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CULTURE MEDIA FOR STEM CELLS

All documents cited herein are incorporated by reference in their entirety.
TECHNICAL FIELD

The invention is in the field of stem cell culture media and methods, in particular culture media

and methods for expanding populations of stem cells, e.g. human epithelial stem cells.
BACKGROUND

There is great interest in culture media and methods for expanding populations of stem cells.
Populations of stem cells have many uses. For example, stem cells and their differentiated
progeny can be used in cellular assays, drug screening, and toxicity assays. Stem cells also show
promise for cell-based therapies, such as in regenerative medicine for the treatment of damaged
tissue. They can also act as a source of differentiated cells for transplantation purposes e.g.
transplantation of pancreatic beta-cells for treatment of diabetes etc. Furthermore, efficient cell
culture media are important for providing and maintaining populations of cells for research

purposes.

There is also interest in culture media and methods for culturing stem cells for the formation,
maintenance and expansion of organoids, such as intestinal crypt-villus, gastric or pancreatic
organoids. An organoid comprises stem cells, such as epithelial stem cells, which retain their
undifferentiated phenotype and self-renewal properties but also have differentiating progeny that
grow into tissue-like structures. Similarly to populations of related or identical cells, crypt-villus,
gastric or pancreatic organoids, which more closely mimic the basic physiology of their tissue of
origin, may be used in toxicity assays, or assays for drugs or food supplements. They may also
be useful for culturing pathogens which currently lack suitable tissue culture or animal models.
Furthermore, such organoids may be useful in regenerative medicine, for example in post-
radiation and/or post-surgery repair of the intestinal epithelium, or in the repair of the intestinal

epithelium in patients suffering from inflammatory bowel disease.

It is clear that there are many clinical and research applications for stem cells and their
differentiated progeny. For all these applications, reproducible stem cell culture methods are of
the utmost importance for providing adequate numbers of cells of suitable quality. For example,
for effective drug screening, conditions must be carefully controlled requiring precise culture
methods for controlling differentiation and proliferation of cells, so that pure populations of
phenotypically and karyotypically identical cells can be generated. Similarly, for cell-based
therapies, wherein cultured cells may be directly provided to patients, the cells must be
genetically and phenotypically sound so as to avoid undesirable immune responses or cell fates

when provided to the patient.
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Although a variety of culture systems have beemwrrilesd for culturing primary epithelial stem
cells, including intestinal epithelial stem celBjdrknes and Cheng, 2006. Methods Enzymol.
419: 337-83), to date, no long-term culture systas been established which maintains the

differentiation potential and phenotypic and geromtegrity of human epithelial stem cells.

International patent application WO2010/090513Idses a method for culturing epithelial stem
cells or isolated tissue fragments. The methogbismised for the culturing of human colon and
intestinal crypts by the addition of Wnt-3a to thedium. This was the first time that human
intestinal stem cell cultures had been culturedafprolonged period of time (up to 3 months)
and provided the first reproducible human intes$tat@am cell culture system. However, there is
still a need for improved stem cell culture medid anethods, in particular human stem cell
culture media and methods, that improve proliferatiates, survival time and phenotypic and

genomic integrity of stem cells grown in culture.
SUMMARY OF THE INVENTION

The invention provides improved culture media armdhads for stem cells, in particular human
epithelial stem cells, and organoids comprising séém cells, which provide significant
advantages over known culture media and methodsinMention also provides related culture

medium supplements, compositions and uses.

Accordingly, the invention provides a culture medifor expanding a population of stem cells,
wherein the culture medium comprises at least omeape inhibitors that bind to and reduce the
activity of one or more serine/threonine proteindge targets. This has the effect of allowing
continual growth for at least 3 months at an expanste of approximately five-fold expansion
per week. The serine/threonine protein kinaseafepably selected from the group comprising:
TGFbeta receptor kinase 1, ALK4, ALK5, ALK7, p3&rfrisingly, the inventors have found
that the inclusion of inhibitors of certain seriieéonine kinases in culture media significantly
improved the performance of the culture media ipagxling a population of stem cells. The
population of stem cells may be normal (healthyfsca diseased cells (for example, cancer
stem cells). Specifically, inhibitors of p38 and Kere shown to provide the greatest
improvement out of all the compounds tested. Thismiexpected because there is no known
mechanism predicting how these particular inhikitoight work. Indeed, several of the small
molecule inhibitors that were chosen to be testetifanction in similar pathways, had no effect
on the method. Therefore, the skilled person caotchave predicted that inhibitors of these
particular kinases would have such a marked impnave on the culture medium. A still further
improvement was observed when two inhibitors, f@maple a p38 inhibitor, such as SB202190

and an ALK inhibitor, such as A83-01, were addethoculture medium together.
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To arrive at this realisation, the inventors inigetied signalling pathways that are known to be
subverted in certain cancers e.g. colorectal caiitmy hypothesised that these pathways, which
affect cell fate in cancer, may also play a roldatermining cell fate in culture conditions. It
should be emphasised, however, that this hypothessntirely new; given the state of the art,
there was no way to predict the effect of any eSthadditional compounds on the culture
medium, and no particular expectation that anjne$é compounds might in fact have a

beneficial effect.

In a first screening experiment, a series of vitephormones and growth factors were tested in
combination with standard stem cell culture me@iastrin and nicotinamide were initially
identified as resulting in significantly improvedlwre conditions. Incorporating these factors
into the standard culture conditions, a secondesing experiment was performed, in which
small molecule inhibitors related to relevant siting pathways, such as ERK, p38, JNK,
PTEN, ROCK, and Hedgehog, were tested. These pgthwere chosen because they were

known to be subverted in certain cancers.

Previous attempts to culture human intestinal stelts with previously described stem cell
culture medium (comprising Epidermal Growth Fa¢te&F or (“E”), Noggin (“N”) and R-
spondin (“R"), referred to herein as “ENR” mediuaptimised with Wnt-3A (“W") (referred to
herein as “WENR” medium), have resulted in therdesjration of most cells within 7 days, with
very few cells surviving beyond 1 month. Such atiesihave also been subject to slow
proliferation times, chromosome irregularities amokphological changes from budding to
cystic structures. By “cystic” it is meant that thrganoid is mostly spherical. By “budding” it is
meant that the organoid has multiple regions grgwint of the basic structure. It is not
necessarily always an advantage to have buddingtstes, although budding structures
typically have a larger surface area and typicaemble the correspondingvivo tissue more

closely.

The inventors showed that the improved method &tbaontinual growth of the stem cells for

at least seven months.

The new method also increased the speed of pmatiider of the cells in the expanded population.

This is clearly of great utility when growing ceftsr commercial and therapeutic purposes.

The new method also increased the quality of tHe itethe expanded population. This is a
great advantage because clinical and researctcafplis for stem cells and their differentiated
progeny require reproducible stem cell culture mdshthat provide populations of cells of high
guality. Generallyin vitro expansion of stem cells aims to provide a poputatif cells which
resemble theim vivo counterparts as closely as possible. This propetigrein referred to as

the “genomic and phenotypic integrity” of the cells



10

15

20

25

30

4

For the first time, the inventors have discoverat it is possible to expand human epithelial
stem cells in culture, without loss of genomic ahénotypic integrity, for at least 7 months (see
Example 1). Under the improved culture conditiohthe invention, human intestinal organoids
displayed budding organoid structures, rather tharcystic structures seen under previous
culture conditions. Metaphase spreads of orgarmom® than 3 months old consistently revealed
46 chromosomes in each of the 20 cells taken ftoeetdifferent donors. Furthermore,
microarray analysis revealed that the stem celtsiiture possessed similar molecular signatures

to intestinal crypt cells including intestinal steell genes.

The inventors also demonstrated that the humasting organoids generated by media and
methods of the present invention, mimickedivo cell fate decisions in response to external
factors. For example, it has previously been shthaNotch inhibition in intestinal stem cells,
terminates intestinal epithelial proliferation @anduces goblet cell hyperpladiavivo. The
inventors were able to show that the intestinahnggds of the invention, when treated with a

Notch inhibitor, ceased proliferation and mostgethnverted into goblet cells within 3 days.

Similar advantages were observed when includinGB-beta inhibitor and/or a p38 inhibitor in
culture media for expanding stem cells or organtrioi® other epithelial tissues, such as
stomach, pancreas, liver and prostate (see the fi&amThe tissues may be normal (healthy)
tissues or diseased tissues, for example cancssuss or tissues showing a cystic fibrosis

phenotype.

These results show the dramatic improvement igém®mmic and phenotypic integrity of the
stem cells and organoids produced by the methatisn@dia of the present invention compared

to previous methods and media.

Thus, the invention provides a culture medium fqgasding and/or differentiating a population

of adult stem cells, wherein said culture mediummposes:

i.  any one of Rspondin 1-4 and/or an Rspondin minmd; a
ii.  one or more inhibitor that directly or indirectlggatively regulates TGF-beta

signalling.

The invention also provides a composition compgsrculture medium according to the
invention and an extracellular matrix or a 3D mathiat mimics the extracellular matrix by its
interaction with the cellular membrane proteinshsas integrins, for example, a laminin-

containing extracellular matrix such as Matrife{BD Biosciences).

The invention also provides a hermetically-sealeskel containing a culture medium or

composition according to the invention.
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The invention also provides the use of a culturdioma according to the invention for
expanding and/or differentiating a stem cell, papah of stem cells, tissue fragment or

organoid.

The invention also provides methods for expandismgle stem cell, a population of stem cells
or a tissue fragment, preferably to generate aammig, wherein the method comprises culturing

the single stem cell or population of stem cella iculture medium according to the invention.

The invention also provides organoids or populatiohcells obtainable by the methods of the

invention.

The invention also provides an organoid, preferalbiyainable by the methods of the invention,
which is a three-dimensional organoid comprisinighetial cells surrounding a central lumen,
wherein optionally the epithelial cells exist irstilict dividing domains and differentiating

domains.

The invention also provides an organoid, preferalbiainable by the methods of the invention,
which is a three-dimensional organoid comprisinighetial cells arranged in regions of
monolayers, optionally folded monolayers and regiohstratified cells, and preferably which is
a three-dimensional organoid comprising epithe@ls surrounding a central lumen, wherein

optionally the epithelial cells exist in distindvidling domains and differentiating domains.
The invention also provides a composition compgsin

i) one or more organoids or population of cells ofithvention; and

i) a culture medium of the invention and/or an exHatar matrix.

The invention also provides an organoid, a poputatif cells or a composition according to the
invention for use in drug screening, target valahattarget discovery, toxicology, toxicology
screens, personalized medicine, regenerative nmedaciex vivo cell/organ models, for example

for use as a disease model.

The invention also provides an organoid, apoputatiocells or a composition according to the
invention, for use in transplantation of said omjdnpopulation of cells or composition into a

mammal, preferably into a human.

The invention also provides a population of steftscer organoids comprising said stem cells,
that have been obtained or are obtainable usinguligre medium of the invention. The stem
cells or organoids comprising said stem cells nayded, for example, for transplantation
purposes or other therapeutic applications. Fomgkathe stem cells or organoids comprising

said stem cells may be used for drug screeningetaalidation, target discovery, toxicology
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and toxicology screens, personalized medicine rregdive medicine anek vivo cell/organ

models, for example disease models.
The invention also provides compositions comprigirgylture medium of the invention.

The invention also provides culture medium supplasieomprising an inhibitor according to

the invention.

The invention also provides a hermetically-seakessel comprising a culture medium and/or a

culture medium supplement according to the inventio

The specific ingredients of the culture media, $eiments and compositions of the invention can
be varied according to particular needs and agpmics Likewise, the precise steps of the

methods of the invention can vary according toipaldar needs and applications.

The culture media, supplements, methods, composiand uses according to this invention
may also be optimised by routine experimentatiam.eéxample, if a culture medium,
supplement or composition fails to give the deslesgl| of stem cell expansion, variables such
as the amount of each ingredient in the cultureinmedr supplement, seeding densities, culture
conditions, culture periodstc. can be altered in further experiments. The amotiatich of the
ingredients described herein can be optimised ieégntly of the other ingredients by routine
optimisation or one or more ingredients can be dadeemoved. A culture medium can be
tested for its ability to support expansion of stegtis by testing it alongside or in place of a

known culture medium or method.

The culture media, supplements, methods, composiaod uses of the invention are described
in more detail below. The practice of the preseméntion will employ, unless otherwise
indicated, conventional techniques of cell cultunejecular biology and microbiology, which

are within the skill of those working in the art.

