ'eﬂm%ﬂcr?ptspvﬁ%n cdmhrddlfd? iRidncE ﬁé&%ﬂﬂ&r?ﬂ?(ﬁ@' I's

(chronpgranin A+, Fig 11 d, Synaptophysin +, Fig 11 h) were scattered

t hr oughl®ut 3)he organoid structure Four types of mature cells were
recogni zed by electron mcroscopy (Fig 1li-1) Nonepithelial

(stronal /mesenchymal) cells were absent, an observation confirmed by EM

imaging (Fig 11 Culpure bt ggrBZEGFB)zrﬁotrhERhQ ceypiPiesedIbd Debl OFPOsterdiRelld he
central | um nal eplthellun1(F|? consi sted of a S|ngle | ayer of
S

pol ari zed eiplarméngled witk Ppreth eaf |ahl;ihedirﬂé@@$%/%watchéa‘r?@t poriidenggslar t  Hi gh
resol ution AJI:?&FB & 5@%?@45%%5%&&%‘%& g§ ifn gpﬁ%rw E%egg%le&g v% t ai ned

for E-cadhepn i n st al nuc s the
si ngl e- 1]5ayea"rﬂcEp7|m2lfr(§ng)4b)tm congmmbdhce@ypdsejxpomb(:dedla weoé smldomn)thé is well

known that epithelial crypts are in intimte contact with subepitheli al
myof i br obl a&nEablgmss, e r?@lﬂ&@ﬁé@éqﬁﬁhséﬂf ing PEaPPRKE ce! eawva%éws el l's

create a spagd dih a6f MBhbAHASpRAGRAE BlmSHHELIARLIRTE BHERCANicBArR! d
create a uni que enV| ronnent
chromosomes/cell (n=20) (Fig 4d). Surprisingly, we found no evidence for the presence
of myofibroblasts or other non-epithelial cells (Fig. 6).
20
We cultured crypts from Lgr5-EGFP-ires-CreERT2 mice crossed with the Cre-
activatable Rosa26-LacZ reporter to allow lineage tracing. Directly after induction by
low-dose tamoxifen, we noted single labeled cells (Fig. 4e, g). More than 90% of these
generated entirely blue crypts (Fig. 4e-g), implying that the Lgr5-GFP” cells indeed
25  retained stem cell properties. Crypts from the Cre-activatable Rosa26-YFP reporterl9
mouse allowed lineage tracing by confocal analysis. Directly after tamoxifen treatment,

we noted single labeled cells that induced lineage tracing over the following days, both

in freshly isolated crypts (Fig 7a-c) and in established organoids (Fig 7d).

30 Recently, mammary gland epithelial structures were established from single
stem cells in vitro®' . When single LgrS-GFPhi cells were sorted, these died
immediately. The Rho kinase inhibitor Y-27632, significantly decreased this cell death.

A Notch agonistic peptide®* was found to support maintenance of proliferative crypts®.



to anchor and support the intestinal stemcells W now show that a
sel f-renewi ng epitheliumcan be established by a limted set of growh

si gnal s tWatway®essi formy presented Despite this, the ipg@habeoebrm cells
aut ononmously generate asynmmetry in a highly stereotypic fashion This

rapidly leads to the formation of crypt-like structures with de no\o
generated stemcells and Paneth cells | oc %ed at their bottons and filled
with TA cells These crypt-like structures feed into villus-like |um nal
domai ns cor&idet ihege afnditasis digrafitant aninbes oy Les-GRRE rellagepied and foemkd pi nch
off into the |umen, remniscent of cell |oss at villus tips The paradoxi cal
obser vat i orl2iERSEYPS PFEgNRIdE dPrganqidiosmed tasely wWhsniitm glagahiet grlls st ng

envi ronnent t R Eph I - I i t upon
er ut i my. of The (G RLBY (I G PAHr WSl Seindba b el (88
only cel |l s boftoms ypigs8aif)s bl Ey(thyalidime nkdogfinagporagonVetve aled Sgthanggeells ietheucl ear
b-catenin and t{]g ression of Wht target genes Apparently, differential

r esponsPverf&fs dg'%ﬁ?’ signaling rather than differential exposure to
extracellular Wit signals lies at the heart of the formation of a
crypt-villus axis In sunmary, we conclude that a single Lgr5+% intestinal
stem cel | can op¥e aerted ¢elle pehadHrel, asuaip setifiechthe peasercef ofsingle eclisrand r onment

d that i ' | di ng,. sel f- i 7.1
oo theti al Teff e BRE Bl ek SR, LM URN R TR D Ak e L EE RN B vyt e
Wi 1 si npl ifbowdie1 Git dislle 0€11sS DaMverkE, -agpiox afateliyqsh of ihlel 1L 5 1T FH 'ogllsasweover ,

it may open up new avenues for regenerative nedicine and gene therapy
Exanpl 402 ©uf thie Pregneils.cdhilsrihe Fampming gellsyypically ¢ied withén wigttist 12 hostrsd Met hods
Wit 3a condi .l [ . i I [ A sane
el i 11 o, ey ARad LY fhhiethfol biERAa AR CRRERA: Saht ol B3 RAchYE, °3
peri od of HLEP'WeeMlsraftlg geel bet (Fig 9a)pFigdiecd ANt 16l saark ths gtdvely o620p gr own
at confluency The nedi ymw | | harvested and tested in the TOPfl ash
assay, a | (& @@rda%%més%%a}%gﬁnggﬁ ?éﬂvzeﬁryefgﬁbﬁéswééhng EsUygEretonst ruct
(TOP) and tBRsiSBAIBr 54805 [@W&ellspégnsi‘é!ehhwﬁh't&tFZCHb%chBllW@e-'c;ﬁﬁrorli?ér&w}s' ve

el emrents (FOP) Thgsratl o0 between TOP/ FOP should be nore than 20 for the
medi umlbo lseypiselti n(fegPelunéisr Thewaekdi hmor gandids iweeeldBsoch0ed imhesinglsedlls n t he
cul tures t And ?ecﬁﬂeeé ?ot{%rm new organoids (Fig 9d). This procedure could be repeated at least

four times on a 2-weekly basis, without apparent loss of replating efficiency.

The single stem cell-derived organoids appeared indistinguishable from those derived

20  from whole crypts. Paneth cells and stem cells were located at crypt bottoms (Fig 8 e, f,
Fig 11 ¢, g). Fully polarized enterocytes as evidenced by Villin® mature brush borders
and apical alkaline phosphase lined the central lumen (Fig 11 a, e, i). Goblet cells
(Muc2”, Fig 11 b; PAS®, Fig 11 f) and enteroendocrine cells (chromogranin A*, Fig 11
d; synaptophysin®, Fig 11 h) were scattered throughout the organoid structure. Four

25  types of mature cells were recognized by electron microscopy (Fig 11i-1). Non-
epithelial (stromal/mesenchymal) cells were absent, an observation confirmed by EM
imaging (Fig 11 i-p, Fig 12 c-g). Both the crypts (Fig 11m, o) and the central luminal
epithelium (Fig 11p) consisted of a single layer of polarized epithelial cells resting
directly on the matrigel support. High resolution images of these EM pictures are given

30 inFig 5. Organoid stained for E-cadherin in red and counter stained with nuclei in blue,

reveals the single-layered nature of the organoid epithelium (data not shown).



ti ssue Freshly isolated col on was opened and washed with PBS or DMEM and
cut into small pieces The fragnents were incubated with 2mM EDTA/ PBS for 1

hour at 496 MiWiRhs19ent | e rocki ng Fol |l owi ng renoval of ERFVNiShildo@i7 t he
ti ssue fragnments were vigorously suspended in 10 m of cold PBS with a 10

m pipette The first supernatant containing debris was discarded and the
sedi nrent was suspended with 10- 15m PBS Qf5ter further vigorous suspension
of the tissue fragnments the supernatant is enriched in colonic crypts The
fragments were gdelslvedlEihoamtthat epettic dl tchy pr®ine Ge intiaiute contdcumnatt sabepsimalihl
intestinal organoi d cyhture system The matpgel was incubated for 5-10 mn
at 37C Afte‘ny%ﬁ{rB@éﬁtS po APt 5 2aRarally belisyedrihaphedstics gellsqirate @ eperiatizad ( 509
Advanced- DNVEM:Fi2he RO%ModmsPond SLangdided) P4

200ng/ m NAcet fl cysft: el n?,MVSBOng%% EGH, 1 rrg?cﬁF Igws%cz%g?hl%nﬁ%ggﬁ%gﬁbnﬁoggl n,
| COng/ M BDbREN¢HRE pndsupphit thastaddddehn eclBnWea mwredwiinwasangeg every 2-3

days For. passage, the or ol ds were.rempved fromthe Matpgel using a 1000
m  pi pefte ez!?htgg\'/%g? 8“}?'?%"3%%’?‘5‘?%@’%%&%‘&%?é"élol?ﬁrq%ﬁé'gé‘_ I‘l?atP\Pea‘@‘r‘rfé’ﬁ‘P and
transf err edyrb@nict eBEpiRIRAEGhe RBRERAAL HRS LRRSRINTRG yi 2ndradk aég.ln}rteug% ho at

| east once every two weeks Under these conditions cultures have been

mai nt ai ned Highly aterdogepic fasiwion 3T raphdly Ieadsi L the Gomawion oberyanbkalsiruptwes s| ower

and less efficient as coppared wth || intestinal organoids With the
aame or owe RVEET e RafAAY s MRih ch Bk Rundt BRI ES k| oni ¢
crypts i solaitleBAfdeNnNThesd @l pClkenn@teyy Redidi@vimac1iRe gamahitdondiskct ure (Fig
13) It was difficult to grow colonic crypts from Proxi mal part of col on

S

Si nce W€ f coRESE EPoptaiioss coteregyias, Whete apaplepe e¢!lsainabmifintgihgilvmemr i ved
neurotrophig fl Raf’ hl’ll q lrlrpu figarf VS : . 5 hi cells
vs col on Lgrr [g%@é ﬁrov(\:/ece?sfssﬁ wg lgg’t er%?%a?\aggk{éale&é%?g% gkxgsré%{g@gr col onic
or ganoi ds Waposzdss anhifymo poentk-ptoractingxchviohment dah ghwarate uk¢rmimetref f i ci ency in
BDNF+ cul ture than BDNF- cul t,Hre Typical ly, %n%vcol n or%?hnoiaﬂ V\qul d
contai n apptUiFRatePYLLgaty GrEeri SRR ATUERT §f 1)V esdadepelthilgiaflret hater
origin, no &Rapaliho Reslﬂoﬁdiﬁqlﬂbﬁlytb%llgﬁ{&?(ﬂlﬁ@is AN R ko Bcdr@iving sigﬁeﬁﬁ%g', nal
organoi ds, colonic crypt possésses no t-3a"produci ng Paneth célls in the
crypt B&se,ie. nuclear B-catenin and the expression of Wnt target genes. Apparently, differential
responsiveness to Wnt signaling rather than differential exposure to extracellular Wnt
signals lies at the heart of the formation of a crypt-villus axis.
In summary, we conclude that a single Lgr5™* intestinal stem cell can operate
independently of positional cues from its environment and that it can generate a
20  continuously expanding, self-organizing epithelial structure reminiscent of normal gut.
The described culture system will simplify the study of stem cell-driven crypt-villus
biology. Moreover, it may open up new avenues for regenerative medicine and gene

therapy.

25  Example 2 Culturing of colon crypts and villi in vitro

Material and Methods

Wnt3a conditioned medium

A Wnt3a ligand expressing cell line and the same cell line, without the Wnt3a ligand
30  (control medium) are cultured for a period of 3-4 weeks. The cells will produce Wnt3a

as soon as they stop grown at confluency. The medium will be harvested and tested in

the TOPflash assay, a luciferase assay using a TCF responsive elements-luc construct

(TOP) and the same construct, but with mutations in the TCF responsive elements

(FOP). The ratio between TOP/FOP should be more than 20 for the medium to be used



t herefore supplenentation of Wit-3 increases culture efficiency of colonic

crypts butnot that of small intestinal crypts Typically, we obtained up to
30% cul t uge wfdidogdigncy when we added Wit - 3a condi ti oned pggAirYiiolobhdz 15) In
conclusion, both small intestine derived and col on derived crypts can be

mai nt ai ned and propagated in vitro using the above described conditions,
maki ng this the first culture nethod ever ,described to result in the
generation of intestinal epitheliumin an artificial system Exanple 3

Cul tupng ofinademesEiheimediurh iodiNatde23-80% etienh uved hots c(iveres ex@piletatd) Resul ts
Adenomas have been historically difficult to culture in vitro Since the
above descri®¥d conditions were used to successfully culture healthy crypts
derived fromsmall intestine as well as colon, it was determ ned whet her
sinilar conditions could sustain adenomas in vitro After isolation of
adenona fr direshPCisblatadi w@mhsrrg)eﬂecsm E&3hAd waithrith S oalDbfEivieandvaar ete senallir ed

d I di d t hese co d|t|ons
wer e adBqudttret o TRHTHETTE SOMRRPHR PHE SUHORENES gt S
R-spondi n hagdubrsRimg. FendaRdmdWal 8f EBTADRI@RF. Ihé (RYR @Ag?\%weﬁehe fact

that it no 1longer is necessary to induce the Wit S|gnaI|n? pat hway, since
t he absencevigdrongbCsispendedde 10 @illof cmhdlﬂBSaWItbraelﬂ mhmlpcytter dbefirst supematirear

denomms i oy TR Bebrf BRHS bfled Gnd e, BFTRAT las WRPERIEN Th:THRLPASEY < how

that, in cofficrdaithdreigRowedusganyidh o@n@an@u@lﬁagmmy\me@hpe&ﬁuaﬂa@eme@wpt
buddingpmﬁth central lunen, adenoma organoi ds sinp grow as cysts Dead

celI's dPe swianiGemPiSnTls frpgmentnwere P&Helééﬁmb@'&%‘&ﬂmd‘éﬁlgei and ¢uhiargsrassence of
a |l arge quasm lltl}{teglfmaqigﬁp&ﬂlchﬁuﬂe@%tgﬁ i‘ﬁg?‘naH%pwlame% for 5] ;[mf?lfqan?' ds,

nucl ear b- catenin is domai n (seé
adenona or (0203 o zdﬁex(rﬁatggéjq:mlmﬂnzaubmrméml 8 g seuk |c0m1me0mbdm(51)&d9\dvamed ear

e UL L Bh b s b Rt S £ e
tested whetAgty8ishgh SohgAESENt Bt RLpandRT | YRFhd/MPROLES, FERRARBISDNE

15  (Peprotech) was added. The entire medium was changed every 2-3 days. For passage,
the organoids were removed from the Matrigel using a 1000 pl pipette and were
dissociated mechanically into small fragments and transferred to fresh Matrigel.
Passage was performed in 1:4 split ratio at least once every two weeks. Under these
conditions cultures have been maintained for at least for 3 months.

20
Results
Colonic organoids grow slower and less efficient as compared with small intestinal
organoids. With the same growth factors condition as small intestine, less than 5% of
colonic crypts isolated from distal colon grew and formed organoid structure (Fig. 13).

25 It was difficult to grow colonic crypts from proximal part of colon. Since we found
upregulation of trkB, the receptor of BDNF (Brain derived neurotrophic factor), in the
microarray analysis (colon Lgr5-GFP hi cells vs colon Lgr5-GFP low cells), we
determined the effect of BDNF for colonic organoids. We constantly observed around
2-fold higher culture efficiency in BDNF+ culture than BDNF- culture. Typically, one

30  colon organoid would contain approximately 10 crypt domains (Fig.14). Consistent
with their origin, no Paneth cells could be detected. Compared with small intestinal
organoids, colonic crypt possesses no Wnt-3a producing Paneth cells in the crypt base,

therefore supplementation of Wnt-3 increases culture efficiency of colonic crypts but



in Lgr5-EGFP-Ires-CreERT2/ APCil ox/flox mce were able to formsimlar
adenonmaorganoids in vitro using the aforenentioned culture conditions
(W t hout WRospn@bdy | ndeed, this was the case and the opggrafcenial ned
were highly conparable in structure to those that were obtained using
conpl ete adenonas as starting material for the in vitro culture (data not
shown) Exanple 4 Testing the effect of other Wit agonists To determ ne
whet her ot her Wht agoni sts have the sane effect as R-spondin does, nanely
facilitate dcothmbt smnaldintestiypiterypth.] Tgpicdlyaneiobsaingd up tor3n% sdtutbkHichicda was
added to Lgr5+ sorted single cells and the effect on crypt-villus formation
invitro \/va‘éh%{b‘éfééé‘EH %&'2@?‘&]@'%9 madiyR gL S - GFP*1 1 cell's were sorted
and cul tured wihRoQE,Woh W s L%@es(ih%gjema})dleoﬁglgﬁ{/é%tygﬁ Cﬁ[(pnventl onal

single cell culture condition , hoggi n, R-spondi I gand and

Y- 27632, asbadmsioraiizdchndlpoopaghied irsvinglwsingehd shovideseibdd dorddiGorsel | s/ wel | and
counted .t he nunber. of organoi ds 14 days after seeding,|solated crypts were
i ncubat &d v “$ﬁmﬁ}&ﬁbﬁg¥iﬂ@eéaﬁ%ﬁtﬁ%ﬁﬁﬁ%@aﬁ5 e b@gﬁle BHNEEBYR 0 1%

Pl uroni c 124 ifeekeim®epiftRlium iflaf aftfidiAQRE@MPer ature, foll owi ng by PBS wash
After this, crypts were enbedded in t pgel and cul tured using the standard
conditions as described above Results The addition of Whit3a in the absence
of R—spondill_rn adi qe QO%uI ave Ozgé neoffect ?n colony formation little to no

col oni es were ot med" I"MMERe AG8EEKe " & rOR-spondi n However, in the presence
of R-spondin, an increased efficiency in organoid formati on was observed
only in the presence of Wit3a (Fig 17) This indicates that both factors
suppor t1%acHaitinlsand Mathedsr ability to stinulate and support

differenti at mcells into all cells necessary for the formation of
a conpl et ea(tg;e)??ﬁagﬁt'plgfl?cell | ayer The current hypothesis is that R-spondin
is responsible for inhibition of internalization of a co-receptor of
Frizzled, P6, prior to signalling through Frizzled Upon binding of the
wit factor RSUE i 2zl ed and the co receptor LRP6, the Wit signalling pat hway
i s activat efdcholiie ﬂaw&n'h%tmc%ﬁg Aerig [ QUGR! I G TR hi¥hbdvei¥scribed.
activation take place (Fig 18) Therefore,if R-spondin is not present in the
cul t ur elnedionditionhtvgee wied ko suscesstullatsiubutediealthy arapte detieed from small intestine

as well as colon, it was determined whether similar conditions could sustain adenomas
in vitro. After isolation of adenoma from APC-/- mice using 2.5mM EDTA, single
adenomas were cultured under similar conditions as described above. Importantly,

these conditions were adequate to maintain growth of the adenomas in vitro, however,

20  R-spondin had become redundant. This can be easily explained by the fact that it no
longer is necessary to induce the Wnt signaling pathway, since the absence of APC in
these cells will automatically result in nuclear f-Catenin. This makes R-spondin, a Wnt
agonist, redundant in culturing adenomas in vitro. Figure 16a, and in larger
magnification in Fig. 16b, show that, in contrast to normal crypt organoids, in which

25  you can see crypt budding with central lumen, adenoma organoids simply grow as
cysts. Dead cells are shed off into the lumen, as can be concluded from the presence of
a large quantity of dead cells inside the lumen. In normal crypt organoids, nuclear -
catenin is only seen in base of crypt-domain (see Fig 4a). In adenoma organoids (Fig.
16¢ and a larger magnification in 16d), nuclear -catenin was seen in every epithelial

30  cell, consistent with the genetic APC mutation. These organoids can be passaged
indefinitely.

It was further tested whether single Lgr5+ sorted cells derived from the adenomas

in Lgr5-EGFP-Ires-CreERT2/APCflox/flox mice were able to form similar adenoma



Wit pat hway, since LRP6 is internalized and not available for signalling in
conbination with the Wit factor, thereby preventing activation of the Wit
pat hway j sol ubl e factor that, under physi ol ogi i ances,
IS produgggggyhégﬁgth cells These cells are generally |3§3?%%b@§ﬁgﬁznt to
the stemcells (Fig 19) and it is hypothesized that these cells support the
mai nt enance of the ongoi ng differentiatioq of the intestinal epithelial

cell layer O her Wit factors that are alsoé%ecreted by Paneth cells are

Wit 6, 9b angteddbidd iniver@iih€ ingat@emeRadneVetifunei dohditiBiE vithdusR¥Bomiihpct on
stemcell ditferentiation as Wht3a does These findi ngs support the notion

t hat Panet hindeqd, fugyas thasaserandithe efigandids elypimgd wesre lghly cempasablelin ni che
These data L SIng,...Sl : I i h kvely
spool at ed St BEiRbbR Bk w3t BEG BT R Rl Ch el IE R BB PRI ence
of such a nheheviddduitienaita aopghonin)f or the presence of a stemcell niche
cones from an experinent in which Paneth cells were selectively killed

Crypts Were isolated fromthe nmouse small intestine and cultured in vitro

in the pre%@&&ﬁﬂ@h'ﬁmah§ﬁ§%h§&%k%mu§2vﬁt bnRReci fically eradicates Paneth

cells This was used at OM/COHCEHtP%tIOﬂS and for such a short tine
that it only affects the Paneth cells and not other cells wthin the crypt

After treatpent wiith the zipc chel ator, organoid formatjon s .assessed A
i gni 1 cant 1§ SHEHTBH PEheE B RO G DTS Gk SR Baiet h cel |
vere no | ongefel PrRARME férmatiBﬁOPEﬂyPt-omlusfafg}é%ﬁismigro?wlum@wma pheskpage of
Wit 3a, this reduction was partially restored (data not shown) This supports

a rol e 0or tohgrPavaed sioglelcellnandibe effecttaanappieyibbs @rvateam ioeiito waghe, whi ch
supports the diﬂ{erentiation of the Lgr5+ stemcells in the crypt Exanple 5

Cul ture contditrons support the growth of stomach organoids as well The

stomach consi sts of 3 topographic regions (fundus, corpus, and antrun) and
2 functional glandular areas (oxyntic and pyloric) The oxyntic gland area
conpri ses gYakcHplstapd Matheds wher eas the pyloric area conprises the 20% of

the organ TingsIEypmEld R0, pa eh%nﬁBhIRJ}FéWmdr%ﬁ{ogﬁwr&?adub@%gszﬂﬁt” C units
consi sting a planar surtace epitheltum a short pit an ong gl and The
pit is 15 nedidinionmocosveagonatingly cdlcuiuntvendizion t( BEFghath, Rsspoadino Sed:-hof

Dase. The  gaGtT anaR: {HaE: tesa U LYol g el Wi SEfHELP e eldnfor med
in our | abaioghRbYhd@MAbS ROWLahHial 14 GRR ARF5dddyey. cell's located at the
Isolated crypts were incubated with luM Newport Green-DCF (MolecularProbes) in
PBS+ 0.1% Pluronic 127 (Sigma) for 3 min at room temperature, following by PBS
20  wash. After this, crypts were embedded in Matrigel and cultured using the standard

conditions as described above.

Results
The addition of Wnt3a in the absence of R-spondin did not have any effect on colony
25  formation: little to no colonies were formed in the absence of R-spondin. However, in
the presence of R-spondin, an increased efficiency in organoid formation was observed
only in the presence of Wnt3a (Fig.17). This indicates that both factors support each
other in their ability to stimulate and support differentiation of stem cells into all cells
necessary for the formation of a complete epithelial cell layer. The current hypothesis is
30  that R-spondin is responsible for inhibition of internalization of a co-receptor of
Frizzled, LRP6, prior to signalling through Frizzled. Upon binding of the Wnt factor to
Frizzled and the co receptor LRP6, the Wnt signalling pathway is activated®'. When

LRP6 is present on the cell surface, will Wnt activation take place (Fig. 18). Therefore,



gl and base fulfil the definition of sternness (Barker et al under
preparation) So far, gastric nonol ayer cultures have not been able to

recapi t uh\gpsoid@odigat ures of the gastric unit, which isp@nNBeiodRMociever al
differentiated gastric cells Furthernore, the 3- D culture nethod systens

reported only reconstruct highly differentiated gastric surface nucous
cells, wthout show ng any endocrine cel Ig ghbreover, these cultures had
only been carried out over a period of 7 day thus indicating a |l ack of
sel frenew richgapadmtiyncﬁt(pmeﬂni inAhe Eﬁdd@c ﬁﬁdlﬁm Mmtmwlm nSugH dbde & ddtidare dhePat hol
2003 Jun, 1 2{ 1905- 125}#&“3 we 8 devel oped a _nethod to isolate
gastric uni '8P ‘Yﬁa}f RECH |'6'W@B?bzr‘? ép Pﬂ'eavﬁﬂ?l? RETHFREEE 'Bnd have been

abl e to devghinAiod Rittht W aust %é%eﬁa aét %6 oklh\éwnﬂmtmanance

Mat erial s and Methods Gastric uni't ti on te stomachs wer'e opened
| ongi tudi nally and washed in col d Advanced- DIVEM F12 (I nvitrogen) Under the

st er eoscop ion S xci,sed and isolated fr e body and
For eot ofne Va1 Ao Bbt S hAt s aR e RR G iy S B at o R P he. musel o
llayer with pie@zens THeSeellkhee fdnemll§ l&@@ed%?&@ﬁtqmdﬁgQerﬂ'c@ﬂ@@ﬁ@fwz&%’ﬁd 5mm
and further washed with cold isolation buffer (Na HPO 28 rti M+ KH2PO4 40

mv + NaCl 48bypaihesizeditha taye %lslﬁ@pmd@mnntmwncmosmemngolngzhﬁternmanon
DL-Di thi ot roefll.ﬁe l[r)lte% |9al%mme]%?ﬁél fay oMe‘%‘W‘?’}ECSt?;}"‘?Ea‘? a lsjcp 96}4_:%??(1 %/ EarTlM EDTA

with isolation c-under" ng rermval

of EDTA soldstls are, Whitg 9b asd UE. If I’s&@ﬁﬁpht&d\dﬁ[ wnwg@mhu@d mesmaeﬂd@dmlsrenio m
of cold isolatign buffer with a 10 pette The first supernatant

cont ai f0ng GHaifareptasionas Wntde a?feieﬁh%@ﬁc&mﬂwés SeRRORERE Noken Yaskraste!lvi th 10-
15m cold i rﬁ% droRe Rt Eforhhd & off Uﬁ%ﬁ%éu HicHO B1Se GA5 BE&%@% r%s@geeat I ssue
gastric units Every -

fragments t pernatant is enri ¢h
suspensi onsstetrheeltmobc hast teeeh ex&naneqflyapmdlaiemirorf besdv faoha exoinaniabdatauf f er and
is kept on ice and c astric_unjts This procedure

ked f
s ropeat ed*aeiﬁfvnPOf‘ﬁ%ﬁfeo%bﬁwét%rs#étrcepre B Ao Rlopdiipert fithe pretesapld 5e s

times Enri ciigfl capgiché GmHéH frorR UARRPSI RS l@fvﬁ.cﬁ%hamgﬂﬁwelte s@Qquenynfor 2- 3
mn to separate the isolated gastric units fromsingle cells and the

sedi nedp | killegk&rypss wetd isolpeddrm the npaiise smell intestine and cultured in vitro in the

presence of a zinc chelator’” that specifically eradicates Paneth cells. This was used at
such low concentrations and for such a short time that it only affects the Paneth cells
and not other cells within the crypt. After treatment with the zinc chelator, organoid
formation was assessed. A significant reduction of organoid formation was observed
20  when Paneth cells were no longer present in the original crypts (Fig 20). In the
presence of Wnt3a, this reduction was partially restored (data not shown). This
supports a role for the Paneth cell in the maintenance of a stem cell niche, which

supports the differentiation of the Lgr5" stem cells in the crypt.
25  Example 5 Culture conditions support the growth of stomach organoids as well

The stomach consists of 3 topographic regions (fundus, corpus, and antrum) and 2
functional glandular areas (oxyntic and pyloric). The oxyntic gland area comprises 80%
of the organ whereas the pyloric area comprises the 20% of the organ. The mammalian
30  gastric epithelium is organized into gastric units consisting of a planar surface
epithelium, a short pit and a long gland. The pit is lined by mucus secreting cells
whereas the gland is composed of secreting cells separated in three regions: the

isthmus, the neck and the base. The gastric epithelium is constantly renewed. Tracing



Entire gastric units containing the gland, isthnus and pit regions were
isolated fromthe pyloric region of murine stonmach by incubating with 5mM