Numerous textbooks are available that provide guudaon mammalian cell culture media and
methods, including textbooks dedicated to cultueglian and methods for culturing stem cells.
Such textbooks include ‘Basic Cell Culture Protstbly J. Pollard and J. M. Walker (1997),
‘Mammalian Cell Culture: Essential Techniques’ byDPoyle and J. B. Griffiths (1997),
‘Culture of Animal Cells: A Manual of Basic Technigl by R. I. Freshney (2005), ‘Basic Cell
Culture Protocols’ by C. Helgason and C. L. Mif2005), ‘Stem Cells: From Bench to
Bedside’ by A. Bongso (2005), ‘Human Stem Cell Malné Laboratory Guide’ by J. F.
Loring, R. L. Wesselschmidt and P. H. Schwartz {200

Stem cells and cell culture reagents and appafatwse in the invention are available

commercially, e.g. from Cellartis AB (Goteborg, Slga), VitroLife AB (Kungsbacka, Sweden),
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GIBCO” (Invitrogen), Millipore Corporation (Billerica, Msachusetts), SigifigSt. Louis,

Missouri) and Biomol International L.P. (Exeter, UK
DETAILED DESCRIPTION

According to the invention, there is provided awtd medium for expanding a population of
stem cells, wherein the culture medium comprisésaat one or more inhibitors that bind to and
reduce the activity of one or more serine/threopiraein kinase targets, wherein the culture
medium has the effect of allowing continual growtlthe population of stem cells for at least 3
months, preferably at least 4 months, at least Bthso at least 6 months, at least 7 months, at

least 9 months, or at least 12 months or more.
Inhibitors

A culture medium used according to a first aspéth® invention comprises any inhibitor that,
directly or indirectly, negatively regulates TGRdber p38 signalling. In a preferred
embodiment the culture medium of the invention cosgs an inhibitor that directly or

indirectly negatively regulates TGF-beta signallingsome embodiments the culture medium of
the invention comprises an inhibitor that direatyindirectly negatively regulates TGF-beta and
an inhibitor that directly or indirectly negativelggulates p38 signalling. In a further
embodiment, the culture medium of the inventionitalthlly comprises Rspondin or an

Rspondin mimic.

The one or more inhibitor preferably targets arsgthreonine protein kinase selected from the
group comprising: TGF-beta receptor kinase 1, ALKBKS, ALK7, p38. An inhibitor of any
one of these kinases is one that effects a reduictithe enzymatic activity of any one (or more)
of these molecules. Inhibition of ALK and p38 kiadsas previously been shown to be linked in
B-cell lymphoma (Bakkebg M Huse K, Hilden VI, SmadeEB, Oksvold MP, “TGF-beta-
induced growth inhibition in B-cell lymphoma comagts with Smad1/5 signalling and
constitutively active p38 MAPK”, BMC Immunol. 11:52010). In this publication, it was found
that TGF-beta sensitive cell lines expressed highkisurface levels of ALK-5 and that
constitutive phosphorylation of p38 was restridithe TGF-beta sensitive cell lines. Inhibition
of p38 MAPK led to reduced sensitivity to TGF-bstaygesting that phosphorylation of
Smad1/5 is important for the anti-proliferativeesffs of TGF-beta in B-cell ymphoma. The
results indicate a role for p38 MAPK in the regigatof TGF-beta-induced anti-proliferative

effects.

Without wishing to be bound by theory, the presewntors propose that ALK and p38 belong
to a pathway that negatively regulates long-terrmteaance of stem cells, in particular, human

epithelial stem cells. The inventors hypothesisg itfthibitors that act at any level on this
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pathway, including, for example, by inhibiting Sr#sl signalling, would also be beneficial for

stem cell culture. Smads play a key role in TGRalsggnalling.

In some embodiments an inhibitor of the inventiordb to and reduces the activity
serine/threonine protein kinase selected from tbegcomprising: TGF-beta receptor kinase 1,
ALK4, ALK5, ALK7, p38.

In some embodiments of the invention, the cultuegelionm comprises a TGF-beta inhibitor,
meaning any inhibitor that, directly or indirecthegatively regulates TGF-beta signalling. In
some embodiments, a culture medium of the inverd@nprises one or more TGF-beta
inhibitor that binds to and reduces the activityné or more serine/threonine protein kinases

selected from the group consisting of ALK5, ALK4GF-beta receptor kinase 1 and ALK?7.

ALK4, ALK5 and ALK7 are all closely related recepmf the TGF-beta superfamily. ALK4
has Gl number 91; ALK5 (also known as TGF-betaptarekinase 1) has Gl number 7046; and
ALK7 has Gl number 658. In one embodiment, an inbitaccording to the invention binds to
and reduces the activity of ALK4, ALK5 (TGF-betaeptor kinase 1) and/or ALK7. In another
embodiment, the TGF-beta receptor binds to andceithe activity of a Smad protein, for
example R-SMAD or SMAD1-5 (i.e. SMAD 1, SMAD 2, SNDA3, SMAD 4 or SMAD 5). In a

preferred embodiment, the culture medium of themivon comprises an inhibitor of ALKS5.

Various methods for determining if a substanceT&&-beta inhibitor are known. For example,
a cellular assay may be used, in which cells aal\stransfected with a reporter construct
comprising the human PAI-1 promoter or Smad bindimgs, driving a luciferase reporter gene.
Inhibition of luciferase activity relative to cootrgroups can be used as a measure of compound
activity (De Gouville et al., Br J Pharmacol. 20@&y; 145(2): 166-177). Another example is
the AlphaScreen® phosphosensor assay for measurefrienase activity (Drew A E et al.,
Comparison of 2 Cell-Based Phosphoprotein Assagifiport Screening and Development of
an ALK Inhibitor J Biomol Screen. 16(2) 164-173120.

Various TGF-beta inhibitors are known in the aor @xample, see Table 1). In some
embodiments the inhibitor that directly or indilgategatively regulates TGF-beta signalling is
selected from the group consisting of A83-01, SRR, SB-505124, SB-525334, SD-208,
LY-36494 and SJN-2511.

In some embodiments of the invention, the cultueglitnm comprises a p38 inhibitor, meaning
any inhibitor that, directly or indirectly, negadly regulates p38 signalling. In some
embodiments, an inhibitor according to the invemtiinds to and reduces the activity of p38 (Gl
number 1432). p38 protein kinases are part ofah@ly of mitogen-activated protein kinases

(MAPKSs). MAPKs are serine/threonine-specific protkinases that respond to extracellular
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stimuli, such as environmental stress and inflaromyatytokines, and regulate various cellular
activities, such as gene expression, mitosis, réiffiiation, proliferation, and cell
survival/apoptosis. The p38 MAPKSs exista$, B2,y andd isoforms. A p38 inhibitor is an
agent that binds to and reduces the activity téadt one p38 isoform. Various methods for
determining if a substance is a p38 inhibitor arevkn, and might be used in conjunction with
the invention. Examples include: phospho-specifitbady detection of phosphorylation at
Thr180/Tyr182, which provides a well-establishedaswee of cellular p38 activation or
inhibition; biochemical recombinant kinase ass#iysior necrosis factor alpha (TNFsecretion
assays; and DiscoverRx high throughput screenitfiopin for p38 inhbitors (see
http:/www.discoverx.com/kinases/literature/biocheaticollaterals/DRx_poster_p38%20KBA.

pdf). Several p38 activity assay kits also exigy.(Millipore, Sigma-Aldrich).

The inventors hypothesise that in some embodimhbigh,concentrations (e.g. more than 100
nM, or more than 1uM, more than 10 uM, or more th@@ uM) of a p38 inhibitor may have the
effect of inhibiting TGF-beta. However, the invergtalo not wish to be constrained by this

hypothethis and in other emobodiments, the p3&itdridoes not inhibit TGF-beta signalling.

Various p38 inhibitors are known in the art (foemple, see Table 1). In some embodiments,
the inhibitor that directly or indirectly negatiyalegulates p38 signalling is selected from the
group consisting of SB-202190, SB-203580, VX-70X-¥45, PD-169316, RO-4402257 and
BIRB-796.In a further embodiment of the inventitdme culture medium comprises both: a) an
inhibitor that binds to and reduces the activityanfy one or more of the kinases from the group
consisting of: ALK4, ALKS5 and ALK7; and b) an inhibr that binds to and reduces the activity
of p38. In a preferred embodiment, the culture mmedtomprises an inhibitor that binds to and

reduces the activity of ALKS5 and an inhibitor thatds to and reduces the activity of p38.

In one embodiment, an inhibitor according to theeimtion binds to and reduces the activity of
its target (for example, TGF-beta or p38) by mbiant10%; more than 30%; more than 60%;
more than 80%; more than 90%; more than 95%; oert@n 99% compared to a control, as
assessed by a cellular assay. Examples of ceflatays for measuring target inhibition are well

known in the art as described above.

An inhibitor according to the invention may havel@b0 value equal to or less than 2000nM;
less than 1000nM; less than 100nM; less than 50e88;than 30nM; less than 20nM or less
than 10nM. The IC50 value refers to the effectiwsnaf an inhibitor in inhibiting its target’s
biological or biochemical function. The IC50 indiea how much of a particular inhibitor is
required to inhibit a kinase by 50%. IC50 values ba calculated in accordance with the assay

methods set out above.
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An inhibitor according to the invention may act quetitively, non-competitively,
uncompetitively or by mixed inhibition. For exampie certain embodiments, an inhibitor may

be a competitive inhibitor of the ATP binding potkéthe target kinase.

Inhibitors according to the invention may exisvarious forms, including natural or modified
substrates, enzymes, receptors, small organic mlecsuch as small natural or synthetic
organic molecules of up to 2000Da, preferably 800Dkss, peptidomimetics, inorganic
molecules, peptides, polypeptides, antisense dligentides aptamers, and structural or
functional mimetics of these including small moliesu The inhibitor according to the invention
may also be an aptamer. As used herein, the tgotarteer” refers to strands of oligonucleotides
(DNA or RNA) that can adopt highly specific threeseénsional conformations. Aptamers are
designed to have high binding affinities and speitiés towards certain target molecules,

including extracellular and intracellular proteins.

For example, the inhibitor may be a small synthetatecule with a molecular weight of
between 50 and 800 Da, between 80 and 700 Da, éeth@ and 600 Da or between 150 and
500 Da.

In some embodiments, the small-molecule inhibitonprises a pyridinylimidazole or a 2,4-

disubstituted pteridine or a quinazoline, for exgpmprises:

N

N
AN
!
W\ )

—NH

I\:{ N = N
) o G
7 OR "N °N" OR &

Particular examples of inhibitors that may be useaccordance with the invention include, but
are not limited to: SB-202190, SB-203580, SB-206®B-227931, VX-702, VX-745, PD-
169316, RO-4402257, BIRB-796, A83-01 SB-431542,99B124, SB-525334, LY 364947,
SD-208, SJIN 2511 (see table 1). A culture medibithe@invention may comprise one or more
of any of the inhibitors listed in table 1. A cukumedium of the invention may comprise any
combination of one inhibitor with another inhibittsted. For example, a culture medium of the
invention may comprise SB-202190 or SB-203580 0B-A8; or a culture medium of the
invention may comprise SB-202190 and A83-01; aultuce medium of the invention may
comprise SB-203580 and A83-01. The skilled persitirappreciate that other inhibitors and
combinations of inhibitors which bind to and redtioe activity of the targets according to the
invention, may be included in a culture medium culiure medium supplement in accordance

with the invention.

Inhibitors according to the invention may be adttethe culture medium to a final concentration

that is appropriate, taking into account the IC&lug of the inhibitor.
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For example, SB-202190 may be added to the cutbedium at a concentration of between 50
nM and 100 uM, or between 100 nM and 50 uM, or ketwl uM and 50 uM. For example, SB-
202190 may be added to the culture medium at appetzly 10 uM.

SB-203580 may be added to the culture medium aheeantration of between 50 nM and 100
uM, or between 100 nM and 50 uM, or between 1 ulllzZhuM. For example, SB-203580 may

be added to the culture medium at approximatelyNO

VX-702 may be added to the culture medium at a eotmation of between 50 nM and 100 uM,
or between 100 nM and 50 uM, or between 1 uM and\M5For example, VX-702 may be

added to the culture medium at approximately 5 uM.

VX-745 may be added to the culture medium at a eotmation of between 10 nM and 50 uM, or
between 50 nM and 50 uM, or between 250 nM andM.ORor example, VX-745 may be added

to the culture medium at approximately 1 uM.

PD-169316 may be added to the culture medium aheentration of between 100 nM and 200
uM, or between 200 nM and 100 uM, or between 1 all 50 uM. For example, PD-169316

may be added to the culture medium at approxima@IyM.

R0O-4402257 may be added to the culture mediuntaheentration of between 10 nM and 50
uM, or between 50 nM and 50 uM, or between 500 nkll 20 uM. For example, RO-4402257

may be added to the culture medium at approximdteiy!.

BIRB-796 may be added to the culture medium atreentration of between 10 nM and 50 uM,
or between 50 nM and 50 uM, or between 500 nM &hdM. For example, BIRB-796 may be

added to the culture medium at approximately 1 uM.

A83-01 may be added to the culture medium at aerunation of between 10 nM and 10 uM, or
between 20 nM and 5 uM, or between 50 nM and 1fkdd.example, A83-01 may be added to

the culture medium at approximately 500 nM.

SB-431542 may be added to the culture medium aheantration of between 80 nM and 80
uM, or between 100 nM and 40 uM, or between 500amd 10 uM. For example, SB-431542

may be added to the culture medium at approximateiy!.

SB-505124 may be added to the culture medium aheentration of between 40 nM and 40
uM, or between 80 nM and 20 uM, or between 200 nil AuM. For example, SB-505124 may

be added to the culture medium at approximatelyr8@0

SB-525334 may be added to the culture medium ahaentration of between 10 nM and 10
uM, or between 20 nM and 5 uM, or between 50 nMandl. For example, SB-525334 may be

added to the culture medium at approximately 100 nM
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or between 80 nM and 20 uM, or between 200 nM anlfl 1For example, LY 36494 may be

added to the culture medium at approximately 500 nM

Table 1: Exemplary inhibitors according to the imtien

IC50
Inhibitor Targets (nM) Mol Wt | Name Formula
A83-01 ALK5 12 421.52 | 3-(6-Methyl-2- C25H19N5S
(TGF{$R1) pyridinyl)-N-phenyl-4-
ALK4 45 (4-quinolinyl)-1H-
ALKY 7.5 pyrazole-1-
carbothioamide
SB-431542 | ALKS 94 384.39 | 4-[4-(1,3-benzodioxol- | C22H16N403
ALK4 5-yl)-5-(2-pyridinyl)-
ALK7 1H-imidazol-2-
yllbenzamide
SB-505124 | ALK5 47 335.4 | 2-(5-benzo[1,3]dioxol- | C20H21N302
ALK4 129 5-yl-2-tert-butyl-
3Himidazol-
4-yl)-6-methylpyridine
hydrochloride hydrate
SB-525334 | ALK5 14.3 343.42 | 6-[2-(1,1- C21H21N5
Dimethylethyl)-5-(6-
methyl-2-pyridinyl)-
1H-imidazol-4-
ylJquinoxaline
SD-208 ALK5 49 352.75 C17H10CIFNG6
2-(5-Chloro-2-
fluorophenyl)-4-[(4-
pyridyl)amino]pteridine
LY-36494 | TGR$RI |59 272.31 | 4-[3-(2-Pyridinyl)-1H- | C17H12N4
TGF$RII | 400 pyrazol-4-yl]-quinoline
MLK-7K 1400
LY364947 | ALK5 59 272.30 | 4-[3-(2-pyridinyl)-1H- CiH1Nyg
pyrazol-4-yl]-quinoline
SJN-2511 | ALK5 23 287.32 | 2-(3-(6- C17H13N5
Methylpyridine-2-yl)-
1H-pyrazol-4-yl)-1,5-
naphthyridine
SB-202190 | p38 MAP | 38 331.35 | 4-[4-(4-Fluorophenyl)- | C20H14N3OF
kinase 5-(4-pyridinyl)-1H-
p38u 50 imidazol-2-yl]phenol
p383 100
SB-203580 | p38 50 4-[5-(4-Fluorophenyl)- | C21H16FN30S
p3832 500 2-[4-
(methylsulfonyl)phenyl
]-1H-imidazol-4-
377.44 | yllpyridine
VX-702 p38&: 4-20; 6- C19H12F4N402
(Kd = [(Aminocarbonyl)(2,6-
3.7) difluorophenyl)amino]-
p383 Kd =17 | 404.32 | 2-(2,4-difluorophenyl)-




10

13

3-pyridinecarboxamide

VX-745 p3&: 10 436.26 | 5-(2,6-Dichlorophenyl)4 C19H9CI2F2N3
2-[2,4- oS
difluorophenyl)thio]-

6H-pyrimido[1,6-
b]pyridazin-6-one

PD-169316 | p38 89 360.3 4-[5-(4-fluorophenyl)- | C20H13FN40O
2-(4-nitrophenyl)-1H-
imidazol-4-yl]-pyridine

RO- p38u 14 Pyrido[2,3-d]pyrimidin-
4402257 7(8H)-one,6-(2,4-
difluorophenoxy)-2-[[3-
hydroxy-1-(2-
hydroxyethyl)propyl]a
mino]-8-methyl-

p3%B 480

BIRB-796 | p38 4 527.67 | 1-[2-(4-methylphenyl)- | C31H37N503
5-tert-butyl-pyrazol-3-
yl]-3-[4-(2-morpholin-
4-ylethoxy)naphthalen-
1-yllurea::3-[2-(4-
methylphenyl)-5-tert-
butyl-pyrazol-3-yl]-1-
[4-(2-morpholin-4-
ylethoxy)naphthalen-1-
yllurea ::3-[3-tert-butyl-
1-(4-methylphenyl)-
1H-pyrazol-5-yl]-1-{4-
[2-(morpholin-4-
yl)ethoxy]naphthalen-

1-yllurea

SD-208 may be added to the culture medium at aecdration of between 40 nM and 40 uM, or
between 80 nM and 20 uM, or between 200 nM and 1k example, SD-208 may be added

to the culture medium at approximately 500 nM.

LY364947 may be added to the culture medium atna@atration of between 40 nM and 40 uM,
or between 80 nM and 20 uM, or between 200 nM anlfl LFor example, LY364947 may be

added to the culture medium at approximately 500 nM

SJIN 2511 may be added to the culture medium abeetration of between 20 nM and 20 uM,
or between 40 nM and 10 uM, or between 100 nM anlfl LFor example, SIN 2511 may be

added to the culture medium at approximately 200 nM

Thus, in some embodiments the inhibitor that diyemt indirectly, negatively regulates TGF-
beta or p38 signalling is added to the culture mn@dat a concentration of between 1nM and 100
uM, between 10 nM and 1QM, between 100 nM and 1M, or approximately 1iM, for
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example, wherein the total concentration of the @more inhibitor is between 10 nM and 100

uM, between 100 nM and 1M, or approximately 1uM.

Additionally to the inhibitor, cell culture mediagerally contain a number of components which
are necessary to support maintenance and/or expamisihe cultured cells. A cell culture
medium of the invention will therefore normally ¢aim many other components in addition to
an inhibitor according to the invention. Suitabterbinations of components can readily be
formulated by the skilled person, taking into agddhe following disclosure. A culture medium
according to the invention will generally be a marit solution comprising standard cell culture
components, such as amino acids, vitamins, inocgzalis, a carbon energy source, and a buffer
as described in more detail below. Other standalfcdcalture components that may be included
in the culture include hormones, such as progestemaroteins, such as albumin, catalase,
insulin and transferrin. These other standardaétlre components make up the “basal” culture

medium.

A culture medium according to the invention maygeeerated by modification of an existing
cell culture medium. The skilled person will undarsl from common general knowledge the
types of culture media that might be used for stefhculture. Potentially suitable cell culture
media are available commercially, and include,asatnot limited to, Dulbecco's Modified Eagle
Media (DMEM), Minimal Essential Medium (MEM), Knookt-DMEM (KO-DMEM),

Glasgow Minimal Essential Medium (G-MEM), Basal Mad Eagle (BME), DMEM/Ham'’s

F12, Advanced DMEM/Ham's F12, Iscove’s Modified betco’s Media and Minimal Essential
Media (MEM), Ham's F-10, Ham’s F-12, Medium 199d&PMI 1640 Media. Thus, in some
embodiments, one of these pre-existing cell cultoeelia is used as the basal culture medium to
which is added the inhibitor that, directly or iretitly, negatively regulates TGF-beta or p38

signalling, and, optionally, to which is added @manore other components as described herein.

In some embodiments, the culture medium of therihea comprises one or more additional
components selected from: a BMP inhibitor, a Wrdrast, a receptor tyrosine kinase ligand, a
Rock inhibitor, nicotinamide and gastrin. In soneb@diments, the culture medium of the
invention comprises any one of Rspondin 1-4 anailoRspondin mimic, a TGF-beta inhibitor, a

BMP inhibitor (for example, Noggin) and a Wnt agir(for example, Wnt(3a)).

In some embodiments, the culture medium of theritisa comprises any one of Rspondin 1-4
and/or an Rspondin mimic, a BMP inhibitor (for exde) Noggin), a TGF-beta inhibitor, a
receptor tyrosine kinase ligand (for example, EG®Rgptinamide, a Wnt agonist (for example,
Wnt(3a)), and optionally one or more additional poments selected from: a p38 inhibitor,
gastrin, FGF10, HGF and a Rock inhibitor. The @l additional components may be added
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for optimisation of the culture medium for cultuginells originating from particular tissues, as

explained in more detail later on.

The culture media of the invention may comprise anmore bone morphogenetic protein
(BMP) inhibitor. BMP ligands signal as dimers bgasibling a quadripartite transmembrane
serine/threonine kinase receptor complex consistirigyo type | and two type Il receptors.
Complex assembly initiates a phosphorylation caseativating the BMP responsive
Smads1/5/8 and resulting in changes in transcngatiactivity. Advantageously, the present
inventors show that BMP inhibitors promote exprasf Lgr5, and so the presence of a BMP
inhibitor in a culture medium of the invention wlikely result in more proliferative organoids
than if the BMP inhibitor is absent (for examplee€xample 3). Thus, BMP inhibitors are an
advantageous component of expansion media of Heation. Thus, the use of a BMP inhibitor
is advantageous in the use of an expansion mediuen vt is desirable to culture the cells for at

least 3 months (e.g. at least 4, 5, 6, 7, 8 or 8th®) without the cells differentiating.

Several classes of natural BMP-binding proteinskamavn, including Noggin (Peprotech),
Chordin and chordin-like proteins (R&D systems) poising chordin domains, Follistatin and
follistatin-related protines (R&D systems) compnigia follistatin domain, DAN and DAN-like
proteins (R&D systems) comprising a DAN cysteinkdomain, sclerostin/ SOST (R&D
systems) and apha-2 macroglobulin (R&D system®BMP inhibitor is an agent that binds to a
BMP molecule to form a complex wherein the BMP\attiis reduced, for example by
preventing or inhibiting the binding of the BMP raeolle to a BMP receptor. Alternatively, the
inhibitor may be an agent that binds to a BMP remreand prevents binding of a BMP ligand to
the receptor, for example, an antibody that bihésreéceptor. A BMP inhibitor may be a protein
or small molecule and may be naturally occurringdified, and/or partially or entirely
synthetic. A BMP inhibitor of a culture medium betinvention may be Noggin, DAN, or
DAN-like proteins including Cerberus and Gremlirg{R systems). These diffusible proteins
are able to bind a BMP ligand with varying degrekaffinity and inhibit their access to
signalling receptors. A preferred BMP inhibitor fese in a culture medium of the invention is
Noggin. Noggin may be used at any suitable conagatr. In some embodiments, a basal
medium of the culture medium of the invention maynprise between about 10 ng/ml and about
100 ng/ml of Noggin. For example, a culture medmay comprise at least 10 ng/ml of Noggin,
at least 20 ng/ml of Noggin, at least 50 ng/ml ofglyin, at least 100 ng/ml of Noggin,
approximately 100 ng/ml of Noggin or 100 ng/ml addgin. In some embodiments, a culture
medium may comprise less than 200 ng/ml of Nodgsg than 150 ng/ml of Noggin, less than
100 ng/ml of Noggin, less than 75 ng/ml of Nogdéss than 50 ng/ml of Noggin or less than 30
ng/ml of Noggin. The BMP inhibitor may be addedhe culture medium every second day

during culturing, or every day during culturing,ewery third day, every fourth day, every fifth
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day or as required. BMP inhibitors are particulativantageous components of the expansion
media, for example for expanding pancreas, smisime, colon, liver, prostate stem cells.
However, Noggin has been shown to prevent somerdittiation (for example, see example 3).
Therefore, in some embodiments a BMP inhibitoxidwled from a differentiation medium of

the invention.