EDTA at 4\§0f29{0/0g5|5&§s indicated in the previous section h,%g}%tz@mﬂ{oﬁ@@gri C

units were counted and pelleted 100 gastric units were m xe m of
Mat pgel (BD Bioscience), seeded on 48-well tissue culture plates and

i ncubated for 5-10 nmat 37C until conpl e@ pol yneri zati on of the Matpgel

After polynerization, 250 m of tissue cufture nmedia (Advanced- DVEM F12

suppl enent gelididstperBanied Nour 24HRA61T habe Aesty thayBGRE PosiBOOS4IY lo&fed atkheo/ m
R-spondinl, 100 ng/m Noagg n, 100 ng/m WAt 3A, 50 or 100 ng/m KGF) was
4

added The ahndrhaserBdfilthe daliniihaafsemacs(Barkerieiypd under grepasaté@n). t he or ganoi ds

mechan oal 13 e LS BlBEECuIF T Bnd bl e L RES Ry AL e BaB S T W e

was per f or astricminit, whighlid formad bp sores differémiatedl gasiricweRK Ruptlermdrbase 3-
conditigns cultures have been maintajned for at |least 1 nonth Reagents

Advanced DNVERRTE Methpdsypisme fenoried Rplyagernsirost haghiy differersiatsdgaseicent wer e
pur chased f I avi gk V. ik i j

r econbi nantsng%,m%%&géggﬁgrﬁ& gﬁ%&@g‘ﬁﬁé %@g@%ﬂ% C egggné&‘e rgggr%n egpéréc}ﬁg(r: S, and
Wit 3A r ecoriad nahtbepn oamried ofit aver Stperivdef 7 dRes das aldidatiopnatlidk ofsalfi oned growt h
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condi ti on Wit 3A condi ti oned nedi a was prepared as previously descri bed

(W11 edf Kthapdone tRiondribaarige Rondaineachhaybevieplds tmdevielop Ry aulfureyat es JR

3rd, Nusse SRstl\%tt re gOO% I\/gy iVZC%,nA{ZIB 6938) 448-52) | munohi stochem stry and
I magi ng anaP’y i's ?ESP %ggﬁ slt aini ?18, n%'}CSanoi ds were directly fixed in the
mat pgel with 0 25% gl utaral dehyde (Sigma) in 1000M Mgl in PBS, for 1-2 h
at roomtenperature After, cultures were washed 3-tines with washing

sol ution (Musuglsaed Methodsxychol ate + 0, 02% NP40 + 5mM Mydl 2 in PBS) and
i ncubat ed ff k8, i@1adiC W th I mg/ M XGal

15  Isolated stomachs were opened longitudinally and washed in cold Advanced-
DMEM/F12 (Invitrogen). Under the stereoscope, the pyloric region was excised and
isolated from the body and forestomach and the pyloric mucosa was carefully separated
from the muscle layer with tweezers. Then, the tissue was chopped into pieces of
around Smm and further washed with cold isolation buffer (Na,HPO4 28 mM +

20 KH;PO4 40 mM + NaCl 480 mM + KCI 8 mM + Sucrose 220 mM + D-Sorbitol 274
mM + DL-Dithiotreitol 2.6 mM). The tissue fragments were incubated in SmM EDTA
with 1solation buffer for 2 h at 4°C under gentle rocking. Following removal of EDTA
solution, the tissue fragments were vigorously suspended in 10 ml of cold isolation
buffer with a 10 ml pipette. The first supernatant containing dead cells was discarded

25  and the sediment was suspended with 10-15ml cold isolation buffer. After further
vigorous suspension of the tissue fragments the supernatant is enriched in gastric units,
Every 10-20 suspensions the supernatant is replaced for fresh cold isolation buffer and
is kept on ice and checked for the presence of gastric units. This procedure is repeated
until the complete release of the gastric units, usually 4-5 times. Enriched gastric unit

30  suspensions are centrifuged at 600 rpm for 2- 3 min to separate the isolated gastric units

from single cells and the sediment is used for culture.



(I'nvitrogen) in the presence of 0,21% K4Fe(CN) 6 and 0, 16% K3Fe( CN) 6
Afterwashing in PBS, cultures were post fixed with 2% PFA in PBS for 15 m

at room tyWwgReiRpbd8 Al reagents were acquired from Si gggTReR010/000017
i mmunohi stochemi stry, organoids were isolated fromthe matpgel using

trypsine (Tryple Select, Invitrogen), fixed wwth 4% PFA for 1 h at room

t enperature and enbedded in paraffin Paraffiin sections were processed with
standard t echni ques and i nmunohi st ocheni stry was performed as previously
descri bed Thsstfiotdlawe ng anti bodi es were used anti - nouse Ki 67 (clone MM,
Monosan) ( 1 200), anti-rabbit cleaved caspase 3 (Cell ghal in

Technol ogy)Entirg g%@‘) unjivFoRRining thesghanga isthmes mlweswes Wﬁﬁv‘é@la@g ?ré)“tih@ne
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Secti ons were coufterstal ne yer's ‘haemat ox e images of gastric
or ganoi ds anndncatscbhm@eqbrqémtsrsb@iogpl botisedygaseict uakts rwene tckuneadtdmdrpellewdarltoed

m croscqpe (N kon. DM IL). or cal Cro Lei c ults So far,
gastri c%culéaﬂ'rnéé‘"t‘f%t\‘/V mdé@‘ﬁd@ﬁ’ whot ﬁ&ﬁ%@&g}gl@ﬁﬁ'ﬁp estee I% 8e‘éie?hovvever,
l'ack the abidsid sulfufe pI8eaRAd HicabRed 108 5t RALM 83 78f uh(}"leco‘?rﬂ)tlété BolgaRizAfonuni t,
which is formed by several differentiated gastrl c cells (pit nmucous cells,

ent er oendocafitheMatridet Adird pphyondrizetien, 249 nhotdusye tultwe owdias(AdRencedt | y our

posi 1 ve. P PENFTE B G S ¥ s B AR ARRR et pBbe O C
i ntestinal sy/gRcohdin( Ba0kRYMNNo¥@R, Eﬁ)n@ﬂnl Wuitp&ar 50 dr,ldGLH PKBF) wag den
Born M Cozijnsen M Haegebarth A Korving J, Begthel eters PJ, Clevers

H Nat urld 2097edddie otz mgdivg wasehprged stvemyad d@@ E(Heqamg? ‘theyerggaeidy pere
hel h
epi the 'Umﬂeﬁa&é’{'ﬁ&mﬁé Ma r?gég\égﬂ%%gb Pf@'pan £ J:Je% Jé@éﬁ?w@ﬁ%@h%«a Uiy at the

bottom of the oric gastr racin ies ve - shown
t hat these 1h@|%qmlofsdgtmenes and|ttamisfletrked td frésﬂné\/ldefglehlPhss@ge @bs péréuriiea $is 1 @y

show ng self-renevval and nul ti pofency capabiljty (Barker et al under
pr epar at i orPlISAHEENGROHEE Rss aveekyader et ondiadnsruliues hare R&€Ypts from

singl e Lor Stain@lded thiatdedst Phionaf ures, it was determ ned whether simlar
conditions could sustain the growth of pyloric gastric units in vitro After

i sol atilén of gastric gland units using 5 mM EDTA, gastric glands (Fig 21a)

wer e susper}ggicgieling Mat pgel Gastric culture growth required EGF (50 ng/m),

Advanced DMEM/F12 and supplements N2 and B-27 Serum-Free Supplement were
purchased from Invitrogen and N-Acetylcysteine from Sigma. Murine recombinant
EGF, Noggin and human KGF were purchased from Peprotech, and Wnt3A
20  recombinant protein from Stem Cell Research. From the mentioned growth factors,
different concentrations have only been tested for R-Spondinl and KGF. At 50 ng/ml
R-Spondin 1 inhibits culture growth. KGF can be used either at 50 or 100 ng/ml but the
budding efficiency is higher in the 100 ng/ml condition.
Wnt3A conditioned media was prepared as previously described (Willert K, Brown JD,
25 Danenberg E, Duncan AW, Weissman IL, Reya T, Yates JR 3rd, Nusse R. Nature.
2003 May 22;423(6938):448-52).

Immunohistochemistry and imaging analysis
For X-gal staining, organoids were directly fixed in the matrigel with 0.25%

30  glutaraldehyde (Sigma) in 100mM MgCl; in PBS, for 1-2 h at room temperature. After,
cultures were washed 3-times with washing solution (0.01% Sodium Deoxycholate +
0,02% NP40 + 5mM MgCl, in PBS) and incubated for 16 h at 37°C with Img/ml X-
Gal (Invitrogen) in the presence of 0,21% KsFe(CN)g and 0,16% K3;Fe(CN)q. After



Noggin (100 ng/m), R-spondin 1 ( 1 ug/m) and Wht3A (100 ng/m ) (Fig 21b)
KG- (50 or 100 ng/m) was essential for the formation of budding events

and, ther expansi on of the cultures Thus, the oric
‘?92@4’3"{‘26 g‘f ﬁ%ﬁ%o&ﬁ%

units beha intestinal crypt organoids The opened upper part of the
unit is sealed and the lunen is filled in with apoptotic cells The newy
formed gastric organoi ds underwent conti nygus buddi ng events (rem ni scent
of gland fission) while maintaining their gol arity with the gastric gl ands

buddi ng Wi twasBing@RPBA), chitFe wiie§os\iKed AviaPPHi HE O meeB STRSH 13, mitf it gdbng hows
10-100 times higher Wit activity when conpared to the reconbi nant Wit 3A

reconbi nantteippYRMI Allesgeneders sshyrdiframmdigmacr ease in the efficiency of
buddi ng. 1 orpy MRS OAEASKE bel i8] o RUCRbHIA: Al Igsedigpandence

for the bu orrra esi's aods Ul ur ed

for at | eaS(Il"r)ZblenSﬂEdft mvitmh) Ifigsd wghtMEPBAdpelhlaesOdﬁe&m ebe&ﬁire\éﬁ&kl Y,
organoi ds are passaged mechani cal di ssocjation é; 22) Culture of
Lgr 5- Laéz syhsesed '@afsaﬁffle mef{l@ SPRHPBE SIS mee%%%hé@n d @qhslqas%m ve stem

cells in thg f@ t ai ni ng,
prolifer atlhng cgfl Sls&ggrgg gyé%igll(fat tdﬁa% base o B%Eggquandfﬁﬁ%ngtructur es
(Fi g 23b) whiibediepeptcatsed artaspaseK®d7goleont MMlcl‘dlohssaa}e 16 nohtievabbiuded i nto
the umen ( 3c) Th C), is a specifjc marker of
the gastr cleared tapre s us aiod (ol MHORLRAIOREME SRSSIrmah ool | <
are found ignd o ScaanIs 45MP|)' @2ooNTifrhre bef@xSaﬁﬂFg@n edtriédal M%@%Erf&'ﬂ%d
differentiated gastric cell lineage (Fig 23d) However, no endocrine derived

cel | s Hve ibekastet Eastiens Wﬂ@m@ﬂmﬁpmallE@dGVlth hagtr'§ basotax ydine requi red These
woul d incl ude .gastrin rel easin Rep activato |nh|b|tosof t he
Hedgehog an N%'[a%fhs 9fagr?‘ftf'cé)§ga"8gjﬁ E&fiagaéwsc 5??"#%“%%%%% and ot her
i nhi bi tors ipfertedeniBAEcdpRMINIKoN lasnmair%ﬂo@zn nib®sdddy (LaitaISpskxanpl e 6a
Pancreas organoids can be grown in \ itro Material and Met hods Freshly

i sol ated pancreas was cut into small pieces, and incubated in DVEM
(I'nvitroge es%gh di gestive enzyme m xture (300 W Col | agenase typexXl
(Sigma), O ng Dispase | (Roche) and O 1ng DNase) for 10 minutes in
or bi t all5sha&odiar, (g8§1rlpltmltl&ZQaVAfHeem gionaLibahénoiyetsh Bdnokseecdluagneowsener e

mldy di Sﬁz(i)cil tﬁe glgillnlt3 toqggag?tu ate tkle features of the entire gastric unit, which is formed by
several differentiated gastric cells (pit mucous cells, enteroendocrine cells and
proliferating mucous-free cells). Recently our laboratory has demonstrated by in vivo
lineage tracing, that the Lgr5 positive cells present at the bottom of the intestinal crypts
20  are true intestinal stem cells (Barker N, van Es JH, Kuipers J, Kujala P, van den Born
M, Cozijnsen M, Haegebarth A, Korving J, Begthel H, Peters PJ, Clevers H. Nature.
2007;449:1003-7). As the intestinal epithelium, the gastric epithelium is constantly
renewed. Lgr5 positive cells have been found at the bottom of the pyloric gastric gland
units and, tracing studies have shown that these LGRS positive cells fulfil the definition
25  of stemness by showing self-renewal and multipotency capability (Barker et al. under
preparation). Since we have been able to culture intestinal crypts from single Lgr5+
cells in 3-D structures, it was determined whether similar conditions could sustain the
growth of pyloric gastric units in vitro.
After isolation of gastric gland units using 5 mM EDTA, gastric glands (Fig.
30  2la) were suspended in Matrigel. Gastric culture growth required EGF (50 ng/ml),
Noggin (100 ng/ml), R-spondin 1 (1 ug/ml) and Wnt3A (100 ng/ml) (Fig. 21b). KGF
(50 or 100 ng/ml) was essential for the formation of budding events and, therefore, the

expansion of the cultures. Thus, the cultured pyloric units behaved as the intestinal



pi petting Undigested fragnents were settled down for 1 mnute with nornal
gravity, and the supernatant was transferred to a new tube The supernat ant

was passafohifdadediz 70 umcell strainer, and the residuepggawegehi th
DMEM The fragnents remai ni ngon the cell strainer were harvested by rinsing

the inverted cell strainer with DMEM and pelletted The fragnments nostly
consi st of pancreatic acinar tissue and inrgl uded pancreatic ducts The

pell et was m xed with nmatpgel and cultured as small intestinal organoid

cul ture sysdrgpnofsaeidyalles opdnsd apperpatthod dse wfit i@ xeuql adlthe igenniafiplge lin was

i ncubated for, 5- 10 m 37C After pol ynerization of matpgel, 500 m of
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Under these conditions cultures have been maintained for at |least for 2

mont hs Res Uiormatparieasedetdctedt (Figs déc)k orvaslihesd Wislt dossydeperdange fartlee Budflingy s

after cul tLkrIermimnontakrl1 18 e%%esigf EGF Noggi n and R-spondin synergistically
i ncreased tRe Size Of cr{/)s?g St¥lcture, but did not affect nor phogenesi s of

or ganoi ds KGF si@igahdidanivebeenduioaed ltddicag If @omBtvitHoubsMglthe gopérdtiet ur e
efficiency Using the optimal conbination of growh factors (EG-, Noggin,
R- spondi®n- 1deasiperaMecklypprgandidharg pagsagedhif dy degchanigal dissgeiabien (K18 He) best

conbi nati o A .aet - - 1 j n nin
cul tur e, 1 ner gD O R Rt BRI R DA EIAe e s B DAD RS hERET
si npl e st r uetlsirethAgpstox brganeidy (@92 3. Ay gadoiced by Kadt @sining, petiferatiiuddi ng
structure 7 days after the start of the culture (Fi 4). The pancreatic
ducts rapi oqeﬁ%ﬁed?weé{%ﬂ'& *_’alsﬁOéﬁﬁtgl%{‘éif'e"]ieo“‘iuﬁ%'r%%ds:fﬂa%?z)ﬁ ‘ég‘]}’eﬁl’_%ﬂ"(‘fh only
grows very gkpity pbities @éts'a'ﬂgfdﬁndémr@&edﬂﬁt%&ﬁgﬁ;n@n_(‘F@? 295)9?9@@&5%& ARBM 2-3
weeks after the start of the culture, pancreatic islet-like Structure were

observdd ( RAC M™UCHI)as aspetifi¢ nekes of ihetgastais parcellyelemamed apétveolaser ved
before pas & IJI-G%SIA% ggsﬁivseucre}/lis Y% f]:)l?rlid %tthel: grag%}%oigs, indicating the presence of at
least one differentiated gastric cell lineage (Fig. 23d). However, no endocrine derived
cells have been detected. Therefore, additional factors are required. These would
include gastrin releasing peptide, activators or inhibitors of the Hedgehog and Notch
20  families, other activators of the Wnt pathway and other inhibitors of the BMP family,

activators of the TGF family.