In some embodiments, cells cultured with a BMPhitbir have upregulated expression of Lgr5
compared to cells cultured without a BMP inhibitbherefore, addition of a BMP inhibitor
typically results in more proliferative organoidsis is surprising, because in the literature it is
described that BMP activity is useful for the diffatiation of pancreatic cells into both the
ductal (see keratin7 and 19 expression) and ermdocalls. Thus, the skilled person would
expect the inclusion of a BMP inhibitor, such aghjio, to decrease proliferation and to increase
differentiation. However, the inventors surprisinépund that the use of a BMP inhibitor was
advantageous because it resulted in more proliferatganoids and higher expression of
Lgr5.The culture media of the invention may compisie or more Wnt agonist. The Wnt
signalling pathway is defined by a series of evémas occur when a Wnt protein binds to a cell-
surface receptor of a Frizzled receptor family memihis results in the activation of
Dishevelled family proteins which inhibit a complekproteins that includes axin, GSK-3, and
the protein APC to degrade intracellular beta-daterhe resulting enriched nuclear beta-
catenin enhances transcription by TCF/LEF famaysgcription factors. A Wnt agonist is
defined as an agent that activates TCF/LEF-mediaa@dcription in a cell. Wnt agonists are
therefore selected from true Wnt agonists that bimdl activate a Frizzled receptor family
member including any and all of the Wnt family @ias, an inhibitor of intracellular beta-
catenin degradation, and activators of TCF/LEFd S¢¥nt agonist stimulates a Wnt activity in a
cell by at least 10%, more preferred at least 20%e preferred at least 30%, more preferred at
least 50%, more preferred at least 70%, more pexfet least 90%, more preferred at least
100%, relative to a level of said Wnt activity etabsence of said molecule. As is known to a
skilled person, a Wnt activity can be determinedri®asuring the transcriptional activity of
Whnt, for example by pTOPFLASH and pFOPFLASH Tcfifeiase reporter constructs (Korinek
et al, 1997 Science 275 1784-1787).

In some embodiments, a Wnt agonist comprises &teecglycoprotein including Wnt- I/Int-1,
Whnt- 2/Irp (InM -related Protein), Wnt-2b/13, Wnth®-4, Wnt-3a (R&D sytems), Wnt- 4, Wnt-
5a, Wnt-5b, Wnt-6 (Kirikoshi H et al 2001 Biocheriophys Res Com 283 798-805), Wnt-7a
(R&D systems), Wnt-7b, Wnt-8a/8d, Wnt-8b, Wnt-9a/tht- 9b/14b/15, Wnt-10a, Wnt-
10b/12, WnM |, and Wnt-16. An overview of human Mgnoteins is provided in "THE WNT
FAMILY OF SECRETED PROTEINS", R&D Systems Catal@@04. Further Wnt agonists

include the R-spondin family of secreted protewlsich is implicated in the activation and
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regulation of Wnt signaling pathway and which isngwised of 4 members (R-spondin 1
(NU206, Nuvelo, San Carlos, CA), R-spondin 2 ((R&®tems), R-spondin 3, and R-spondin-
4), and Norrin (also called Nome Disease ProteiNDP) (R&D systems), which is a secreted
regulatory protein that functions like a Wnt prate that it binds with high affinity to the
Frizzled-4 receptor and induces activation of that 8ignaling pathway (Kestutis Planutis et al
(2007) BMC Cell Biol 8 12). In some embodimentse am more Wnt agonists for use in the
invention is an R-spondin mimic, for example anragoof Lgr5 such as an anti-Lgr5 antibody.
A small-molecule agonist of the Wnt signaling paélgywan aminopyrimidine derivative, was
recently identified and is also expressly includsdh Wnt agonist (Lm et al (2005) Angew
Chem Int Ed Engl 44, 1987-90).

In some embodiments, the Wnt agonist is a GSK-itdgribknown GSK-inhibitors comprise
small-interfering RNAs (siRNA, Cell Signaling),Hium (Sigma), kenpaullone (Biomol
International, Leost, M et al (2000) Eur J Bioch2&7, 5983-5994), 6-Bromoindirubin-30-
acetoxime (Meyer, L et al (2003) Chem Biol 10, 1-22%6), SB 216763 and SB 415286
(Sigma-Aldrich), and FRAT-family members and FRA@rg&ed peptides that prevent
interaction of GSK-3 with axin. An overview is pided by Meijer et al , (2004) Trends in
Pharmacological Sciences 25, 471-480, which isdygreorporated by reference. Methods and
assays for determining a level of GSK-3 inhibitame known to a skilled person and comprise,
for example, the methods and assay as descridadaret al 2004, Endocrinology, 145(6) 2941-
2949.

In some embodiments, the Wnt agonist is an inhilmtdRNF43 or ZNRF3. The inventors have
discovered that RNF43 and ZNRF3 reside in thermnelhbrane and negatively regulate levels of
the Wnt receptor complex in the membrane, probbplybiquitination of Frizzled. Therefore,

the inventors hypothesise that inhibition of RNEB4ZNRF3 with antagonistic antibodies,

RNAI or small molecule inhibitors would indirecttimulate the Wnt pathway. RNF43 and
ZNRF3 have a catalytic ring domain (with ubiquitioa activity), which can be targeted in

small molecule inhibitor design. Several anti-RNBiBibodies and several anti-ZNRF3
antibodies are available commercially. In some attithents, such antibodies are suitable Wnt

agonists in the context of the invention.

In some embodiments, said Wnt agonist is selectad the group consisting of Wnt-3a, a GSK-
inhibitor (such as CHIR99021), Wnt 5, Wnt-6a, Nortand any other Wnt family protein.

In some embodiments, said Wnt agonist comprisesmsists of any one of Rspondin 1,
Rspondin 2, Rspondin 3 or Rspondin 4. In a prefeerabodiment, said Wnt agonist is selected
from one or more of a Wnt family member, R-spontih, Norrin, and a GSK-inhibitor. In some
embodiments, said Wnt agonist is a GSK-3 inhibgach as CHIR99021 (Stemgent 04-0004).
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In some embodiments, CHIR99021 is added to thereuthedium to a final concentration of
between 50 nM and 100 uM, for example between M@nd 50 uM, between 1 uM and 10
uM, between 1 uM and 5 uM, or 3 uM. In some embwtts in which a GSK-3 inhibitor is
used, the GSK-3 inhibitor is not BIO (6-bromoindina-3’-oxime, Stemgent 04-0003). It was
found by the inventors that the addition of at tease Wnt agonist to the basal culture medium

is essential for proliferation of the epitheliatst cells or isolated crypts.

In a further preferred embodiment, said Wnt agarestprises or consists of R-spondin 1 or R-
spondin-4. R-spondin 1, R-spondin 2, R-spondin B-spondin 4 is preferably added to the
basal culture medium at a concentration of at [&8@stg/ml, more preferred at least 100 ng/ml,
more preferred at least 200 ng/ml, more prefertéeicast 300 ng/ml, more preferred at least 500
ng/ml. A most preferred concentration of R-sporidiR-spondin 2, R-spondin 3 or R-spondin 4
is approximately 500 ng/ml or 500 ng/ml. In someébediments, R-spondin 1, R-spondin 2, R-
spondin 3 or R-spondin 4 is added to the culturdinme at a concentration of at least 500 ng/ml,
at least 600 ng/ml, at least 700 ng/ml, at lea6tr@fml, at least 900 ng/ml, at least 1 ug/ml, at
least 1.5 ug/ml or at least 2 ug/ml. In anothefggred embodiment, R-spondin 1, R-spondin 2,
R-spondin 3 or R-spondin 4 is added to the culoedium at a concentration of approximately
1 ug/ml or 1 ug/ml. In some embodiments, R-sporddiR-spondin 2, R-spondin 3 or R-spondin
4 is added to the basal culture medium at a coratént of less than 1000 ng/ml, for example,
less than 800 ng/ml, less than 600 ng/ml, less 5B&mg/ml, less than 500 ng/ml, less than 400
ng/ml, less than 300 ng/ml or less than 200 ngdmless than 100 ng/ml. In some embodiments,
two or more (e.g. 2, 3 or 4) of Rspondin 1, RsporjiRspondin 3 and Rspondin 4 (“Rspondin
1-4") are added to the medium. Preferably, whendwmore of Rspondin 1-4 are added, the
total concentration of Rspondin amounts to the eatrations described above. Where culture
media described herein are said to comprise “Rspdnrd”, it is meant that the medium
comprises any one or more of Rspondin 1, Rspondisgondin 3 and Rspondin 4.Where
culture media described herein are said to compiRspondin”, it is meant that the medium
comprises any one or more of Rspondin 1, Rspondis@ondin 3, Rspondin 4 and an

Rspondin mimic.

During culturing of stem cells, said Wnt family mieen is preferably added to the culture

medium every second day, while the culture medsinefreshed preferably every fourth day.

In a preferred embodiment, a Wnt agonist is sediefttan the group consisting of R-spondin,
Wnt-3a and Wnt-6. More preferably, R-spondin and‘8aare both used as Wnt agonist. This
combination is particularly preferred since thisntnation surprisingly has a synergistic effect
on organoid formation. Preferred concentrationsagpaoximately 500 ng/ml or 500 ng/ml for

R-spondin and approximately 100 ng/ml or 100 ndémWnt3a.
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The culture media of the invention may comprise anmore receptor tyrosine kinase ligands.
An example of a receptor tyrosine kinase ligandut® in the invention is EGF, which is the
ligand for the receptor tyrosine kinase EGFR. Maageptor tyrosine kinase ligands are also

mitogenic growth factors.

The culture media of the invention may comprise aneore mitogenic growth factor. The one
or more mitogenic growth factor may be selectechfeofamily of growth factors comprising
epidermal growth factor (EGF, Peprotech), Transfognsrowth Factor-alpha (TGF-alpha,
Peprotech), basic Fibroblast Growth Factor (bFGprétech), brain-derived neurotrophic factor
(BDNF, R&D Systems), and Keratinocyte Growth Fa¢iGF, Peprotech). EGF is a potent
mitogenic factor for a variety of cultured ectodatrand mesodermal cells and has a profound
effect on the differentiation of specific cellsvivo andin vitro and of some fibroblasts in cell
culture. The EGF precursor exists as a membraneeomwlecule which is proteolytically
cleaved to generate the 53-amino acid peptide hoertiwat stimulates cells. A preferred
mitogenic growth factor is EGF. EGF is preferabiiglad to the basal culture medium at a
concentration of between 5 and 500 ng/ml or ofast 5 and not higher than 500 ng/ml. A
preferred concentration is at least 10, 20, 2548045, or 50 ng/ml and not higher than 500,
450, 400, 350, 300, 250, 200, 150, or 100 ng/mhdke preferred concentration is at least 50
and not higher than 100 ng/ml. An even more preteaoncentration is about 50 ng/ml or 50
ng/ml. The same concentrations could be used F&Fg, preferably for FGF10 or FGF7. If
more than one FGF is used, for example FGF7 andlBGRe concentration of a FGF is as
defined above and refers to the total concentratfdfGF used. During culturing of stem cells,
said mitogenic growth factor is preferably addethculture medium every second day, while
the culture medium is refreshed preferably evewytfoday. Any member of the FGF family
may be used. Preferably, FGF7 and/or FGF10 is B&#€V is also known as KGF (Keratinocyte
Growth Factor). In a further preferred embodimentpmbination of mitogenic growth factors
such as, for example, EGF and KGF, or EGF and BO#N&dded to the basal culture medium.
In a further preferred embodiment, a combinatiom@bgenic growth factors such as, for
example, EGF and KGF, or EGF and FGF10, is add#uktbasal culture medium. The
mitogenic growth factor may be added to a cultuedlian at a concentration of between 5 and
500 nanogram/ml or at least 5 and not more thamad@gram/ml, for example at least 10, 20,
25, 30, 40, 45, or 50 ng/ml and not higher than, 880, 400, 350, 300, 250, 200, 150, or 100
ng/ml. The mitogenic growth factor may be seledteth the group consisting of EGF, TGF-
alpha, KGF, FGF7 and FGF. Preferably, a mitogesitdr is selected from the groups
consisting of EGF, TGF-alpha and KGF or from EGE&FFalpha and FGF7 or from EGF, TGF-
alpha and FGF or from EGF and KGF or from EGF a@&F or from EGF and a FGF or from
TGF-alpha and KGF or from TGF-alpha and FGF7 omficGF-alpha and a FGF. EGF may be
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replaced by TGF-alpha. In some embodiments, thegmitic growth factor is hepatocyte growth

factor (HGF). In some embodiments, HGF is addeti¢cculture medium.

In some embodiments, the receptor tyrosine kingaad is a mitogenic growth factor, for
example selected from a family of growth factorasisting of epidermal growth factor (EGF),
Transforming Growth Factor-alpha (TGF-alpha), b&sioroblast Growth Factor (bFGF), brain-
derived neurotrophic factor (BDNF), Hepatocyte gitovactor (HGF) and Keratinocyte Growth
Factor (KGF).

ROCK inhibitors, such as Y-27632 (1; Sigma), can be included in any of the media
described, in particular in the first few days oftare before performing cell sorting
experiments, because it is known to avoid anoiki®(m of programmed cell death which is
induced by anchorage-dependent cells detachingtiiersurrounding extracellular matrix).
Therefore, any of the media defined herein, maytiaally comprise a ROCK inhibitor for the
first few days. In some embodiments, the culturdimef the invention additionally comprises a
ROCK inhibitor, such as Y-27632, for example fae first few days of culture before

performing cell sorting experiments.

A further embodiment of a method according to theehtion comprises a culture medium
comprising a Rock (Rho-kinase) inhibitor. The aidditof a Rock inhibitor was found to prevent
anoikis, especially when culturing single stemsefaid Rock inhibitor is preferably selected
from R-(+)-trans-4-(I-aminoethyl)-N-(4-Pyridyl)cyathexanecarboxamide dihydrochloride
monohydrate (Y-27632, Sigma- Aldrich), 5-(I ,4-dégan- I-ylsulfonyl)isoquinoline (fasudil or
HA1077, Cayman Chemical), and (S)-(+)-2-methyl-methyl-5-isoquinolinyl)sulfonyl] -
hexahydro-1H- 1,4-diazepine dihydrochloride (H-21bocris Bioschience). Said Rho-kinase
inhibitor, for example Y-27632, is preferably addedhe culture medium every second day
during the first seven days of culturing said staifs. A Rock inhibitor is preferably included in
the medium in the first few days e.g. for the fits®, 3, 4, 5, 6 or 7 days of culture after single
cell seeding or after a split. Any suitable concatidn of the Rock inhibitor may be used, for
example, 1-200 uM, 1-100 uM, 5-50 uM or approximafi®uM. A preferred concentration for
Y27632 is 10uM. Therefore, in some embodimentsjrtiention provides a method for

culturing stem cells and/or a method for obtairangorganoid wherein a Rock inhibitor is added
to the culture medium for the first 1, 2, 3, 465r 7 days, optionally every second day. In some
embodiments, the Rock inhibitor is not added tociléure medium after the first 2, 3, 4, 5, 6, 7,
8, 9 or 10 days.

Addition of a Rock inhibitor is particularly imp@mt when culturing single stem cells (as
mentioned above), i.e. when the starting mategiahf organoid is a single stem cell. Therefore,

in some embodiments the invention provides a metbiodbtaining an organoid, wherein the
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method comprises culturing stem cells, optiondltgle stem cells, wherein a Rock inhibitor is
added to the culture medium for the first 1, 24,3, 6 or 7 days, optionally every second day,
and optionally not adding the Rock inhibitor to thédture medium after the first 2, 3, 4, 5, 6, 7,
8, 9 or 10 days.

The Rock inhibitor is less important, and sometimasnecessary, when culturing multiple
cells, for example when the starting material foioeganoid is a tissue fragment. Therefore, in
some embodiments, the invention provides a metboditaining an organoid, wherein the
method comprises culturing stem cells, optionaltissue fragment, wherein the Rock inhibitor
is not added to the culture medium either at a#ifter the first 2, 3, 4, 5, 6, 7, 8, 9 or 10 days.

After the cells are split into multiple culturesRack inhibitor may be added to the culture
medium in the same way, meaning for the first B,2, 5, 6 or 7 days, optionally every second
day, after the split, particularly when the spiivdlves taking single stem cells from a first
culture and placing these into a second culturhefsplit involves taking multiple stem cells
from the first culture and placing these into aosekculture then addition of a Rock inhibitor is
less important, and sometimes not necessary. Tdrereéh some embodiments, wherein the
method for obtaining organoids or for culturingmsteells involves a split, optionally where a
single cell is involved in the split, a Rock inHiniis added to the new culture medium for the
first1, 2, 3, 4, 5, 6 or 7 days, optionally eveecond day, after the split. In some embodiments,
wherein the method for obtaining organoids or idtwring stem cells involves a split,
optionally where multiple cells are involved in tbit, is not added to the culture medium
either at all or after the first 2, 3, 4, 5, 6879 or 10 days.

In yet a further embodiment, a method accordintpéanvention comprises a culture medium
further comprising a Notch agonist. Notch signalvag been shown to play an important role in
cell-fate determination, as well as in cell surViaad proliferation. Notch receptor proteins can
interact with a number of surface-bound or secrigrehds, including but not limited to Delta 1,
Jagged 1 and 2, and Delta-like 1, Delta-like 3t®&ke 4. Upon ligand binding, Notch
receptors are activated by serial cleavage eventdving members of the ADAM protease
family, as well as an intramembranous cleavagelaégnl by the gamma secretase presenilin.
The result is a translocation of the intracelldamain of Notch to the nucleus where it
transcriptionally activates downstream genes. Aepred Notch agonist is selected from Jagged
1 and Delta 1, or an active fragment or derivativareof. A most preferred Notch agonist is
DSL peptide (Dontu et al., 2004. Breast Cancer®R&605-R615) with the sequence
CDDYYYGFGCNKFCRPR. Said DSL peptide is preferabbed at a concentration between
10uM and 100nM or at least M and not higher than 100nM. The addition of a Maigonist,

especially during the first week of culturing, ieases the culture efficiency by a factor of 2-3.
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Said Notch agonist is preferably added to the caltnedium every second day during the first
seven days of culturing said stem cells. Therefarepme embodiments, the invention provides
a method for culturing stem cells and/or a metlwdbtaining an organoid wherein a Notch
agonist is added to the culture medium for the fir2, 3, 4, 5, 6 or 7 days, optionally every
second day. In some embodiments, the Notch agemsitt added to the culture medium after
the first 2, 3, 4,5, 6, 7, 8, 9 or 10 days.

A Notch agonist is defined as a molecule that daes a Notch activity in a cell by at least
10%, more preferred at least 20%, more preferréebat 30%, more preferred at least 50%,
more preferred at least 70%, more preferred at 8%, more preferred at least 100%, relative
to a level of a Notch activity in the absence afl saolecule. As is known to a skilled person, a
Notch activity can be determined by measuring thescriptional activity of Notch, for example
by a 4xwtCBFl-luciferase reporter construct as dbed (Hsieh et al, 1996 Mol Cell. Biol. 16,
952-959).

In a further embodiment, the cell culture mediuraupplemented with a gamma-secretase
inhibitor, such as DAPT or DBZ. Gamma-secretaséitdrs can influence cell fate decisions
during differentiation. For example, in some eminoelits, gamma-secretase inhibitors can
influence cell fate towards secretory cells, sushablet cells. . Any suitable concentration of
the gamma-secretase inhibitor may be used, for pbearbetween 1 nM and 10 uM, 1 nM and 1
uM, between 1 and 100 nM, or preferably betweendl2zDnM. For example, a gamma-
secretase inhibitor may be added to the culturdunetb a final concentration of approximately
1 nM.

In a further embodiment, the cell culture mediuraupplemented with gastrin (or a suitable
alternative such as Leul5-gastrin). Gastrin (aritaBle alternative) may be added to the culture
medium to a final concentration of between 1 nM 4@diM, 1 nM and 1 uM, between 5 and
100 nM, or preferably between 10 and 50nM. For eptapleul5-gastrin may be added to the
culture medium to a final concentration of approxiety 10 nM. Gastrin is not necessary for
some culture media of the invention. Thereforesame embodiments the culture medium of the
invention does not comprise gastrin. In particulgstrin is not required for culturing intestinal
stem cells or for obtaining intestinal (crypt-valor colon crypt) organoids. However, even
where gastrin is not required, it may still be atitiethe culture medium without negative

effects.

In a further embodiment, the culture medium ofithention is supplemented with
nicotinamide. Addition of nicotinamide has beenrfduo improve culture efficiency and
lifespan of human colon organoids. Nicotinamidey/tne added to the culture medium to a final

concentration of between 1 and 100 mM, betweerd®8mmM, or preferably between 5 and
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20mM. For example, nicotinamide may be added tathteire medium to a final concentration

of approximately 10 mM.

In a preferred embodiment of the invention, theéuwrel medium is supplemented with
nicotinamide and gastrin (or a suitable alternatbueh as Leul5-gastrin), wherein nicotinamide

and gastrin are added to the culture medium abéthe concentrations described above.

In some embodiments, the culture medium is suppiéedewith an activator of the
prostaglandin signalling pathway (see Figure 24aganism of the prostaglandin Beceptors
DP, and CRTH2 as an approach to treat allergic dise&s®y Pettipher, Trevor T. Hansel &
Richard ArmemNature Reviews Drug Discovery 6, 313-325 (April 2007)). For example, the
culture medium is supplemented with any one or nobtbe compounds selected from the list
comprising: Phospholipids, Arachidonic acid (AAjpstaglandin E2 (PGE2), prostaglandin G2
(PGG2), prostaglandin F2 (PGF2), prostaglandinM2H2), prostaglandin D2 (PGD2). For
example, in some embodiments, the culture mediwupplemented with PGE2 and/or AA. In
some embodiments, PGE2 is added to the mediunfitalaconcentration of at least 10 nM, for
example at least 20nM, at least 30nM, at least 4GiNeast 45nM, between 10 nM and 500
nM, between 10 nM, and 400 nM, between 10 nM ar@ir8@, between 10 nM and 200 nM,
between 10 nM and 100 nM, between 20 nM and 50Inld.preferred embodiment, PGE2 is
added to the medium to a final concentration oh®D In some embodiments, AA is added to
the medium to a final concentration of at leasgimi, at least 5 ug/ml , at least 8 ug/ml, at least
9 ug/ml, at least 10 ug/ml, for example betweem/mbiand 1000 ug/ml, between 1 ug/ ml and
500 ug/ml, between 1 ug/ml and 100 ug/ml, betweag/nl and 50 ug/ml, or between 5 ug/ml
and 20 ug/ml. In a preferred embodiment, AA is adidethe medium to a final concentration of
10 ug/ml. AA and PGE?2 are interchangeable in theteod of the culture media of the invention.
Therefore, where a culture medium described hésesaid to include PGE2, it may alternatively
include AA (at an appropriate concentration) indteAPGEZ2. Conversely, where a culture
medium described herein is said to include AA, aymalternatively include PGE2 (at an
appropriate concentration) instead of AA. Furthenemthe skilled person would understand that
where PGE2 and/or AA are included in a culture nwedof the invention, the culture medium
could instead comprise any one or more of the camg® selected from the following list in
replacement or in addition to PGE2 and/or AA: Pihadipids, prostaglandin G2 (PGG2),
prostaglandin F2 (PGF2), prostaglandin H2 (PGH2), prostaglandin D2 (PGD2).

In a futher embodiment, the culture medium of theention is supplemented with RANK ligand
(also referred to herein as RANKL). RANK ligand damuseful for directing differentiation
towards particular cell fates. For example, wherMNRAigand is included in the culture medium

for small intestinal cells, preferably in the madifor differentiating small intestinal cells, it
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results in a greater proportion of the cells baliffgrentiated into M cells. Therefore, in some
embodiments, the invention provides a culture maditomprising RANKL. In particular, the
invention provides a culture medium for culturipgeferably for differentiating small intestinal
cells, wherein the culture medium comprises RANKhy suitable concentration of the
RANKL may be used, for example, between 10ng/ml Bd@Dng/ml, between 10 and 500
ng/ml, or between 50 and 100ng/ml. For example, RANay be added to the culture medium

to a final concentration of approximately 100 ng/ml

A culture medium comprising EGF, Noggin and R-sporisireferred to herein as the “ENR
medium”. A culture medium comprising the ENR mediand a Wnt agonist such as Wnt-3a is
referred to herein as the “WENR medium”. In a pnefé embodiment of the invention, the
culture medium comprises a WENR medium. In a moefiepred embodiment of the invention,
the culture medium comprises a WENR medium suppiasewith gastrin and/or nicotinamide
(i.e., WENRg or WENR+nicotinamide or WENRg+nicotimae).

The pH of the medium may be in the range from alBduto 7.8, in the range from about 7.2 to
7.6, or about 7.4. The pH may be maintained usingfer. A suitable buffer can readily be
selected by the skilled person. Buffers that maysded include carbonate buffeey(

NaHCGQ,), and phosphates.¢. NaH,PQ,). These buffers are generally used at about 2ot
500 mg/l. Other buffers such as N-[2-hydroxyettpifjerazine-N'-[2-ethanesul-phonic acid]
(HEPES) and 3-[N-morpholino]-propanesulfonic adidPS) may also be used, normally at
around 1000 to around 10,000 mg/I. A culture medmay comprise a pH indicator, such as
phenol red, to enable the pH status of the medaibeteasily monitored (e.g. at about 5 to about
50 mg/litre).