Example 6a Pancreas organoids can be grown in vitro
25
Material and Methods
Freshly isolated pancreas was cut into small pieces, and incubated in DMEM
(Invitrogen) with digestive enzyme mixture (300 U/ml Collagenase typeXI (Sigma),
0.01 mg Dispase 1 (Roche) and 0.1 mg DNase) for 10 minutes in orbital shaker (80rpm,
30  37°C). After incubation, the tissue fragments were mildly dissociated by mechanical
pipetting. Undigested fragments were settled down for 1 minute with normal gravity,
and the supernatant was transferred to a new tube. The supernatant was passed through

70 um-cell strainer, and the residue was washed with DMEM. The fragments remaining



days, but proliferate very slowy or not at all These islet-like structure
resenbl e the pancreatic islets of Langerhans that are present in healthy

pancr eas WwpSsHRoRieh 1 sl ets contain, anong others, al phaceiheioposhibet a
cells that produce glucagon and insulin respectively The observed

islet-like structures contain cells that express insulin, neurogenin 3, and
Pdx-1 Several growh factors wll be test%q to determ ne whet hert hey

i ncrease the presence of pancreatic b cell's in the organoids that are
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with normal gravity The undi gested fragments were further digestive with
t he di gest iAeetdaysjern, WngtmirkGF,drug/ol B-spondim 1 THIGnglind diggion 5S¢ po t¥thg/ml was

ated ungj he undi gest,ed agmen Wer € nos consji st o ancr eas
oo BanerkGE (ot IRty THEMRL Tadlbis R Bidell SERFT S SR8 o5
fragments upeBimt dKufdedeooy-g AeysPEOCHRazelliheloPgalelds wirX RehoVed frofft pgel

and cultured as small intestinal organoid culture system (see materials and
net hodd0of tB& Mhasige! pyingiad ORR 1 bpigpttarend were dispeidted grecBamcalimnigtsmBiic Af t er

pol yneri zatg t 0 il | . oo
(Advanced- [ﬁ%@%&%@d%&%%ﬁ&%g@& I\tq%m%éﬁ ggﬁta gﬁéyﬁﬁdﬁg?ﬁ }1'/4§P lr“erﬁ{'grryci n,
10" Hepes,onB2 ér tN2¢ pdiOvaell Uindia eliask cysdigons, culidred Maf ¢ beenl rhin@art por 41, 100 nM
Exendi n4, 10 mill gl cotjnam de, 50ng/mM EG-, 1 ng/m R-spondinl, 100 ng/m
Noggi n, 50 '8t 100 MRS FGF7 (KGF) or FGFI O (Peprotech) was added The

cul ture nmedi um was changed every 2 days For passage, the organoids were
renmoved fromthe Matpgel using a 1000 m pipette and were di ssoci ated
mechaniléal |Resultso smal | fragnents and transferred to fresh Matpgel Passage

was perfor r?acri\criegtigtisd'sug If)(l)rin;[ed rs?n%;i)lg cyst structure 3-4 days after culture in the presence of
EGF. Noggin and R-spondin synergistically increased the size of cyst structure, but did
not affect morphogenesis of organoids. KGF significantly induced budding formation
as well as culture efficiency. Using the optimal combination of growth factors (EGF,
20  Noggin, R-spondin-1 and KGF), more than 80% of pancreatic duct grew in the best
combination of growth factors
Once the pancreatic ducts had been taken in culture, the ducts quickly sealed both ends
of the structure and form a simple structure. Approximately 20% of organoids started to
form a budding structure 7 days after the start of the culture (Fig. 24).The pancreatic
25  ducts rapidly proliferate, in contrast to the acinar tissue, which only grows very slowly.
Interestingly, after passage of the organoids, appr. 2-3 weeks after the start of
the culture, pancreatic islet-like structure were observed (Fig. 25). These islet-like
structures are generally not observed before passage. The islets survive for at least 7
days, but proliferate very slowly or not at all. These islet-like structure resemble the
30  pancreatic islets of Langerhans that are present in healthy pancreas tissue. Such islets
contain, among others, alpha cells and beta cells that produce glucagon and insulin
respectively. The observed islet-like structures contain cells that express insulin,

neurogenin 3, and Pdx-1. Several growth factors will be tested to determine whether



once or tw ce per week Under these conditions cultures have been maintai ned
for at least for 10 nonths Results Pancreatic tissue forned sinple cyst

struct ur eydHRyszafter culture in the presence of EG-piN@aqithoddsh17
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Interestingly, after passage of the organoids, appr 2-3 weeks after the
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15 undigested fragments were mostly consist of pancreas ducts. Pancreas duct structures
were manually picked up from undigested fragments under the microscopy. The
pancreas ducts were mixed with matrigel and cultured as small intestinal organoid
culture system (see materials and methods of example 1). The matrigel was incubated
for 5-10 min at 37°C. After polymerization of matrigel, 500 pl of tissue culture media

20  (Advanced-DMEM/F12 supplemented with 1x Glutamax, Penicilin/Streptomycin,
10mM Hepes. B27, N2, 10 mM N-Acetylcystein, 10 nM [Leu'*)-Gastrin I, 100 nM
Exendin4, 10 mM Nicotinamide, 50ng/ml EGF, 1 pg/ml R-spondinl, 100 ng/ml
Noggin, 50 or 100 ng/ml FGF7 (KGF) or FGF10 (Peprotech) was added. The culture
medium was changed every 2 days. For passage, the organoids were removed from the

25  Matrigel using a 1000 ul pipette and were dissociated mechanically into small
fragments and transferred to fresh Matrigel. Passage was performed in 1:4 split ratio
once or twice per week. Under these conditions cultures have been maintained for at

least for 10 months.

30  Results
Pancreatic tissue formed simple cyst structure 3-4 days after culture in the presence of
EGF. Noggin and R-spondin synergistically increased the size of cyst structure, but did

not affect morphogenesis of organoids. FGF7 (KGF) /FGF10 significantly induced



al Ml Cell Biol 2002), Lgr5-LacZ Knockin (Barker et al, 2007), Lgr5-GFP
(Barker et al, 2007) Axin-LacZ mce were injected P with 100 ng of

puri fi ed wormnydessaendi nl (ki ndly provi ded by A Abo, Nuvel®/NIRG10/00#817 USA)
and sacrificed 48 hours later for LacZ expression analysis in the pancreas
Pancreatic duct ligation was perforned as described in rats (Wang et al ,
1995) with some minor nodifications The expgerinmental procedure for PDL was
the following aninmals are anesthetized with a m xture of fluani sone
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(Roche) andyfys butBloNiferaRe) sibRly Rhdthaidll Gheddsl-fkd @luchhak&EmbRARPM 370)
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inhibitor), Activin, GLP (Glucagon like peptide) and its derivative (Exendin 4), Gastrin

and Nicotinamide.
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Example 7 Unimpeded expansion of adult pancreatic progenitors in vitro by driving a

Wnt/Lgr5 regenerative response

Materials and Methods
25 Mice, reagents and tissues
Pancreatic tissue was obtained from the following mice: Axin-LacZ knock in (Lustig et
al. Mol. Cell. Biol. 2002), Lgr5-LacZ Knockin (Barker et al, 2007), Lgr5-GFP (Barker
et al, 2007). Axin-LacZ mice were injected IP with 100 pg of purified human R-
spondinl (kindly provided by A. Abo, Nuvelo Inc, CA, USA) and sacrificed 48 hours
30 later for LacZ expression analysis in the pancreas.
Pancreatic duct ligation was performed as described in rats (Wang et al., 1995) with
some minor modifications: The experimental procedure for PDL was the following:

animals are anesthetized with a mixture of fluanisone: fentanyl: midazolam injected



m of Expansion nedi um (Advanced- DVMEM F12 suppl enmented with | x G utanmax,
Penicilin/Streptonmycin, 10v Hepes, B27, N2, 1 mM N-Acetyl cystein, 10 nM

[ Leu | 5] +¢8Sbivobs13100 nM Exendi n4, 10 mM Ni coti nam de, pe@R@hMooeédty 1
ng/ M Rspondinl, 100 ng/m Noggin, 50 or 100 ng/mM FG7 (KGF) or FGFI O

(Peprotech) was added The entire nmedi um was changed every 2 days For
passage, the organoids were renoved from:t Mat pgel using a 1000 m
pi pette and were dissociated nechanically into small fragnments and

t r ansf er r edintrapdritesdallVat pdedagPatss aaee/Kas0.pes m@y/Keand 023 nfk/ K detpecatdlp. once
per week Under these conditions cultures have been naintained for at | east
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ng/ M R-_spondi nl, 0 ng/ M Noggi n) FGEl O was qbt ai ned fr.om Peprotech BrduU

s obt & et PP Fesi g Tes piRE TGOV ARS 109 BATEGFAg SRRAC Sekey S TReali 9 4nd (he

(Quiagen), sHidrdaBYBEGSs rF,-,ga@aﬁ\@nh Q@%bl\g@ympmhegﬁurewéﬂd?ﬁm&u%em a Virus
romega) c

reverse transcriptase ( | . Wwas anplified in a thermal cycler
Pri mers useappaeamgtetynh mse Histel rnthBjuncfion wathdhe FaTi@pha ATACBHGANT SFESS il BP

GIT GGCTCTC L f. d T T 5
roverse) TEEMGTHOR BTy Fradatistels ol S e O e R ek fing o
flank or sp®pabddmiaal SANMRIKSES whlclesddarit -0diktsungey. sh genonmic DNA Hprt (F)

AAGTTTGITGTTGGATATGC (R) CATCTTAGGCTTTGTATTTGG (Tm) 57C, 106bp Ngn3 (F)
TCCTCGAAGCTTTTATA A IO R} edTEnaEaTETanatRckraicimndesoamplo8 gp BT3B p

(genomi ¢ b%%reatic fragments that were cultured under conditions as described below. The main
pancreatic duct and first branch of ducts are mechanically isolated. The fragments were
cut into small pieces and and incubated in DMEM (Invitrogen) with digestive enzyme
mixture (300 U/ml Collagenase type XI (Sigma), 0.01 mg/ml Dispase I (Roche) and 0.1

15 mg/ml DNase) for 30 minutes in orbital shaker (80rpm, 37°C). After the digestion,
most of acinar cells were released from the fragments. Undigested fragments mostly
consist of pancreatic duct cells were settled down for 1 minute with normal gravity, and
the supernatant was discarded. After three times washing with PBS, the undigested
fragments were incubated with 2 mM EDTA/PBS for 30 min at room temperature. The

20  fragments were vigorously pipetted and settled down for 1 minute with normal gravity.
The supernatant enriched with duct cells were transferred to new tubes and washed
with PBS for three times. The duct cells were pelleted and mixed with the Matrigel.
The matrigel was incubated for 5-10 min at 37°C. After polymerization of matrigel, 500
ul of Expansion medium (Advanced-DMEM/F12 supplemented with 1x Glutamax,

25  Penicilin/Streptomycin, 10mM Hepes, B27, N2, 1 mM N-Acetylcystein, 10 nM
[Leu'")-Gastrin I, 100 nM Exendin4, 10 mM Nicotinamide, 50ng/ml EGF, 1 pg/ml R-
spondinl, 100 ng/ml Noggin, 50 or 100 ng/ml FGF7 (KGF) or FGF10 (Peprotech) was
added. The entire medium was changed every 2 days. For passage, the organoids were
removed from the Matrigel using a 1000 ul pipette and were dissociated mechanically

30 into small fragments and transferred to fresh Matrigel. Passage was performed in 1:4
split ratio once per week. Under these conditions cultures have been maintained for at
least for 2 months. For differentiation, expansion medium were changed into

differentiation medium (Advanced-DMEM/F12 supplemented with Glutamax,



Pax6 (F) AACAACCTGCCTATGCAACC (R) ACTTGGACGGGAACTGACAC TM 600C, 206 bp
d ucoki nase (F) AAGATCATTGGCGGAAAG (R) GAGTGCTCAGGATGITAAG (Tm ) 57C 193bp
Chr onogr agipnoefy/dobs13 CCTGACAGCAGAGAAGCGECT( R)  GACAGCCTCTChARISHbFstol ) 600C
23 1bp G ut2 (slc2a2) (F) AAGTTGGAAGAGGAAGTICAG (R) AGACCTTCTGCTCAGICG (Tm)
57C 124bp Insulin (F) TTTGTCAAGCAGCACCTTTG (R) TCTACAATGCCACGCTTCTG (Tm)
570C, 214bpSonmatostatin (F) GAGGCAAGGAAGA GIC (R) GGGCATCATTCTCTGTICTGG
(Tm) 57C, 214bp G ucagon (F) TTACTTTGT GGATTCCTT (R
AGT GCCGI TT @eaikcilzaS itéAohVam) 1 (rd, Hdp’l-ﬁbm?l rn@geow:hyslmcéfyieyﬂﬁagmnm crypt
or ganoi ds wgre st aken by either cgm ocal m croscopy with a Leica SP5, an
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i nverted PoskEpenp i KO NNaxegingS0nganldi (el we/Bd 80?%’“(’!1@: K0 nglprl 6_ Fa)