A culture medium for use in the invention may coisgione or more amino acids. The skilled
person understands the appropriate types and asouamino acids for use in stem cell culture
media. Amino acids which may be present includdaniae, L-arginine, L-asparagine, L-
aspartic acid, L-cysteine, L-cystine, L-glutamiedad -glutamine, L-glycine, L-histidine, L-
isoleucine, L-leucine, L-lysine, L-methionine, Leylalanine, L-proline, L-serine, L-threonine,
L-tryptophan, L-tyrosine, L-valine and combinatiahsreof. Some culture media will contain
all of these amino acids. Generally, each amind atien present is present at about 0.001 to
about 1 g/L of medium (usually at about 0.01 towtil5 g/L), except for L-glutamine which is
present at about 0.05 to about 1 g/L (usually abduto about 0.75 g/L). The amino acids may

be of synthetic origin.

A culture medium for use in the invention may coisgione or more vitamins. The skilled
person understands the appropriate types and amolwitamins for use in stem cell culture

media. Vitamins which may be present include thir{vitamin B1), riboflavin (vitamin B2),
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niacin (vitamin B3), D-calcium pantothenate (vitar@i5), pyridoxal/pyridoxamine/pyridoxine
(vitamin B6), folic acid (vitamin B9), cyanocobalanfvitamin B12), ascorbic acid (vitamin C),
calciferol (vitamin D2), DL-alpha tocopherol (vitamE), biotin (vitamin H) and menadione

(vitamin K).

A culture medium for use in the invention may coisgione or more inorganic salts. The skilled
person understands the appropriate types and amouimorganic salts for use in stem cell
culture media. Inorganic salts are typically in@ddn culture media to aid maintenance of the
osmotic balance of the cells and to help regulambrane potential. Inorganic salts which may
be present include salts of calcium, copper, insagnesium, potassium, sodium, zinc. The salts
are normally used in the form of chlorides, phosphasulphates, nitrates and bicarbonates.
Specific salts that may be used include GaCliSQ-5H,0, Fe(NQ)-9H,0, FeSQ-7H,0,

MgCl, MgSQ, KCI, NaHCQ, NaCl, NaHPQ,, NaaHPQO-H,O and ZnSQ-7H,0.

The osmolarity of the medium may be in the rangenfabout 200 to about 400 mOsm/kg, in the
range from about 290 to about 350 mOsm/kg, orérrémge from about 280 to about 310
mOsm/kg. The osmolarity of the medium may be lbas about 300 mOsm/keg.¢. about 280
mOsm/kg).

A culture medium for use in the invention may coisgma carbon energy source, in the form of
one or more sugars. The skilled person understiedsppropriate types and amounts of sugars
to use in stem cell culture media. Sugars which bepresent include glucose, galactose,
maltose and fructose. The sugar is preferably geicparticularly D-glucose (dextrose). A

carbon energy source will normally be present awéen about 1 and about 10 g/L.

A culture medium of the invention may contain ser@arum obtained from any appropriate
source may be used, including fetal bovine seruB8jFgoat serum or human serum.
Preferably, human serum is used. Serum may beaidegtween about 1% and about 30% by

volume of the medium, according to conventionahtegues.

In other embodiments, a culture medium of the itle@may contain a serum replacement.
Various different serum replacement formulatioress@mmercially available and are known to
the skilled person. Where a serum replacemented, ismay be used at between about 1% and

about 30% by volume of the medium, according toveational techniques.

In other embodiments, a culture medium of the itle@rmay be serum-free and/or serum
replacement-free. A serum-free medium is one thatains no animal serum of any type.
Serum-free media may be preferred to avoid poszidae-contamination of the stem cells. A
serum replacement-free medium is one that hasawt bupplemented with any commercial

serum replacement formulation.
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In a preferred embodiment, the cell culture medisisupplemented with a purified, natural,
semi-synthetic and/or synthetic growth factor andsinot comprise an undefined component,
such as fetal bovine serum or fetal calf serum.egxample, supplements such as B27
(Invitrogen), N-Acetylcysteine (Sigma) and N2 (lmegen) stimulate proliferation of some

cells. In some embodiments, the cell culture medaisupplemented with one or more of these

supplements, for example one, any two or all tlufebese supplements.

In other embodiments, the cell culture medium Fdemented with Exendin-4. Exendin-4, a 39
amino acid peptide, activates GLP-1 (glucagon4tikptide-1) receptors to increase intracellular
CcAMP in pancreatic acinar cells and has no effacV® (vasoactive intestinal peptide)

receptors.

A culture medium for use in the invention may coisgione or more trace elements, such as
ions of barium, bromium, cobalt, iodine, manganekegmium, copper, nickel, selenium,
vanadium, titanium, germanium, molybdenum, silidoor), fluorine, silver, rubidium, tin,

zirconium, cadmium, zinc and/or aluminium.

The medium may comprise a reducing agent, suclketasrbercaptoethanol at a concentration of
about 0.1 mM.

A culture medium of the invention may comprise onenore additional agents, such as
nutrients or growth factors previously reportedntiprove stem cell culture, such as

cholesterol/transferrin/albumin/insulin/progestexpputrescine, selenite/other factors.

A culture medium of the invention may be diffusatbian extracellular matrix (ECM). In a
preferred method of the invention, isolated tissagments or isolated epithelial stem cells are
attached to an ECM. ECM is composed of a variefyodysaccharides, water, elastin, and
glycoproteins, wherein the glycoproteins compriskéagen, entactin (nidogen), fibronectin, and
laminin. ECM is secreted by connective tissue c8lifferent types of ECM are known,
comprising different compositions including diffateypes of glycoproteins and/or different
combination of glycoproteins. Said ECM can be piledi by culturing ECM-producing cells,
such as for example fibroblast cells, in a recdpfqarior to the removal of these cells and the
addition of isolated tissue fragments or isolatgithelial stem cells. Examples of extracellular
matrix-producing cells are chondrocytes, produciranly collagen and proteoglycans,
fibroblast cells, producing mainly type IV collagéaminin, interstitial procollagens, and
fibronectin, and colonic myofibroblasts producinginty collagens (type I, lll, and V),
chondroitin sulfate proteoglycan, hyaluronic aibronectin, and tenascin-C. Alternatively, said
ECM is commercially provided. Examples of commdtgiavailable extracellular matrices are
extracellular matrix proteins (Invitrogen) and basat membrane preparations from Engelbreth-

Holm-Swarm (EHS) mouse sarcoma cells (e.g. Matflg@BD Biosciences)). A synthetic
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extracellular matrix material, such as ProNectiigif$ Z378666) may be used. Mixtures of
extracellular matrix materials may be used, if ciki The use of an ECM for culturing stem
cells enhanced long-term survival of the stem @ails the continued presence of
undifferentiated stem cells. In the absence of @MEstem cell cultures could not be cultured
for longer periods and no continued presence oiffenentiated stem cells was observed. In
addition, the presence of an ECM allowed cultuohghree-dimensional tissue organoids, which
could not be cultured in the absence of an ECM.&%teacellular matrix material will normally
be a drop on the bottom of the dish in which catbs suspended. Typically, when the matrix
solidifies at 37°C, the medium is added and diffusé& the ECM. The cells in the medium stick
to the ECM by interaction with its surface struetuior example interaction with integrins. A
fibronectin solution of about 1mg/ml (stock solufjaised at approximatelyig/cn? may be

used to coat a cell culture vessel, or betweentabpg/cnt to about 25Qug/cnt, or at about 1
ug/cnt to about 15Qug/cnt. In some embodiments, a cell culture vessel isecbaith

fibronectin at between gg/cn? and 1251g/cnt.

An example of an ECM for use in a method of theemtion comprises at least one glycoprotein,

such as laminin.

A preferred ECM for use in a method of the invemttmmprises at least two distinct
glycoproteins, such as two different types of gsiaor a collagen and laminin. The ECM can
be a synthetic hydrogel extracellular matrix ormtunally occurring ECM. A further preferred
ECM is provided by Matrigé! (BD Biosciences), which comprises laminin, entacind
collagen IV. In some embodiments the extracelloiatrix is a laminin-containing extracellular

matrix such as Matrig8! (BD Biosciences).

In some embodiments, the single stem cell, popuniaif cells, or tissue fragment is embedded

in matrigel, which is optionally growth factor redhd and/or phenol red-free.

In some embodiments, the culture medium is placetp of the ECM. The culture medium can
then be removed and replenished as and when rdginreome embodiments, the culture
medium is replenished every 1, 2, 3, 4, 5, 6 oaysdIf components are “added” or “removed”
from the media, then this can in some embodimeemthat the media itself is removed from
the ECM and then a new media containing the “addediponent or with the “removed”

component excluded is placed on the ECM.

In some embodiments the culture medium of the iiwans in contact with an extracellular
matrix or a 3D matrix that mimics the extracellutaatrix by its interaction with the cellular

membrane proteins, such as integrins.
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In some embodiments, the basal culture medium dse®or consists of Advanced DMEM/F12
supplemented with penicillin/streptomycin, 10mM HER, Glutamax, 1x N2, 1x B27 (all from

Invitrogen) and 1 mMN-acetylcysteine (Sigma)).
Examples of culture media of the invention

In one embodiment, the cell culture medium comgresd& GF-beta inhibitor that binds to and
reduces the activity of ALK5 and a p38 inhibitoatHinds to and reduces the activity of p38.
For example, in one embodiment the cell cultureimedmprises A83-01 and/or SB202190,
preferably A83-01+ SB202190. The use of A83-01+&B®0 together in a culture medium of
the invention has surprisingly be found to syndicpdly increase the number of passages of
human colon organoids. In one embodiment, thecodtlire media comprises WENR+A83-
01+SB202190. In one embodiment, the cell culturdimeomprise WENR+A83-
01+SB202190+nicotinamide. In one embodiment, thlecature media comprises
WENRg+nicotinamide +A83-01+SB202190 (where “g” &styin). In one embodiment, the cell
culture medium comprises WENR+A83-01+Nicotinamide3+10. In one embodiment, the cell
culture medium comprises WENRg+A83-01+Nicotinamid&3+10. In one embodiment, the
cell culture medium comprises WENRg+A83-01+Nicotimde+FGF10+SB202190. In one
embodiment, the cell culture media is used foriabtg colon organoids. A colon organoid
obtainable by culturing epithelial cells using # calture media as described in this

embodiment is also provided.

For example, in one embodiment the cell cultureimmedmprises WENRg+A83-01+FGF10,
wherein the Wnt agonist is R-Spondin but no othet ®gonist is present and no nicotinamide is
present. For example, in some embodiments, thewé&lre media comprises EGF (e.g. 50
ng/ml), R-Spondin (e.g. 10% or 1 ug/ml), Noggirg(ee00ng/ml), FGF10 (e.g. 100ng/ml),
A8301 (e.g. 500 nM) and Gastrin (e.g. 10uM) andomailly SB202190. These components
may be added to a basal medium, such as DMEM/Fi2amén some embodiments, the basal
medium is further supplemented with any one or nffmeexample, 1, 2, 3, 4 or 5) or all, of the
components selected from the list comprising: Bi8tamax, 10nmM Hepes, B27, N2 and N-
Acetylcysteine. The use of such a cell culture mdais been found to be useful for obtaining
pancreatic organoids. A pancreatic organoid obthly culturing epithelial cells using a cell
culture media as described in this embodimentsis ptovided. In some embodiments, gastrin or

nicotinamide or gastrin and nicotinamide are exetuftom the culture medium.
Tissue-specific culture media of the invention

Particularly preferred culture media are describetie Examples herein. The culture medium

of the invention can be adapted for use with défifiettissues, for example as described below.
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Intestinal culture media

In some embodiments, the culture medium for smédistinal crypts, such as murine small
intestinal crypts, comprises or consists of a basadium, for example as described above,
additionally comprising: EGF, such as murine EGBMP inhibitor, such as murine Noggin;
and Rspondin, such as human Rspondin-1 or 4. Ie ®nibodiments, this culture medium
further comprises a TGF-beta inhibitor (such as-8&Band/or a p38 inhibitor (such as
SB202190). In some embodiments, the culture mediauroolonic crypts, such as murine
colonic crypts, comprises or consists of a basalinme, for example as described above,
additionally comprising: a Wnt agonist, such ambinant human Wnt-3A or Wnt-3A
conditioned medium; EGF, such as murine EGF; a Bitibitor, such as murine Noggin; and
Rspondin, such as human Rspondin-1 or 4. In sonb@diments, this culture medium further
comprises a TGF-beta inhibitor (such as A83-01)a@mal p38 inhibitor (such as SB202190).