For I nr nunqmg%g chem stry, sanples were fixed with 4% paraf or mal dehyde
(PFA) for 1 hat' roomtenperature, and paraffin sections were processed

wi th st anddiGF lecimotyaiesl (rBarleproteth. BrdU Nat obin20@iom Sigmauinohi st ocheni stry
was performed as described previously (Barker et al, Nature 2007). For

whol e- mBunt i nmunost ai ni ng, pancreas organoi ds were isol ated from Mat pgel
using Di spagecdR nvitrogen), and fixed with 4%°FA, fol |l owed by
perneabilization with 0 1% Triton X-100 Fol |l ow ng anti bodi es were used for

i mrunohi st di:Nénﬁ%twl?ted@mRN/BﬁdU ik it$Qardeen)aand rch:rse?trer[sat«qu usamg i - I nsulin

(9] SRSl ey b BT SELRI 3,y oo

Thr ee- di mensipdifi_ll ih FegesaM@ickracqui red with conf ocal m cr oscopy The
staini ng W th X-gal was perfornmed as descri bed under exanple under
i munofPst duiesss Bsedyara P hedeYig anal ysi s

mmTBP (forward): TATTGTATCTACCGTGAATCTTGG
mmTBP (reverse). CAGTTGTCCGTGGCTCTC
LgrS (forward) TCCAACCTCAGCGTCTTC
LgrS (reverse) TGGGAATGTGTGTCAAAG (Tm=57°C)
15
PCR
All primers were designed to flank or span intron sequences in order to distinguish
genomic DNA.
Hprt (F) AAGTTTGTTGTTGGATATGC (R) CATCTTAGGCTTTGTATTTGG
20  (Tm) 57°C, 106bp
Ngn3 (F) TCCTCGGAGCTTTTCTACGA (R) TGTGTCTCTGGGGACACTTG (Tm
) 60°C, 239bp/373bp (genomic band)
Pax6 (F) AACAACCTGCCTATGCAACC (R) ACTTGGACGGGAACTGACAC
TM 60°C, 206 bp
25  Glucokinase (F) AAGATCATTGGCGGAAAG (R) GAGTGCTCAGGATGTTAAG
(Tm ) 57°C 193bp
Chromogranin A (F) GCTGACAGCAGAGAAGCGGCT(R)
GACAGGCTCTCTAGCTCCTGG(Tm ) 60°C 231bp
Glut2 (slc2a2) (F) AAGTTGGAAGAGGAAGTCAG (R)
30 AGACCTTCTGCTCAGTCG (Tm ) 57°C 124bp
Insulin (F) TTTGTCAAGCAGCACCTTTG (R) TCTACAATGCCACGCTTCTG
(Tm ) 57°C, 214bp




FACS Pancreatic organoids were cultured in the presence or absence of
R-Spondin ( Inmg/mM) were renoved from mat pgel nechanically or enzymatically

(TrypLE) waehah@es19r ganoi ds were further digested by TrypleRihefoobbhiim at

37C Di ssociated cells were passed through 40 umcell strainer (BD

bi osci ence) and stained wth APC conjugated anti- EpCAM (eBi oscience). LacZ
was stained by FluoReporter kit(lnvit roge%?9 foll ow ng manufacturer's
protocol. Single viable cells were gated wth Pul se-wi dth, Side scatter

par anet er aSumaponaind(E)GAGHCEASGAAGAJICCMGTCEREXPansi on of single

Axi n2-LacZ pasitive %_gncr eatic cells Pancreas was isolated fromm ce 7days

af ter PDL tPEQGAEHtATRRACTAHGHAS (Goek ¥/ (e? ¥Psol ated as described above
| sol at ed pa@%w%%@l ﬁgm@ﬁf@r%@%g wdﬁgﬂJmE Express (Invitrogen) for

20 mm at 37 y passi ng throug mcell strainer (BD

bi osci ence) AGEFIGGCOETEGTCATOAI TE A hThap CAMCAR@OeMd f | uorescent substrate for
LacZ (Fl uoroReporter kit) as described in Exanple7 Cells were anal yzed and
single Vi abl e epithelial cells were sorted by flow cytoneter (MFIo, Dako
Cytomat i on)imAREnAQdil.ected in the EM nedium Sorted cells were pelleted,

m xed wth Matpgel "and cultured with EM nmedi um i ncl udi ng 50% Wit

condi t i onedreeidiages efredy @rgavioyds 2768 ke by 4ithirycon{oghlt miceosaenti with wdsicahanged

into EM nedj wi t hout Wit and Y- 27 ter 4 days Results Si

it - dependeti: b et miltossBps (NAPAPITT) bR st Bipropnokden AELERAYe
cul tured t oFdrammu@ERisloBhkIMiSIrY, saiiphadidi@ figed with ke, pirgRANhIdsh (d@aPPASoral |
2009) In healthy adult pancreas, the Wit pathway 1s inactive and

- consed¥enth y-ropmempesatys, ang prrafyescupisnverapuropssey widirstandparddgehniquegat i on
PDL) , fi ' while Lgr5
(PDL), we figd | bap Ihgtﬁﬁ\éya%)gg%%hR?o%ﬂ%fsfrkgpagE)Eekfgnﬁf]cfdéesva%gcﬁ'ﬂjgd e Lor

expressi on appears at s of regenera rcondrtions
modi fi ed frpavibhgdy (Bdrkeate apNaourt 2008, Byiswiesle-nicuas thinuhsstdigihg dpandiehd duct

fragnents initiate expr()%z%L&n of Lgr5 and_form buddi ng cysts which expand
10-fol d weeRBPAEVISE oRdBvEF! winggPEReY (vitFRAeh).@BhiidfFd ¥ithese cysts
Into StrUCt4’%PPAWoil@wbd\}v]ﬁ?gb&fn?eabﬁiz@&omlhll?;bQ:CQQQ‘YitqneXH"O@ZﬁdlRﬂviﬁ%ﬁ‘ﬂﬁfo‘d[&‘%‘ and

b-cell markers Single tinmul ated ce rominjured pancreas can al so

initiatléd twesaesdédologimmnnotosibchenastridanti-BrdU (Amersham), anti-Ki67 (Dako), anti-
Insulin (Sigma), anti-C-peptide (Cell signaling), anti-Ngn3 (Developmental hybridoma
studies bank)
DNA was stained with DAPI or ToPro-3 (Molecular Probes). Three-dimensional
images were acquired with confocal microscopy. The staining with X-gal was
20  performed as described under example 5 under immunohistochemistry and imaging

analysis.

FACS

Pancreatic organoids were cultured in the presence or absence of R-Spondin (1pg/ml)
25  were removed from matrigel mechanically or enzymatically (TrypLE). Isolated

organoids were further digested by TrypLE for 10 min at 37C. Dissociated cells were

passed through 40 um cell strainer (BD bioscience) and stained with APC conjugated

anti- EpCAM (eBioscience). LacZ was stained by FluoReporter kit(Invitrogen)

following manufacturer’s protocol. Single viable cells were gated with Pulse-width,

30  Side scatter parameter and propidium iodide staining.



conclude that the Hayflick limt does not apply to adult progenitor cells
when cul tured under optim zed conditions Thus, culture nethods favoring

expansi onyghof@asigpeci fic adult stemcells may represepprNi2MoioBiAati ve to
ES- or iPS-based tissue generation Wile devel opnent of the exocrine and

endocrine conpartnents of the enbryonic pancreas are understood in great
detail (Jensen, 2004), nuch less is knomv\g%bout the generation of islet
cells in the postnatal pancreas (Bonner-Weir and Wir, 2005, Bouwens and
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appr oaches %t 95009?2;’7@6595&&%&@? on To determ ne whet her Wht signaling plays
e [

aroleint I'nduction o ell progenitors, the expression of the

Axi n2-LacZ allele was followed in the adult pancreas The Axin2- LacZ allele
has proven to represent a faithful, general reporter for Wit signaling
(Lustig et Bgsuls bl Cell Biol 2002) As expected, the reporter was inactive

I'n adult paﬂ‘l%lggs?mi(&;% On&@:ﬁ%n‘ﬂ@‘é@éﬁ{ezlls‘ﬁ’@ﬁ@ed"\‘?orh'?heeﬁhﬁ intd36ndn t?]egcﬁllfl‘t'rl]xgetd Rspo
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injury by partial duct ligation (PDL), we find that the Wnt pathway becomes robustly
activated, while Lgr5 expression appears at the buds of regenerating ducts. Under
conditions modified from the intestinal culture system, freshly isolated adult duct

20  fragments initiate expression of Lgr5 and form budding cysts which expand 10-fold
weekly for >30 weeks. Removal of growth stimuli converts these cysts into structures
with immature islet morphology, expressing endocrine and 3-cell markers. Single Wnt-
stimulated cells from injured pancreas can also initiated these long-term cultures. We
conclude that the Hayflick limit does not apply to adult progenitor cells when cultured

25  under optimized conditions. Thus, culture methods favoring expansion of organ-
specific adult stem cells may represent an alternative to ES- or iPS-based tissue

generation.

While development of the exocrine and endocrine compartments of the embryonic
30  pancreas are understood in great detail (Jensen, 2004), much less is known about the

generation of islet cells in the postnatal pancreas (Bonner-Weir and Weir, 2005;

Bouwens and Rooman, 2005). Genetic lineage tracing has provided proof that pre-

existing B cells, rather than stem/progenitor cells, generate new B cells in adult mice



injury of the pancreas, we then tested if a Wht-response was
physiologically activated in these cells upon injury by perform ng PDL

Fi gure 26LoSbavmodidE stai ni ng of pancreas tissue secti opgriNi@h@logghihrom t he
PDL and non-PDL area As has been reported previously (Abe et al 1995), the

aci nar cells becone apoptotic after 5 days and are replaced by newy forned
duct structures by a nmechani sm not conpl etgly understood After 7 days, an
increase in islet nunber (islet neogenesis) as well and in islet size is

al so obser vigdh (aderinodhagthgsiolwgiancartiteons akd aflér garti ) pascatfectomai(Dbhe daPPDL was
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response, term ned Ki 67 staining, S nostly restricted to the
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certain popul ation of Wit responsive cells are stemcell S (Barker et al,

2007) A nariegenitors (tAkP&thmpmlatl%% (Eufadwelhll% alnad)00g68 eThle 20025 gene i s, i ke

AXin2, a respan i.ntestine S onIy
expressed I EART R 2 Ertich b STt R RofPaaLPeRiL by il Cei I
(Bar ker et 2002). Zﬂﬁ‘zsendalﬁm ftthéde,B &QQﬁ(}Qenhbrsl1§thh$1de{)@fd@nmﬂsgl‘£&rrﬁe t60 be a
genui ne stemcell marker Ve hypothesized that, simlar to the Lgr5+ cells

in the Yt edtisksbecll qxef?ss,mcwmggwﬁoqerféspaam@ Basllngiy alab208R). t s @wiegiln of
o oot B ETH LU AR AR 90 ek LRt >

per f or med Inin t ancreas o

det er m ned ibgights aRdAr anpasmmsaorhegmhy@&% th¢ a¢sigmef ihnirer ggtroavbyto LgrS
becane readi Ié/ detectabl e by qPCR in a post-PDL time course (Fig 26H)

Mor eover, FBPESHOL GIRNBIGR7Z knockin mice resulted in specific activity of
the reporter in the buds of regenerating ducts (indicated by the asteriks),
as denonstrated by X-gal staining (Fig 261) The appearance of Lgr5

expr essifon B dgémene whethet Wne Sige@éﬂgema‘ﬁi mlqsiugg@sﬂediqrhzftﬁ d_eyrpiogﬁr@hts not

orLY T . SHERELL Rl 295t SELENELTé g el P SR T

activation inez\iikleafas pRORARS ddprasentSd RMhGE! defiéral RpPEMdrtioF SVl RigRalidy ury
(Lustig et al., Mol. Cell. Biol. 2002). As expected, the reporter was inactive in adult
pancreas (Fig 26A). However, when we injected the Wnt agonist Rspol (Kim et al,

20  2005) into Axin2-LacZ mice to activate the Wnt signaling pathway, we noticed the
presence of Wnt-responsive cells along the ducts, but not in acini or islets of the
pancreas (Fig 26B). Since B cell progenitors have previously been detected only upon
injury of the pancreas, we then tested if a Wnt-response was physiologically activated
in these cells upon injury by performing PDL. Figure 26C shows H&E staining of

25  pancreas tissue sections isolated from the PDL and non-PDL area. As has been reported
previously (Abe et al. 1995), the acinar cells become apoptotic after 5 days and are
replaced by newly formed duct structures by a mechanism not completely understood.
After 7 days, an increase in islet number (islet neogenesis) as well and in islet size is
also observed (as indicated by an asterisk). This indicates that the PDL was successful.

30 Indeed, the Axin2-LacZ reporter was specifically activated along the ducts of the
ligated part of the pancreas, while the unligated part did not show this response (Fig
26D and E). Moreover, the proliferative response, as determined by Ki67 staining, was

mostly restricted to the ducts of the ligated part, whereas in ducts of the unligated part



G ven the appearance of the Wit-dependent Lgr5 stemcell marker, we
reasoned that adult pancreas progenitors may by expanded in the previously

defi ned owb0{@Rpasd culture conditions (Sato et al, 20@8xnNggbfowoss7 Of
het er ogeneous popul ati ons of pancreas cells have been previously

established and typically include growmh factors such as EG-F (G thens et a
| In Vitro Cell Dev Biol 1989), FGFIO(Mr()aéIes et al Proc Natl Acad Sci U
S A 1999) and HGF (Lefebvre et al Diabetes 1998, Suzuki et al , D abetes
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reverse hyperglycem a when transplanted in diabetic mce (Hao et al , 2006,
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regeneration suggested that Lgr5 might not only mark stem cells in physiological self-

renewal (e.g. in the intestine, stomach or hair follicle), but that its expression may also

20  herald the activation by Wnt of regenerative stem cells/progenitors upon injury.

Given the appearance of the Wnt-dependent Lgr5 stem cell marker, we reasoned that
adult pancreas progenitors may by expanded in the previously defined gut organoid
culture conditions (Sato et al, 2009). Cultures of heterogeneous populations of pancreas
25  cells have been previously established and typically include growth factors such as
EGF (Githens et al. In Vitro Cell Dev Biol. 1989), FGF10 (Miralles et al. Proc Natl
Acad Sci U S A. 1999) and HGF (Lefebvre et al. Diabetes. 1998, Suzuki et al.,
Diabetes 53, 2004) and serum supplements such as Gastrin (Rooman et al.
Gastroenterology 2001), Nicotinamide (Rooman et al. Diabetologia. 2000) and others.
30 A number of such cultures resulted in the in vitro generation of cells with a 3 cell-like
phenotypes (Bonner-Weir et al., 2000; Seaberg et al., 2004; Suzuki et al., 2004) that
under certain conditions were able to reverse hyperglycemia when transplanted in

diabetic mice (Hao et al., 2006; Ramiya et al., 2000). Most of these approaches start
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Since we demonstrated that Wnt signaling was activated upon PDL, the effect of

20  addition of a Wnt agonist to freshly isolated pancreatic fragments in vitro on sustained
growth was determined. When ducts were isolated from Axin2-LacZ mice, the entire
budding cysts stained blue only in the presence of the Wnt agonist Rspondinl (Fig
27C), resembling the situation in vivo after PDL (Fig 26D and E). No blue staining was
observed in freshly isolated islets or acini from Axin2-LacZ pancreas. In line with the

25  in vivo observations upon PDL, only the buds of Lgr5-LacZ cysts stained blue (Fig
27D). Moreover, culturing of pancreatic Lgr5-LacZ organoids for 14 days in the
presence of R-spondin increased the percentage of Lgr5+ cells significantly (Fig 27E).
Importantly, when pancreatic fragments were cultured in the absence of R-Spondin in
EM, organoids cease to proliferate within 1 month, whereas in the presence of R-

30  spondin, they can be expanded for an unlimited time period. These observations imply
that Wnt-responsive progenitors located near ducts fueled the growth of the budding
cysts, which were subsequently maintained by LgrS5-expressing cells with stem cell-like

properties.



differentiation markers for b cell progenitors (Ngn3), b cells (Insulin),
gl ucagon (a cells) and somatostatin (d cells) appear (Fig 29B and Q)

Mor eover ,weibfgogii ati on markers, such as G ucoki nase, pRaxQ. 2800800017
Chronogranin A were upregul ated starting 10 days after exposure to the DM

medi um Therefore, DM optinmally consisted of at |east EGF and R Spondi n and
did not have any FGF7 or 10 present The sggtained expression of Lgr5, a

stemcell marker, under differentiation conditions can be explained by the
presence of R-spondin, a Wit agonist, in DM since Lgr5 is a Wit responsive

gene Wien cells were cultured in presen of Nicotinamde in EM it was
al so i npor t HhieskBisneHeR diregiiysve FOITRO R b AP HA G slle Thog Bt e PO

di ff erent atpon ;RN U RGe EMRISHAEAGY mmk’edo&fdhﬁ\g cgﬁts%ﬁth%"r@ were
transferred fromEMto DM the cysts underwent a Stéreotypic "invol ution”

process Pr agdiessiwshablawamidaatiditiagdafysts kiaged).| Theangle oclismegeire dim of t he
cyst into a snall er,canpagt bo it h _nor phal ogi cal.. resenbl ance to apn islet
(Frg 208, TRFR] T Ao 5 B0 UG BBAT PR G By RIRERS R4 Heseert of sl ot <
such as | nsgisérte aNWifes RAREF fRgle Tk dRIGiatiR shoWEd thil the8indeP&MER Ik @ fin
thisstep of the regeneration process on Wit signaling, pancreatic fragnents

wer e cul t urtbelabsgngnefi WnBreinigipdlararew @p sppkk syt csuanreR-bypsegiproliferapon afiert | y, b
cell progenjjars, : d LESSI f re only
det ect abl eral'grll%? iSéTgfséggﬁggggsgéér oanéfeﬁg(?‘ﬁﬁ‘égsig%ea ff‘gyg%% & pa\nﬁre\a}%t ro

expansi on OfragmtmesN a8 MRS the AGHITRA CoulDbE irdigo@diari¢ondey s) atecatiag that
devel opnent, neurogenin3+ or insulin expressing cells were seen in the
pancr eadd dudthsr thiresigigl K as B\ PNZET RResssalifgatimuiate grawthanbaehs pesictierpl s gi ve

rise 1o enogGH NG, PLHANRY E)gée?ls%@ﬂv&f)ﬂér%QH@flfnél}é &5@%&15&5%%%}@&&& & It

has been shown that human “‘pancreas duct ce erentiate 1nto glucose
responsi ve wiisul in producing cells in vitro (Bonner-Wir, S et al 2000
PNAS), and this finding nade pancreas duct cells attractive source for beta
cells replace therapy However, it has been difficult to expand duct cells
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abi l'ity Takdiffgreadamntid@@h®Endocrine lineages. The removal of FGF10 seemed to be crucial
to the induction of differentiation. Only in the absence of FGF10 did the islet like
structures appear (Fig. 29A), which corresponded with the expression of several
20  differentiation markers for 8 cell progenitors (Ngn3), p cells (Insulin), glucagon (a
cells) and somatostatin (6 cells) appear (Fig. 29B and C). Moreover, differentiation
markers, such as Glucokinase, Pax6 and Chromogranin A were upregulated starting 10
days after exposure to the DM medium. Therefore, DM optimally consisted of at least
EGF and R-Spondin and did not have any FGF7 or 10 present. The sustained
25  expression of Lgr5, a stem cell marker, under differentiation conditions can be
explained by the presence of R-spondin, a Wnt agonist, in DM, since Lgr5 is a Wnt
responsive gene. When cells were cultured in presence of Nicotinamide in EM, it was
also important to remove this from the medium as well to obtain full differentation.
When budding cysts after any period of culture were transferred from EM to DM, the
30  cysts underwent a stereotypic “‘involution” process: Progressive inward folding of the
wall lead to impaction of the cyst into a smaller compact body with morphological
resemblance to an islet (Fig 29D). Islet-like morphology was confirmed by markers for

B cell islets such as Insulin and C-peptide (Fig. 29E). To confirm the dependence of this
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15  or underwent senescence after 2 weeks up to 5 weeks (Trautmann B et al, Pancreas
vol.8 248-254). . Therefore, there is no robust culture system to expand human
pancreas duct cells, which retain endocrine differentiation ability. Taking advantage of
establishment of mouse pancreas organoid culture system, here, we attempted to
establish human pancreas organoid culture system.

20
Growth of human pancreatic progenitors in vitro
Human pancreas was obtained from Leiden University Medical Center, The
Netherlands. Importantly, under the same conditions as described for mouse pancreas
fragments above (example 7), human freshly isolated pancreas fragments can also be

25  grown in vitro (Fig. 30).
Under these expansion conditions, the culture efficiency of the pancreatic fragments
was appr. 80%, meaning that 80% of the freshly isolated pancreatic fragments were
efficiently expanded in vitro for a longer period of time. As compared with mouse
pancreas, acinar tissue more easily forms cyst structures, however, these structure

30  ceased to proliferate within 4 weeks. Pancreas duct cells from larger ductular network
more efficiently produce cyst structures and eventually form organoids with bud. The
pancreas organoids were splitted 1:5 ratio once per week and maintained in vitro at

least 5 weeks without losing proliferation ability.
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culture Sysﬁxﬁl@e%éﬁ}fﬂlo tffahult bR 0dI '}ﬁ‘}e% iNeYivd foé ﬁ?a?&%%ﬁ%éel%ﬁgs @evstgﬁ;e this

protocol was opfim ze nouse erlve or gano We nmade a snal |
change by t hk 84dd826. on of Wit 3a condi tioned nedi um in order to ensure

optimal growmh of t B fl{);p tain hlscndltloned
modi um Vit Soireang B SsBHU: Hab By |35 @;?X Kahpec HEF> &S ui t abl e

expressi on gRRidrHalio ORI aplethid 4808 ISPhskrER:24d-5¢ is cultured and
the culture nmediumconprising the secreted ligand i s harvested at suitable
time intder vdlagg, R.N., Kloppel, G., and Bouwens, L. (1995). Duct- to islet-cell differentiation

and islet growth in the pancreas of duct-ligated adult rats. Diabetologia 38, 1405-1411.

Xu X, D'Hoker J, Stangé G, Bonné S, De Leu N, Xiao X, Van de Casteele M, Mellitzer

G, Ling Z, Pipeleers D, Bouwens L, Scharfmann R, Gradwohl G, Heimberg H. (2008)

Beta cells can be generated from endogenous progenitors in injured adult mouse

20  pancreas. Cell. 132(2):197-207.
Example 9 Culturing of human small intestinal or colon crypts in vitro

As described in examples 1 and 2 it is now for the first time possible to generate long
25  time culture conditions for mouse small intestine and colon epithelium. Crypt-villus
organoids grow through the supplementation of a set of divined growth factors and an
extracellular matrix. The organoids contain intestinal stem cells that actively divide and
giving rise to all major differentiated cell lineages present in the intestine. In this
example we show that these culture conditions are not unique to the mouse intestinal

30  epithelium but can also be used to grow human intestinal epithelium.



For exanple, cells start the production of Wit3a at the nonent they reach
confluency and stop growing Culture nediumfromcells that were not

t ransf ect\we 291o/dopdigct ed with said enpty expression conspryaiW@Rsied as a
negative control The conditioned nediumwas harvested and tested, for

exanple in an assay wherein luciferase expression in controlled by TCF
responsive elenents to quantitate the pre gnce of a Wht agoni st such as

Wit 3a (Kopnek et al , 1997 Science 275 1784-1787) Results The proliferation
of the intadhteriallandNétheds um i s dependent on the Wit signalling pat hway The
exact |ocation of the Wit source is however unclear (G ego peff and

Cl evers, 2005, Genes Dev Apr 15,19(8) 877-90) Since the nouse intestinal

or ganoi ds gqig\¥el Bida g‘.&?}@qu;;psendent fashion (Sato et a | , 2009 Nature
May 14, 459(7§453)C 262-25 we assuned that these organoids may produce their

own Wit | i gdogss ofganbebstultundésswere culndrethas dedcibetd inegaapledn Inithbicorgti Wmcubat i on

wi th a porcupine inhibitor Porcupine is inportapt for the t secretion
(schemap c Aodyien SH2) Has b GAAY W0 TP v rehhele s hermdfiolche m B of
2009 Feb, 5(9p9 FoOs5M): 1088yl ted in death of the organoids(Fig 3 1 B and Q)
The organoi ds coul d be rescued by addition of Wit3a conditioned nmedi um

i ndi cating that the organoi ds i ndeed procuce Wit ligands (Fig 3 1 D and E)

W next triﬁ:d tooqulture iﬂénﬁn intestinal organoids It turned out that the
addi tion of WS HOEAR EYI'YH was necessary because without, crypt

or ganoi ds neuRin {MsiBEpRUdt RG18Ed 6 UERSea Nl @E10Md dpebinenlddddasel or t he
small intestine and in 3-4 days for the colon (Figure 32) Overall the human

i nt estilfal aeygnowrsyasuressory days ying e apatlsbedorandii snltyrg sysiemidaiet

or ganoi ds I cahl i hed. : % kGl ency
dependi ng gaﬁ %?:qgﬁ?}?‘gemé? 9\’\%%‘5 %ﬁéﬁé@?l tQoggggﬁlé%rg%&?ﬁgg%gﬁr}gpﬁ%kogsti nal
cul tur es haveusbderivddorgatdidiceltdres, weanmide asnmadhdhasgelinethe fal@cion@f WiitBa 3a i n

hunman col on s. expected, .as it was observed also to enhance the effects in
mouse col orfo\é%a%f ediym it ¢rdenie engygiopumahgroyth efdbe Sumap colQRQRS 8RS

intestine aiiah Qs CBYAIGHER il WiTa iPEASGEY Wﬁﬁ%l BRODPEAS N0

i gands by the human organoids, due to the lower n ers of Paneth cells
pr esentl5i n sthabléexpressgun constnen ependatt sesid hgamduSad icel bse ismaltGredfaad tha her e was
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For example, cells start the production of Wnt3a at the moment they reach confluency
and stop growing. Culture medium from cells that were not transfected or infected with
sald empty expression construct was used as a negative control. The conditioned
20  medium was harvested and tested, for example in an assay wherein luciferase
expression in controlled by TCF responsive elements to quantitate the presence of a

Wnt agonist such as Wnt3a (Korinek et al., 1997. Science 275:1784-1787).

Results

25  The proliferation of the intestinal epithelium is dependent on the Wnt signalling
pathway. The exact location of the Wnt source is however unclear (Gregorieff and
Clevers, 2005, Genes Dev. Apr 15;19(8):877-90). Since the mouse intestinal organoids
grew in a niche independent fashion (Sato et al., 2009 Nature May 14;459(7244):262-
5) we assumed that these organoids may produce their own Wnt ligands. To test this we

30 inhibited Wnt secretion through incubation with a porcupine inhibitor. Porcupine is
important for the Wnt secretion (schematic figure 31A). Incubation with 1 yM TWP
(Chen et al, Nat Chem Biol. 2009 Feb;5(2):100-7) resulted in death of the organoids



cell biology but also to apply clinic orientated test, such as drug
screeni ng Exanple 10 Optim zed culture conditions for the growth of stonach

or ganoi dswdsofamesisbed in exanple 5 a cul ture medi um hagchagRoiodenfhfi ed
whi ch can be used to culture stomach epitheliumfor |ong periods Here we

describe the optim zed conditions for these stomach organoid cultures
Materials and Methods Gastric unit isolatign, single cell dissociation and
EGFP+ve cell sorting Gastric glands were isolated from nouse pyl orus
regions as (Hig9l BusidyC)dEbcoighmadsweduid bermcmobyfdddatdnwﬁsvahemk(nesn@lnd
Cheng, 2002, Am J Physi ol strointest Liver Sep,283(3) Gr67-77)
Briefly, un'&]‘éﬁ"uf'hé‘dh‘iaé'ﬁg)gl? orgapen ‘BﬁiFéérPrQ%e &i@ﬁ@é“dél(gf’gg“t RendRat er
curvature, washed with saline solution and the pylorus isolated The

muscul ar | ayer of the stomach was renoved and the remai ning epithelia was
di vided i ntWeﬁleMrpﬂe@eﬁtMﬂUummm@med drganods5Ithuinad autibitftbe adlised ofhe

solutio l\?ﬂl—f Esmvé KH2PO4 40 NaCl 480 mM KC 8 .niM Sucragse 220
mM  D- SOt bi {2 ANGREIBIL Y Y i 1e6RUSS “@1‘&% BEhPHERR Y NS TA (for
cul turing opuddif Jtiub@lesnd A VEEHIA 5( fPdayRMY the Ohmall iR&tindtnd fn PltaYs femoval

of the chel atingagent, the tissue fragnents were vigorously suspended in
the buf f er etie splontFighres) r@vqalidlerhunmnpme@tena)\tty@r orgaecpéhsnewnnand
cent pfugati o was enr | ch i StEiS
sol at o, et PERLRED e 858 RaPREE shltues TRl B PERRle P P e i um
(Invitr ogenaultuwanbeﬁe)na@dnamg Bn 26kivigy ol Wht- y@smmancmad nikd@in THeHumanDNAs e |
(for mcroarray anal ysis) resuspended i n_Trypl eExpress E‘GI BCO

)

suppl enéht eldt mﬂceltwhet@/hﬁpn INPEEe torr@pt%amwlilmah?)efrf% é\jmﬁﬁ iBot h
ft d
o T ter RSt baNgReor, 83 L tfped b BncE Bl celEhEmBRNT (0T

fl ow cyt onmetalgn ()rlg/bﬁdndpulBﬁekﬁme@mdmm ))f Simglaan iumbh emelpirdtéseine ahd cabhs wer e
gated by forward s er Where stated, cells were

atter and pul se- WI
ei t her gat e'fay S?m?\gfﬁﬂ‘t PVl Q{‘) Ioﬁ‘gofﬁf‘ ‘&EBB W&'ﬂ'gﬁﬂiis(?é ‘heclb‘fnl‘%b?rgﬁlnq'ﬂs "Tpzol

LS (I'nvitrogrnd wndweNuheat 8t P&e@rﬁ?&l&%é&%tﬁﬁ@l\’é RGhdH g%i’t %s ccﬂﬁDﬁ’ér%%thor
collected in gastric culture nedium enbedded in Matp Bi osci ence)

and cul ¥bur estouseontestinegSe fart therepr astrocisprodaciblel leng mehdwr@smlpstmabmlttm¢ e

system, and our culture system is useful not only to understand human intestinal stem

cell biology but also to apply clinic orientated test, such as drug screening.