In some embodiments, the culture medium for humgastinal stem cells, human small
intestinal crypts or human colonic crypts (alsownas the HISC culture medium), comprises
or consists of a basal medium, for example as tdestabove, additionally comprising: a Wnt
agonist, such as recombinant human Wnt-3A or Wnt8éditioned medium; EGF; a BMP
inhibitor, such as Noggin; Rspondin, such as huRspondin-1; a TGF-beta inhibitor, such as
A83-01; a p38 inhibitor, such as SB202190; gastimg nicotinamide. In some embodiments,

the p38 inhibitor and/or gastrin can be excludedifthe HISC culture medium.

In some embodiments the invention provides a cailtaedium for culturing intestinal cells,
comprising or consisting of a basal medium, WntEB3aF, Noggin, any one of Rspondin 1-4, a
TGF-beta inhibitor, nicotinamide, and preferably33 inhibitor.

In some embodiments, the culture medium for expangimall intestine or colon stem cells, for
example human small intestine or colon cells, casegror consists of a basal medium (for
example comprising Advanced DMEM/F12, B27 (50xAcetylcysteine (1 mM) and
glutamin/glutamax), Wnt3A (optionally conditionecetium), any one of Rspondin 1-4
(preferably 1 ug/ml), Noggin (preferably 50-100mé)/ nicotinamide (preferably 10 mM), EGF
(preferably 10-50 ng/ml), gastrin (preferably 10)nlsl TGF-beta inhibitor, for example A83-01
(preferably 500 nM). In a further embodiment, thigture medium additionally comprises a p38
inhibitor, for example SB202190 (preferably 100 ni)a further embodiment, this culture
medium additionally comprises a Rock inhibitor, éxample LY2157299.

In some embodiments, the invention provides a mattedium for differentiating intestinal
cells, comprising or consisting of a basal mediE@F, Noggin, a TGF-beta inhibitor and a p38
inhibitor.
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In some embodiments, the culture medium for difideting small intestine or colon stem cells,
for example human small intestine or colon celtenprises or consists of a basal medium (for
example comprising Advanced DMEM/F12, B27 (50xAcetylcysteine (1 mM) and
glutamin/glutamax), Noggin (preferably 50-100 ng/relGF (preferably 10-50 ng/ml), gastrin
(preferably 10 nM), a TGF-beta inhibitor, for exdmp83-01 (preferably 500 nM) and a p38
inhibitor, for example SB202190 (preferably 100 nli)some embodiments, gastrin can be
excluded from this differentiation medium. In soembodiments, a gamma-secretase inhibitor
may be added to the differentiation medium (prddfigrat a concentration of 1 uM). Gamma-
secretase inhibitors can influence cell fate densiduring differentiation e.g. towards secretory
cells, such as goblet cells. In some embodimemRANMKL may be added to the differentiation
medium (for example at a concentration of 100 ng/RANKL can influence cell fate decisions

during differentiation e.g. towards M-cells.
Cancer culture media

In some embodiments, the culture medium for cokomcer cells, comprises or consists of a
basal medium, for example as described above iaddglity comprising: a Wnt agonist, such as
recombinant human Wnt-3A or Wnt-3A conditioned nueadli EGF; a BMP inhibitor, such as
Noggin; Rspondin, such as human Rspondin-1; a T&&-mhibitor, such as A83-01; a p38
inhibitor, such as SB202190; gastrin; and nicotiitem

In one embodiment, the culture medium for colorticarma, for example human colon
carcinoma, comprises a basal medium (for exampigdsing Advanced DMEM/F12, B27
(50x), n-Acetylcysteine (1 mM), primocin and/or R&tibiotics) (500x) and hepes), Rspondin
(optionally conditioned medium) (preferably 1 ug/mNioggin (preferably 100 ng/ml),
Nicotinamide (preferably 10 mM), EGF (preferablyri@ml), gastrin (preferably 50 nM), a
TGF-beta inhibitor, for example A83-01 (preferabB0 nM), a p38 inhibitor, such as SB202190
(preferably 10 uM), optionally PGE2 (preferably i) and/or a Rock inhibitor (preferably 10
uM).

In some embodiments, colon cancer cells can algwdyen in the HISC culture medium. In
some embodiments, colon cancer cells can be cdltoréne HISC culture medium, wherein one
or more or all of the following are excluded fronetmedium: EGF, Noggin, Rspondin, TGF-
beta inhibitor and p38 inhibitor. Cancer cells rhaye mutations that consitutively activate or
deactivate certain growth pathways. For exampleynealon cancers result in constitutive
activation of the Wnt pathway. In such cases, tuceimedium would not require a Wnt agonist.
Other mutations would allow other factors to be ¢eft of the medium as described above. Other
epithelial cancers (carcinomas) can also be grovauliture media of the invention. In a

preferred embodiment, a cancer organoid obtair@d francer stem cells is grown in a culture
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medium that is suitable for growth of the corregting normal tissue organoid obtained from
normal stem cells, optionally with certain factessluded from the medium. For example, a
stomach cancer organoid obtained by culturing stbncancer stem cells may be grown in the
same culture conditions as a normal gastric orgboloiained by culturing gastric stem cells,
optionally with certain factors excluded from thedium. In another example, a pancreatic
cancer organoid obtained by culturing pancreaticeastem cells may be grown in the same
culture conditions as a normal pancreatic organbtdined by culturing pancreatic stem cells,
optionally with certain factors excluded from thedium. In another example, a prostate cancer
organoid obtained by culturing prostatic cancemstells may be grown in the same culture
conditions as a normal prostate organoid obtailyeclliuring prostatic stem cells, optionally
with certain factors excluded from the medium. mother example, a liver cancer organoid
obtained by culturing liver cancer stem cells maygbown in the same culture conditions as a
normal liver organoid obtained by culturing livéem cells, optionally with certain factors
excluded from the medium. In many situations it rhaypreferable (or at least more convenient)
to grow cancer organoids in the normal tissue mmadiuithout any factors excluded). The
normal tissue medium should allow cancers witlyafietic backgrounds to grow, without

excluding any particular cancer mutations.

Therefore, in some embodiments, the invention piesvia culture medium for culturing cancer
cells, for example cancer stem cells, such as adeciooma or carcinoma cells from a tissue
type of interest, wherein the culture medium cosgsior consists of the components of the
culture medium used for culturing the cells frora torresponding non-cancerous tissue type of
interest, optionally wherein one or more of thédeing are excluded from the medium that is
used to culture the non-cancerous cells of thadisgpe of interest: Wnt-3a, EGF, Noggin,
Rspondin, TGF-beta inhibitor, p38 inhibitor, nic@imide, gastrin, FGF10 and HGF.

Adenoma culture medium

In some embodiments, the culture medium for imasthdenomas, such as murine intestinal
adenomas comprises a basal medium, for examplesasiloed above, additionally comprising
EGF, such as murine EGF.

Gastric culture media

In some embodiments, the invention provides a meittedium for culturing gastric cells,
comprising or consisting of a basal medium, WntEaF, Noggin, any one of Rspondin 1-4, a

TGF-beta inhibitor, gastrin, nicotinamide, FGF-a@d preferably a p38 inhibitor.

In some embodiments, the culture medium for gastém cells, for example human gastric

stem cells comprises or consists of a basal mefiumexample comprising Advanced
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DMEM/F12, B27 (50x), n-Acetylcysteine (1 mM), pricia and/or P/S (antibiotics) (500x) and
glutamin/glutamax), any one of Rspondin 1-4 (opibnconditioned medium) (preferably
1ug/ml), Noggin (optionally conditioned medium) éferably 100ng/ml), Wnt3A (optionally
conditioned medium), nicotinamide (preferably 5 mBEEF (preferably 50 ng/ml), FGF10
(preferably 200 ng/ml), gastrin (preferably 1 nl)T GF-beta inhibitor, for example A83-01
(preferably 2 uM). The culture medium for gasttiens cells optionally further comprises a p38
inhibitor, for example SB202190 (preferably 10 nWhe culture medium for gastric stem cells
optionally further comprises PGE2 (preferably 580 nThe culture medium for gastric stem

cells optionally further comprises a Rock inhibi¢preferably 10 uM).

In some embodiments, the culture medium for gastém cells, for example murine gastric
cells comprises or consists of a basal mediumgfample comprising Advanced DMEM/F12,
B27 (50x), n-Acetylcysteine (1 mM), primocin andRiiS (antibiotics) (500x) and
glutamin/glutamax), any one of Rspondin 1-4 (opinconditioned medium) (preferably
1ug/ml), Noggin (optionally conditioned medium) éfgrably 100ng/ml), Wnt3A (optionally
conditioned medium), EGF (preferably 50 ng/ml), HGKpreferably 200 ng/ml), gastrin
(preferably 1 nM) and a Rock inhibitor (preferahly uM). In some embodiments, this culture
medium further comprises a TGF-beta inhibitor (sas83-01) and/or a p38 inhibitor (such as
SB202190).

Prostate culture media

In some embodiments, the culture medium for expapdrostate stem cells comprises
testosterone, optionally dihydrotestosterone (edéerred to herein as DHT). Testosterone is a
steroid hormone from the androgen group. In humarterge percentage of testosterone
undergoes &reduction to form the more potent androgen, dibyestosterone. Testosterone,
dihydrotestosterone or a testosterone mimic (fangde, a molecule that mimics the activity of
testosterone binding to an androgen receptor) eaadded to a culture medium of the invention.
Therefore, where the term testosterone is usednitilways be replaced by dihydrotestosterone
or a testosterone mimic. The inventors have shtyanhaddition of testosterone to a culture
medium for prostate stem cells, results in incréakterentiation but also in continued
expansion of the stem cell population (for exampde, Figures 41 - 45). This is highly
surprising because the literature teaches thatstiesbne plays an important role in the
differentiation of cells by acting to suppress jfesation and maintain terminal differentiation
(Mirochnik et al. PLoS One, 7(3), €31052, 2012; Bfiwl. Oncogene 29, 3593-3604, 2010). The
skilled person would have expected that additiotestfosterone to a culture medium for prostate
would result in completely differentiated organoidth no further expansion potential. This

would be similar to what is observed when the cop@mcreas and liver organoids are
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differentiated in a differentiation medium. HowevbBy contrast, the present inventors have
found that although testosterone increases diffextaon, it also allows stem cell expansion to
continue. Therefore, organoids grown in a cultuesllmm comprising testosterone surprisingly

comprise stem cells and differentiated cells ueihal cells and basal cells.

In some embodiments, the culture medium for oltgimai prostate organoid comprises a basal
medium and testosterone, optionally dihydrotestoseand anyone of Rspondin 1-4 or an
Rspondin mimic. In some embodiments, the culturdioma further comprises a BMP inhibitor,
for example Noggin. In some embodiments, the celinedium further comprises a tyrosine
receptor kinase ligand, optionally wherein the $yme receptor kinase ligand is a mitogenic
growth factor, such as EGF, FGF, KGF or HGF. In s@mbodiments, the culture medium for
obtaining a prostate organoid comprises EGF, Noggiy one or Rspondin 1-4 and

testosterone.

In a preferred embodiment, the culture medium fosfate cells comprises a TGF-beta inhibitor.
In some embodiments, the culture medium for prestatls comprises EGF, Noggin, any one of
Rspondin 1-4, a TGF-beta inhibitor and testostertmeome embodiments, the culture medium
for prostate cells further comprises a p38 inhibible some embodiments, a culture medium for
obtaining a prostate organoid does not comprigatahitor of the invention, for example a
TGF-beta inhibitor and/or a p38 inhibitor. In soamabodiments the culture medium for prostate
stem cells does not comprise testosterone. In sonfdiments, the culture medium comprises
a basal medium, EGF, Noggin and any one of Rspdhdimnd optionally a TGF-beta inhibitor,

and does not comprise testosterone.

In some embodiments, the invention provides a oeiwedium for culturing prostate cells,
comprising or consisting of a basal medium, EGly,@re of Rspondin 1-4, Noggin,
nicotinamide a TGF-beta inhibitor, and preferablptvB8a and FGF-10. In some embodiments,
the culture medium for culturing prostate celldlier comprises testosterone, for example
(dihydro)testosterone. In some embodiments then@thedium further comprises a p38
inhibitor.In some embodiments, the culture mediomprostate cells, for example mouse,
human, normal or carcinoma, comprises a basal meffar example comprising Advanced
DMEM/F12, B27 (50x), n-Acetylcysteine (1 mM) andigimin/glutamax), any one of Rspondin
1-4 (optionally conditioned medium) (preferably d/ml), Noggin (optionally conditioned
medium) (preferably 100 ng/ml), nicotinamide (prafdy 10mM), EGF (preferably 50 ng/ml),
FGF10 (preferably 100 ng/ml), a TGF-beta inhibifor,example A83-01 (preferably 500 nM),
(Dihydro)testosterone (preferably 1 nM) 10 nM aptianally Wnt-3a. In some embodiments,
this culture medium further comprises a Rock irthibfpreferably 10 uM). In some

embodiments, the culture medium for prostate ¢etther comprises a p38 inhibitor, for
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example SB202190. In some embodiments, whereirsenprostate cells are cultured, the TGF-
beta inhibitor can be excluded from the culture ned In other embodiments, nicotinamide,

FGF10 and/or the Rock inhibitor can be excludedftbe culture medium.
Pancreatic culture media

In some embodiments, the invention provides a oeitedium for expanding pancreas cells,
comprising or consisting of a basal medium, anyafriespondin 1-4, Noggin, EGF, FGF10,
gastrin, a TGF-beta inhibitor, and preferably exerdand Wnt-3a.