Example 10 Optimized culture conditions for the growth of stomach organoids

20
As described in example 5 a culture medium has been identified which can be used to
culture stomach epithelium for long periods. Here we describe the optimized conditions

for these stomach organoid cultures.

25 Materials and Methods

+ve

Gastric unit 1solation, single cell dissociation and EGFP™™ cell sorting
Gastric glands were isolated from mouse pylorus regions as previously described with
some modifications (Bjerknes and Cheng, 2002, Am J Physiol Gastrointest Liver

30  Physiol. Sep;283(3):G767-77). Briefly, under the microscope, the stomach was opened
along the greater curvature, washed with saline solution and the pylorus isolated. The
muscular layer of the stomach was removed and the remaining epithelia was divided

into 5 mm pieces and incubated for 3-5 h in a buffered saline solution (Na2HPO4 28



For culturing, isolated gastric glands were counted and a total of 100
gl ands m xed with 50 ul of Matpgel (BD Bioscience) and plated in 24-well

pl at es AfywehoR@loydgri zati on of Matpgel, gastric cul turepgpdiiyiolobshianced
DMEM F12 suppl emented with B27, N2 and nAcetylcistein (lnvitrogen)

containing growh factors (50 ng/ m EG- (Peprotech), 1 ug/m R-spondinl, 100
ng/ m Noggin (Peprotech), 100 ng/m FGFl O~;Preprotech) and Wit 3A
conditioned nedia) was overlaid For the single cell culture, a total of 100
sorted EG-AAM,ddi2R0O4 v& M wWea@ 480! rhieic Kex 8i mMg 8atok€ 2 2umMIr - Soediolp74nd
enbedded in Matpgel (BD Bioscience) After polynerization of Mtpgel,
gastric cul ™YhPLathipuzitel 50 &YareqitapmgtIQanii é@imz(f%rafy%waflg ar staigldy Ay, t he
medi a was a | @Srany j oFMARQEK b VAN B fhR1chel (PLG

Al dpch), toinzl\?lol?gwg\n(gl Ki sﬁgas'do%v\t}(ﬁ)%g%t@gﬂﬁs vvernllewa}!igfe gé\béﬁ@éﬁ%&hﬁkggﬁmand
the entire fnephant wars igangdylseperdeddn deymffecrd sphgmagsinggakt ml pipeaganoi ds

were remroved. from Mat pgel,, nmechani cally di ssoci ate nd transferred to
Fresh V& paoltcrReRelaionAaY col it o A 5'ah GoRa e i o B8P e
ratio To CO%“IBM Rollahien, \M8[ 3 RefeQBUEHEIRIY resURHE&T WHaRAh SFRRENIERheALAL €1 N

(Stemcel |l technol ogi es? was suppl enmented instead of the Wit 3A conditioned
medi aFor t hiénvioganprsopplemented vashpldy mgin tTaypsmenasek0.8 (Lhigad DN Asedr(fpanoi ds

were incubated with 100 nM of 4-hydroxyt xi fen.j stric culture nmedi um
for 20 n « anisearrcadwes L Busesspbt YRR RRERtas S IO OT S oblers L ane
recorded i n RUNies/GIrMINAQGoU&IltDENE PirpOSea). 1ibehaRc@pXftdrliftubatiorShs)7 ‘Mt 3a
condi ti oned nedia The Wit 3a nedi a was prepared foll ow ng protocol described

el sewheile (foy PP-2pimigpte|cells porzpundevip eandy)teped thpaiebasts) nMapesh 2GRk
ToPTFOP 55 égﬂ;lgg?ﬁ’s §8retsGRtd bNMAoYW o%?egﬂsy"égﬁahf?f %%égﬁg%o%ﬂeggﬂ ! oned

medi a and t condi t1oned nedra, escri y van tepng and
col | eagues Yintaa epichelibl eplagveet gatbd by B0@ArdGCaacaranBealsd andt, fmi{mgte? Pohedel) A

TOP/ FOP ratio > 50 was considered high Wit nedjia and dil uted 1 with the
gastric org%ﬁ%‘il’(feﬁh}”ﬂi’reé ﬁre%ntféf fgzr pe VEI?‘IaU’t"i‘%ﬂ‘! RyPPYdMing 194 Cﬂﬁﬁﬂ?& Fredi a

(TOP/ FOP T afyi Q) TSUnM@Szen® Ind RRMELo1h QW aM¥rd iR thahudliehirbS e Prot ROl or
differentiati on purposes stric organoi d i nmunohi stochem stry
15  collected in gastric culture medium, embedded in Matrigel (BD

Bioscience) and cultured according to the protocol detailed below.

Gastric culture
For culturing, isolated gastric glands were counted and a total of 100 glands mixed with

20 50 ul of Matrigel (BD Bioscience) and plated in 24-well plates. After polymerization of
Matrigel, gastric culture medium (Advanced DMEM/F12 supplemented with B27, N2
and nAcetylcistein (Invitrogen) containing growth factors (50 ng/m EGF (Peprotech), 1
ug/ml R-spondinl, 100 ng/ml Noggin (Peprotech), 100 ng/ml FGF10 (Preprotech) and
Wnt3A conditioned media) was overlaid. For the single cell culture, a total of 100

25  sorted EGFPy, cells /well were collected in gastric culture medium and embedded in
Matrigel (BD Bioscience). After polymerization of Matrigel, gastric culture media was
overlaid. For the first 2 days after seeding, the media was also supplemented with 10
uM ROCK inhibitor Y-27632 (Sigma Aldrich), to avoid anoikis. Growth factors were
added every second day and the entire medium was changed every 4 days. For passage,

30  gastric organoids were removed from Matrigel, mechanically dissociated and
transferred to fresh Matrigel. Passage was performed every 1-2 weeks with a 1:5-1:8
split ratio. To confirm the Wnt3A requirement, mouse Wnt3 A recombinant protein

(Stem cell technologies) was supplemented instead of the Wnt3A conditioned media.



For i mmunohi stochem stry gastric organoi ds were washed once with PBS and

i mredi ately fixed with Paraformal dehyde 4% for 15-20 min at RT Wen stated
gastric re enbedded in paraffin and process i dard
t echni qug‘é]gé V\ﬁ \Igg nount staining, sanples were per rreggﬂﬁlizzg%/(ﬁ&ﬁ PBS 0
5% Tpton- Xl OO 1%8BSA and i ncubated o/n with the primary anti bodi es

Fol | om ng several washes in PBS 0, 3% Tri t&g XI OO, sanples were incubated
with the secondary antibody EdU staining s perfornmed follow ng

nmanuf act ur grgr$hd 1ﬂ5¢1frbl€rbbnﬁ§§x;§e¢lm&ks RTwedkid LG Hganblad RercvRESbatddakmed W th
TOPRGB i odi ne or Hoescht 33342 The inmages of "gastric Iands and gastric

or ganoi ds wWé&PaM ef dihydwxyamegifen it gastic mlwm@c@pm for 89 bao agpmye Lgr5-

Thr ee-di ne truction was perforned using Volocity Software

(1 nprovi si (I;EHJ)EE%P@E %i was extracted fromgastric cell cultures or
freshly i saubieqdertiysasialived a8 reberdERNBASYE dvbatioidSNRinRxdohfsthl @itrédcopy Q agen)
and reverse-transcribed using Ml oney Mirine Leukem a Virus reverse
transcr Ppt ds€icpforega) cDNA was anpiified in athermal cycler (GeneAnp PCR
System 9700; Applied Bi osystens, London, UK) as previously described (Huch
et al., 2009). Primers used are shown beI ow (CGene synbol followed by
Forward (5' W3t3)1canditi5aeadahscﬁa(5' 3'") prinmers) Lgr5 GGAAATGCTTTGACACACATTC,
GGAAGTCAT TATTAT/ TGAATCCTCGGCCTT AT CAGTTAAAGT TGGTGECACTTC
PgC: CCancPeTe t‘ﬁs Pr?wefa@l&vrw metciN saa il ATGGT,
TGTGCGCTCTGGHGARNE] W@g CTOHH IP@Q%T G Ghrl
GOCCAGCAGAGAAAGGAAT CCA M%&W 8 TGAC%';??Tﬁ TCC Ga(g{) 2 &QTH-&CCA
GGCTCTGCAAKA@TETIVECH et WnGaCoTNAGEAAGAdi GarTdIhe, CW@A‘W@@E@'@% Muc2

TG GTACAQEUEABT AR O A F L FRAARAT S FELEET AT T hGESCT FF°

Resul ts Jan 1;61(1):278-84). A TOP/FOP ratio > 50 was considered high Wnt media and

diluted 1:1 with the gastric organoid culture media. A 1:10 dilution of this high Wnt3a
media (TOP/FOP ratio ~ 5) was considered low Wnt media and used for differentiation

15  purposes.

Gastric organoid immunohistochemistry
For immunohistochemistry gastric organoids were washed once with PBS and
immediately fixed with Paraformaldehyde 4% for 15-20 min at RT. When stated gastric
20  organoids were embedded in paraffin and processed using standard techniques. For
whole mount staining, samples were permeabilized with PBS 0.5% Triton-X100-
1%BSA and incubated o/n with the primary antibodies. Following several washes in
PBS 0,3% Triton X100, samples were incubated with the secondary antibody. EAU
staining was performed following manufacturer’s instructions (Click-IT; Invitrogen).
25  Nuclei were stained with TOPRO3 iodine or Hoescht33342. The images of gastric
glands and gastric organoids were acquired using confocal microscopy (Leica, SPS).
Three-dimensional reconstruction was performed using Volocity Software

(Improvision).

30 RT-PCR
RNA was extracted from gastric cell cultures or freshly isolated tissue using the
RNeasy Mini RNA Extraction Kit (Qiagen) and reverse-transcribed using Moloney

Murine Leukemia Virus reverse transcriptase (Promega). cDNA was amplified in a



To determine optimal growh of gastic units in vitro we isolated gastric
gland units which were suspended in Matpgel and cultured under different
condltlo &Gsculture growth conditions were siml f the
smal | F‘zstl ne cu?tur es (including EG-, Noggin and R—s%g# I'n f%&ﬁﬁn?

for a strl ct dependence on Wit3A in the formof conditioned nedia Thi s
requi rement was confirmed using purified t3a protein (fig 33A).
Furthernore, FGFl O proved to be an essenti conponent for driving buddi ng

events and fhefmdlReclex@yrshaip FER sbﬁewmur%mé&mowéﬁg UBhdonO QI ds (fig

33B). FGFI O can be used to repl ace has been used in
exanpl e 5, BaEioss)Edeseaibed (Budhret al. 22G08). d’rimﬂﬂs veaglaare shoygt beberd (G eng oympwhoi ds 4

days after f@%w%&% tFORL?rEEuouzL‘%AJB Ve(r gvéfﬁ)rmThe new y-fornmed gastric

organoi ds under vven | ng G| st maintaining their
polarity, with gastric gl and-domain buds distributed around a central |unen

fig 33D). In_the ab f Wit 3A condit d nedi t
or ganol g rgééaﬁééeffﬁ&&%ﬁp@dsmg%%%é,.'%&S«A&E@X"@A@ Peahaten

mechant cal | srdi pERSIUICRCARECHRICTALS, TR OTTH0 tq]@&ewtat' g

density. Cultured pyloric units were's el ral "structures,
as evi denceRgdyCEAGAUSIGTGGU GTCHTGBFITARGHACCBOGAIXXITITY cul t ur ed

tri ds f th I f th
o oper 1 05 Sk | boDGBIHE TCRAREEBH 96 Twhet ndiC BAEPRTE I aoaGants (Fi g
34A) were cgpable afCcATHNAGTOGANGTEROHE Ni ”QTM@A'T‘ACQ?&TCC?T@@@S
units in vitro we sorted Lgr5-EGFP high cells (Fig 34B). Wen single

Lgr 5- EGOP hGhh: cel | GCREAGCHADNENA AL GVATEGE, OGCEIJ@QECWW@A@(ET@T@fZéW into

Corted Lo sorurent AT ATTERTARPEEGIn drCTathE AR TahT e

structures gwer eGAGGRAXGASAGWTGETETCH dazsGouTartdectarrte@my days,
the newly-formed (cyst-like) structures started toAgenerate Iand i ke

domai ns (FiMueE 34HAANG@EGECATOERGAGEA cul t Gl AHRTEGTETI aNEGEL wer e
di [ d
i ssoci at edcggpi]ua —l(;];ﬁq,ﬁ A(t}AE%CQI%‘/?}%ét egﬁ;@?@é?g&%&?g@ébﬁ]%or ganoi ds

derived fromsingle have been succés weekl y
basi s fi&r alpfteast SAGOTIGCTUGCTOENAAANGEIAG t h@TIOORETCATE THRGGCIET
(Figure 34D). Fromday 7 onwards, Lgr5-EG-P expression was restricted to
the base of the gland-like domains (Figure 34E) As evidenced by EdU
stai ning, pgaliferating cells were |ocated at the base of these gland-like
dormains (Figure 34F), while apoptotic caspase 3-positive cells were

To determine optimal growth of gastic units in vitro we isolated gastric gland units

which were suspended in Matrigel and cultured under different conditions. Gastric

20 culture growth conditions were similar to those of the small intestine cultures
(including EGF, Noggin and R-spondin 1), except for a strict dependence on Wnt3A in
the form of conditioned media. This requirement was confirmed using purified Wnt3a
protein (fig 33A). Furthermore, FGF10 proved to be an essential component for driving
budding events and for the expansion of the cultures into multi-unit organoids (fig

25  33B). FGF10 can be used to replace FGF7 (KGF), which has been used in example 5,
and even results in a 2-fold increase of % of budding organoids 4 days after the start of
the culture (fig 33C). The newly-formed gastric organoids underwent continuous
budding events, whilst maintaining their polarity, with gastric gland-domain buds
distributed around a central lumen (fig 33D). In the absence of Wnt3A conditioned

30  medium, the gastric organoids rapidly deteriorated (fig 33E). Each week, organoids
were mechanically dissociated and split to one-fifth of their pre-plating density.

Cultured pyloric units were single-layered epithelial structures, as evidenced by E-Cad



found extruded into the lunen (data not shown). Lineage tracing was studied
in established organoids derived fromsingle Lgr5+ve cells isolated from an

Lgr 5- E@Rkb?ﬁg)/(%gmﬂ Rosa26- YFP reporter nouse. Foll og’gq&ﬂzmwﬁn

i nducti on, +ve reporter gene was rapidly activat In single Lgr5+ve
cells within the glandlike domains Over the next few days, the YFP
expressi on donmai n expanded consi derably m%&hin t he grow ng organoi ds,
confirmng the contribution of the Lgr5+ve“stemcells to organoid growth

in-vitro (Kianng (B¢BF)The 830 Tulfehilied $4s8M0 srhili® fofhl legsilgt Ures were
single-layered epithelial structures,” as evidenced by Ecadhe pn staining

(Fi gur e 341monthyywitheNttanpdeteetablgiass of He psoparuesedssendgedadordl t he gastric
epithelial markers Gastric intrinsic Factor, Miucin 6 and Pepsi nogen C No
differentiation to the pit or enteroendocrine |lineages was observed under

these cul t UFeddgaitind whakel ghbir Ligs Ui delle (RRB4AN oy expapledf gen@litngd @ pi t
cell lineage was observed. However in that exanple Wit3a protein was used
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cul t ure nedirew ries vk gaadids nwhdreasfthe remtaiming oéllsciepevithinl the gias 24 ihc Thé sarcddur es
har bouri ng po i.Zzed pit ce|lls, as. evidenced t expressi on qf the
gastri cnucihﬂgr%%f%ﬁw@@kcw@kob%_é? Aisedee & anéﬁﬁr#-ﬂﬁ% ﬁ‘ﬂ_!s‘)“,"e?rﬁét?sﬁﬁéék cel I's,
as denonst radigd Jayr THAR PYARS AR fenmamg dagméﬁe%\tny%ﬁﬁed QUBLIKES strucpures

ent er oendocrine cells (Chronogranin Ay (Figure 34H,1). Addition of

addi ti dfal staredid gérecato gknflilike domAjns (BEuentt@x Aftdi 94 1 @ays mesilthite, gastrc nor e
mature differentjati OH. of .stomach FU| tures towards the vario cel |
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denonst r at eyrgdhdidslddFiSed ﬁoﬁi&ﬁr\%l@@el@ h@b@&dﬂ%ﬁhd&s&fﬂﬂ?%—?ﬁie@t&ﬁh PES Bision of
sel frenewi ng, nultipotent adult stemcells in the pyloric stomchReference

1. Barker, fRratdeashp mongsppithpwtdesinhthgfprepeainscesaribed fFigned 3140nEFwm dae’ and

col on by nad’n@gc{s? Egﬁ%-%%lf‘?ﬁéﬁ%%ﬁ%ﬂi\{véﬁ%sméf&g%é Zhé:(b?agg Z? t‘he%land— h%{a({gﬂg’i?&s M &

Cheng, H Intes em cell's and progeni tors. Enzynol
419, 333- 83F(gR0OBJE). Bs eBdeheed byEdU sainingeprdbifepurgg, cadMs werdlogued at thelbaskhe
Intestinal osftlﬁeTe %Eilnli—lﬂ% rcllce)rsnai[%es\(Fizg%%e 31481:?,6\_%%?% zgpzo?a?o%c'caspase 3-positive cells were
found extruded into the lumen (data not shown). Lineage tracing was studied in
established organoids derived from single Lgr5+ve cells isolated from an Lgr5-EGFP-
ires-CreERT2/Rosa26-YFP reporter mouse. Following tamoxifen induction, the
20  YFP+ve reporter gene was rapidly activated in single Lgr5+ve cells within the gland-
like domains. Over the next few days, the YFP expression domain expanded
considerably within the growing organoids, confirming the contribution of the Lgr5+ve
stem cells to organoid growth in-vitro (Figure 34G). The organoids derived from
single-cell cultures were single-layered epithelial structures, as evidenced by E-
25  cadherin staining (Figure 341). In addition to Lgr5, the cultures expressed the gastric
epithelial markers Gastric intrinsic Factor, Mucin 6 and Pepsinogen C. No
differentiation to the pit or enteroendocrine lineages was observed under these culture
conditions (This is different from example 5 were the pit cell lineage was observed.
However in that example Wnt3a protein was used instead of Wnt conditioned medium
30  which is less active. Lowering the Wnt conditioned medium concentration results in
differentiation into the pit cell lineage, see below). Reduction of the Wnt3A

concentration in the culture media resulted in the formation of comparable gastric

structures harbouring polarized pit cells, as evidenced by the expression of the gastric
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conprises a notch agonist 9 A nethod for obtaining and/or cultupng a colon
crypt , preferably according to any one of clains 2 to 8 ,wherein -

epi t hel i ayoShReeak! s, isolated tissue fragnments conpri sicgaSdodosilt hel i al
stemcells or adenona cells are cultured in contact with an extracel | ul ar
matrix in a medium conprising Noggin, EG-, and R-spondin 1 and/or Wht-3 as
Wit agoni st, supplenented with B27, N2, a N- Acetyl cystein 10 A net hod
preferably according to any one of clains to 8, for obtaining and/or

cul tupng a PancKeditger, Mr gfariointestiha repithelial-eisérvhyinal ceditierracabhss Annddlyat ed

tissue fragnpent said epithelial stemcells or adenoma cells are
cultured in® E‘tﬁirrf%égg& {i(@%%xtracel lular matrix in a first step in a
medi um conpgg si S}Qaﬁ@é AKSuRImdHdBarB0G, B: &PRAITNS & 11V ind 329N hishe.

suppl emrented w th N2, and N-Acetylcystein . - subsequently in a second
step in a nﬁdumﬁléo%ﬂ%(mlEG: and R—spondl n 1 as V\ht agonl st

suppl e ted Wt h and et st e| net h i ng
andror Gl { dhnd-alggetie: £ SPRGRLATe SpEHEF S praidbraings  ShieO Ristor
clains 2 t0218603\t3qar(m03f epithelial stemcells, isolated tissue fragrrent S
conprising said epithelial stemcells or adenoma cells are cultured in

contact withl-anBierertsaMElqtal. &NY. 194 14A0&S(2O&H. step in a nmedi um conpri sing
Noggi n as , F and FGFl O as mitogenic
growt h fac?%\)ﬂr:‘ sagg%%lnmf? §ﬁ\ﬁol% r}\5\1@(5‘5a80n| st, and further

conprising B27, N2, N-Acetylcystein, - subsequently in a second step in a
medi um conpr i si ng Epi dermal Growt h Factor and R-spondin 1 and Wht-3a as Wit
agoni st, Noggi n and FGFl O suppl enented with B27, N2, and N-Acetyl cystein,
wherein the concentration of Wit-3 is reduced in the second step by
conparison to the Wit-3a concentration as present in the first stepl2 A
cell culture nmedium conprising a basal nediumfor animal or human cells to
whi ch is added a Bone Mrphogenetic Protein (BMP) inhibitor, a Wit agoni st,
and



between 5 and 500 nanogram ml of Epidermal Growth Factor (EGF) 13 Use of a
culture nedium according to claim12 for culturing epithelial stemcells,

or isol atwd bhicaeyasfragnents on an extracel lular matri X pé&4/nia6ioRboryi | | us
organoid, conprising a central lumen lined by a villus-like epitheliumor a

colon crypt organoid obtainable by a nethod as defined in clains 2 to 9 15
A pancreatic organoid, conprising islet-lkke structures, preferably
obt ai nabl e by a nethod as defined in clains 2 to 8 or 10 16 A gastric
organoi d, d@dapmd sing a central |umen, preferably obtainable by a nethod as
defined in clainms 2 to 8 or 11 17 Use of the crypt-villus organoids or
colon crypt of claim1 or 14, the pancreatic organoids of claim15, or the

gastric orqaaoérgi@-&mu%@bmi&%mn@mg;at&ndm RER TPy 89 hus IRE Btk liuAs Say,

or in regenerative nedi Cine 18 Use a cell culture nmedium cohprising a
basal nedi wmaf orlompiyptbdrgamoithunan cells to which i s added a Bone

Mor phogenetic Protein (BMP) inhibitor, and between 5 and 500 nanogramim of
Epi dermil Growth Factor (EGF) for culturing adenoma cells

2. A method for culturing epithelial stem cells, isolated tissue fragments comprising
said epithelial stem cells, or adenoma cells, the method comprising
providing an extracellular matrix;
incubating an epithelial stem cell, an isolated tissue fragment comprising said
10  epithelial stem cells, or an adenoma cell with the extracellular matrix;
culturing the stem cell, isolated tissue fragment, or adenoma cell in the presence
of a cell culture medium, comprising a basal medium for animal or human cells
to which is added:
a Bone Morphogenetic Protein (BMP) inhibitor;
15 between 5 and 500 ngram/ml of a mitogenic growth factor,
whereby a Wnt agonist is added if epithelial stem cells and isolated tissue

fragments are cultured.

3. A method according to claim 2, in which the BMP inhibitor is Noggin, the mitogenic
20  growth factor is Epidermal Growth Factor and Keratinocyte Growth Factor, and the

Wnt agonist is R-spondin 1.

4. A method of claim 2, wherein said BMP inhibitor is selected from Noggin, DAN,
and DAN-like proteins including Cerberus and Gremlin. .

25
5. A method according to claim 2 or 4, wherein said Wnt agonist is selected from one

or more of Wnt, R-spondin 1-4, Norrin, and a GSK-inhibitor.

6. A method according to claims 2 and 3-5, wherein said Wnt agonist comprises R-

30  spondin 1 and Wnt-3a and/or said mitogenic growth factor is EGF.

7. A method of any one of claims 2 to 6, wherein said culture medium further

comprises a Rock (Rho-kinase) inhibitor, selected from Y-27632, Fasudil, and H-1152.
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8. A method according to any of claims 2 to 7, wherein said culture medium further

comprises a notch agonist.

9. A method for obtaining and/or culturing a colon crypt , preferably according to any
one of claims 2 to 8 ,wherein:

- epithelial stem cells, isolated tissue fragments comprising said epithelial stem cells or
adenoma cells are cultured in contact with an extracellular matrix in a medium
comprising Noggin, EGF, and R-spondin 1 and/or Wnt-3 as Wnt agonist, supplemented
with B27, N2, and N-Acetylcystein.

10. A method preferably according to any one of claims 2 to 8, for obtaining and/or
culturing a pancreatic organoid wherein:

- epithelial stem cells, isolated tissue fragments comprising said epithelial stem cells or
adenoma cells are cultured in contact with an extracellular matrix in a first step in a
medium comprising EGF, KGF or FGF, and R-spondin 1 as Wnt agonist, supplemented
with B27, N2, and N-Acetylcystein ,

- subsequently in a second step in a medium comprising EGF and R-spondin 1 as Wnt

agonist, supplemented with B27, N2, and N-Acetylcystein.

11. A method for obtaining and/or culturing a gastric fragment , preferably according to
any one of claims 2 to 8, wherein:

- epithelial stem cells, isolated tissue fragments comprising said epithelial stem cells or
adenoma cells are cultured in contact with an extracellularmatrix in a first step in a
medium comprising Noggin as BMP inhibitor, Epidermal Growth Factor and FGF10 as
mitogenic growth factor, R-spondin 1 and Wnt-3a as Wnt agonist, and further
comprising B27, N2, N-Acetylcystein,

- subsequently in a second step in a medium comprising Epidermal Growth Factor and
R-spondin 1 and Wnt-3a as Wnt agonist, Noggin and FGF10 supplemented with B27,
N2, and N-Acetylcystein, wherein the concentration of Wnt-3 is reduced in the second

step by comparison to the Wnt-3a concentration as present in the first step.



10

15

20

25

WO 2010/090513 PCT/NL2010/000017

81
12. A cell culture medium, comprising a basal medium for animal or human cells to

which is added:

a Bone Morphogenetic Protein (BMP) inhibitor;
a Wnt agonist; and

between 5 and 500 nanogram/ml of Epidermal Growth Factor (EGF).

13. Use of a culture medium according to claim 12 for culturing epithelial stem cells, or

isolated tissue fragments on an extracellular matrix.

14. A crypt-villus organoid, comprising a central lumen lined by a villus-like
epithelium or a colon crypt organoid obtainable by a method as defined in claims 2 to

9.

15. A pancreatic organoid, comprising islet-like structures, preferably obtainable by a

method as defined in claims 2 to 8 or 10.

16. A gastric organoid, comprising a central lumen, preferably obtainable by a method

as defined in claims 2 to 8 or 11.

17. Use of the crypt-villus organoids or colon crypt of claim 1 or 14, the pancreatic
organoids of claim 15, or the gastric organoids of claim 16 in a drug discovery screen,

toxicity assay, or in regenerative medicine.

18. Use of a cell culture medium comprising a basal medium for animal or human cells
to which is added:

a Bone Morphogenetic Protein (BMP) inhibitor; and

between 5 and 500 nanogram/ml of Epidermal Growth Factor (EGF)

for culturing adenoma cells.