In some embodiments, the culture medium for expapgdancreatic stem cells, for example
human pancreatic stem cells comprises or condistbasal medium (for example comprising
Advanced DMEM/F12, B27 (50x), n-Acetylcysteine (Minand glutamin/glutamax), any one
of Rspondin 1-4 (optionally conditioned medium)efigrably 1ug/ml), Noggin (optionally
conditioned medium) (preferably 100ng/ml), nicotimide (preferably 10 mM), EGF (preferably
50 ng/ml), FGF10 (preferably 100 ng/ml), gastrirefprably 100 nM), and a TGF-beta
inhibitor, for example A83-01 (preferably 2 uM). dnfurther embodiment, this culture medium
additionally comprises Wnt-3a. In a further embaoeiity this culture medium additionally
comprises a p38 inhibitor, for example SB20219efgmably 100 nM). In a further embodiment,
this culture medium additionally comprises a Rathkibitor, for example LY2157299
(preferably 10 uM). In a further embodiment, thidture medium additionally comprises

Exendin 4 (preferably 50 ng/ml).

In some embodiments, the culture medium for expapgdancreatic stem cells, for example
mouse pancreatic stem cells comprises or condistbasal medium (for example comprising
Advanced DMEM/F12, B27 (50x), n-Acetylcysteine (M primocin and/or P/S (antibiotics),
Hepes and glutamin/glutamax), any one of Rspondir(dptionally conditioned medium)
(preferably 1ug/ml), Noggin (optionally conditionegedium) (preferably 100ng/ml),
nicotinamide (preferably 10 mM), EGF (preferablyrigiml), FGF10 (preferably 100 ng/ml),
gastrin (preferably 100 nM), and a TGF-beta inbihifor example A83-01 (preferably 2 uM). In
a further embodiment, this culture medium additiyneomprises a Rock inhibitor, for example
LY2157299 (preferably 10 uM). In some embodimetits,culture medium for pancreatic cells

further comprises a p38 inhibitor, for example SBPI0.

In some embodiments, the invention provides a meitedium for differentiating pancreas cells
comprising or consisting of a basal medium, Nogg@F, FGF10, gastrin, a TGF-beta

inhibitor, gamma-secretase inhibitor and preferabigndin 4.

In some embodiments, the culture medium for difideting pancreatic stem cells, for example

human pancreatic stem cells comprises or condistbasal medium (for example comprising
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Advanced DMEM/F12, B27 (50x), n-Acetylcysteine (Minand glutamin/glutamax), Noggin
(preferably 100 ng/ml), EGF (preferably 50 ng/miljzF10 (preferably 10 nM), gastrin
(preferably 100 nM), a TGF-beta inhibitor, for exaiemA83-01 (preferably 50nM) and gamma-
secretase inhibitor (DAPT/DBZ) (preferably 10 uMj.a further embodiment, this culture
medium additionally comprises Exendin 4 (preferdiflyng/ml). In some embodiments, the

culture medium for pancreatic cells further comgsia p38 inhibitor, for example SB202190.

In some embodiments, the culture medium for difige¢ing pancreatic stem cells, for example
mouse pancreatic stem cells comprises or condistbasal medium (for example comprising
Advanced DMEM/F12, B27 (50x), n-Acetylcysteine (Minand glutamin/glutamax), EGF
(preferably 50 ng/ml) and gamma-secretase inhilfitsrexample DAPT/DBZ) (preferably 10
uM).

Barrett's Esophagus culture medium

In some embodiments, the culture medium for Basr&sophagus, comprises or consists of a
basal medium, for example as described above iaddglity comprising: a Wnt agonist, such as
recombinant human Wnt-3A or Wnt-3A conditioned nueali EGF; a BMP inhibitor, such as
Noggin; Rspondin, such as human Rspondin-1; a T&&-mhibitor, such as A83-01; a p38
inhibitor, such as SB202190; gastrin; nicotinamieg an FGF, such as human FGF10 (i.e.

HISC+FGF). In some embodiments, gastrin is exclddea this culture medium.

In some embodiments, the invention provides a ntetboobtaining a Barrett's Esophagus
organoid, wherein the method comprises culturiotated epithelium from Barrett’'s Esophagus
for 1, 2, 3, 4,5, 6, 7 or more days in HISC cudtaredium, optionally additionally comprising
FGF10; and withdrawing nicotinamide and SB2021%6érahe first 1, 2, 3, 4 or more days. In
some embodiments the culture medium additionaligises a Notich inhibitor, such as DBZ.
In some embodiments, a Barrett's Esophagus orgamtidgred in the presence of a Notch
inhibitor comprises almost no or no proliferatiredls, and comprises more goblet cells relative

to an organoid cultured in the absence of a Natblbitor (see figure 5).
Liver culture media

In some embodiments, liver cells can be grown ifirst “expansion” culture medium (also
referred to herein as EM), preferably followed Ijtaring the cells in a second “differentiation”
culture medium (also referred to herein as DM). wigeer, in some embodiments, the step of
differentiating in DM media is not carried out, f@xample in some methods, cells are
transplanted and allowed to differentiate in viSmilarly, there are expansion culture media
and differentiation culture media for other tissumgch as the pancreas, small intestine and colon

(see above).
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In one embodiment, the liver expansion medium cdsepr EGF, a Wnt agonist, FGF, and
Nicotinamide. Preferably, the Wnt agonist is Rygin 1-4 (for example any one or more of
Rspondin 1, 2, 3, and 4) and so the expansion mediueferred to as “ERFNic”. A particularly

preferred expansion medium additionally compris€s-Hnd is referred to as “ERFHNic”.

In some embodiments, the liver expansion mediusugplemented with a TGF beta inhibitor.
In some embodiments, TGF beta is present at at %eall!, for example, at least 50nM, at least
100nM, at least 300nM, at least 450nM, at leastn®¥5for example 5nM-500mM, 10nM-
100mM, 50nM-700uM, 50nM-10uM, 100nM-1000nM, 350-680 or more preferably 500nM.
The presence of a TGF beta inhibitor in the exmamsiedia is particularly preferred for human

cell embodiments.

In some embodiments, the invention provides a meitedium for expanding liver cells,
comprising or consisting of a basal medium, anyafriespondin 1-4, Noggin, nicotinamide,
EGF, FGF10, HGF, gastrin, a TGF-beta inhibitor B&E2, and preferably Wnt-3a.

In some embodiments, the liver expansion mediuthéurcomprises a p38 inhibitor.

In some embodiments, the liver expansion mediursuigplemented with an activator of the
prostaglandin signalling pathway (also called ssfaglandin pathway activator) (see Figure 24).
For example, the liver expansion medium may be lsempgnted with any one or more of the
compounds selected from the list comprising: Pholgpilds, Arachidonic acid (AA),
prostaglandin E2 (PGE2), prostaglandin G2 (PGG®stpglandin F2 (PGF2), prostaglandin H2
(PGH2), prostaglandin D2 (PGD2). For example, imscembodiments, the liver expansion
medium is supplemented with PGE2 and/or AA. In sembodiments, PGE2 is added to the
liver expansion medium to a final concentratiorabfeast 10 nM, at least 30nM, at least 40nM,
at least 45 nM, at least 50nM, for example betwHenM and 500 nM, between 10 nM and 400
nM, between 10 nM and 300 nM, between 10 nM and r?d0 between 10 nM and 100 nM,
between 20 nM and 50 nM. In a preferred embodime6&E=2 is added to the liver expansion
medium to a final concentration of 50 nM. In sommbediments, AA is added to the liver
expansion medium to a final concentration of astidaug/ml, for example at least 3 ug/ml, at
least 5 ug/ml, at least 8 ug/ml, at least 9 ugatlleast 10 ug/ml, between 1 ug/ml and 1000
ug/ml, between 1 ug/ ml and 500 ug/ml, between/inugnd 100 ug/ml, between 1 ug/ml and
50 ug/ml, or between 5 ug/ml and 10 ug/ml. In af@ared embodiment, AA is added to the

medium to a final concentration of 10 ug/ml.

In a preferred embodiment, the liver expansion omedis supplemented with both a TGF-beta
inhibitor and an activator of the prostaglandinnsiling pathway (for example, PGE2 and/or

AA) and optionally a p38 inhibitor.
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In preferred embodiments, the liver expansion medadditionally comprises gastrin.

In one embodiment, the liver differentiation mediagomprises EGF, a TGF-beta inhibitor, FGF
(for example, FGF10, FGF2 or any other suitable F&®ily member) and a Notch inhibitor. In
one embodiment, the TGF-beta inhibitor is A83-0tl/an the Notch inhibitor is DAPT. This
differentiation medium is referred to herein as THX and is a preferred differentiation medium
of the invention. FGF may optionally be replacedH$F or alternatively both FGF and HGF
may be present or absent in the differentiationiomadIn some embodiments, EGF might be
replaced by HGF or another receptor tyrosine kitigead. Dexamethasone may also be added,
for example at a concentration of between 10nMOoML The liver differentiation medium may
optionally include a prostaglandin pathway activateuch as PGE2 or AA. However, this
component may also be excluded from the differotiamedium. In some embodiments,
oncostatin M may also be added, for example at rcarttration range between 1ng/ml to

1mg/ml, to help differentiation to hepatocyte fate.

In some embodiments, the invention provides a meitedium for differentiating liver cells
comprising or consisting of a basal medium, NogBiGF, gastrin, a TGF-beta inhibitor, a

gamma-secretase inhibitor such as DAPT or DBZ,materably Wnt-3a.

In some embodiments, the liver cells may initidlg cultured in an expansion medium that
additionally contains Wnt and Noggin, for example &NRW” medium containing EGF,
Noggin, R-spondin and Wnt (for example, Wnt-3A),tiopally a prostaglandin pathway
activator, such as PGE2 or AA, optionally a TGFabethibitor and optionally FGF, HGF,
Nicotinamide. In a preferred embodiment, the liegpansion medium is supplemented with one
of or more preferably both of a TGF-beta inhibitond an activator of the prostaglandin

signalling pathway (for example, PGE2 and/or AA).

In some embodiments, the expansion media for logemprises EGF, Noggin, Gastrin, FGF,
Nicotinamide, a TGF-beta inhibitor such as A83-8GF, RSpondin 1-4 (e.g. any one or more
of Rspondin 1, 2, 3 and 4) and PGE2.

In a preferred embodiment, the liver cells mayiafig be cultured in an expansion media that
contains EGF, noggin, gastrin, FGF10, nicotinami#301, HGF and any one of Rspondin 1-4
supplemented with PGE2 and/or AA. Rspondin 1-4 rhayprovided in the form of Rspo
conditioned media. For example, the expansion anewiy contain EGF (100ng/ml, Invitrogen);
noggin (25ng/ml, peprotech); gastrin (10nM, sigm&GF10 (e.g. 100ng/ml, peprotech);
nicotinamide (10mM, sigma); A8301 (500nM, TocrihiGF (50ng/ml, peprotech); Rspo
conditioned media (10%, e.g. 1ug/ml) supplementigd RGE2 (50nM) and/or AA (10 ug/ml).

The expansion medium may also contain a Rock itdribi
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When expanding mouse liver cells, one or more efftllowing components may be excluded
from the culture medium described above: TGF-bstéitor (e.g. A83-01) and PGE2.

The inventors have found that this medium is opttifoa stimulating initial expansion of cells
for the first few days. Therefore, this first expeom medium is sometimes referred to herein as
EM1. In some embodiments, the Wnt and Noggin amowed after approximately 1 day, 2
days, 3 days, 4 days, 5 days, 6 days, 7 days @&, famrexample 2 weeks, 1 month, 5 weeks, 8
weeks, 2 months 3, 4, 5, 6, 7, 8, 9, 10, 11, 12thsoor more, 14 months or more. In some
embodiments, the cells may then be expanded inxpangion medium of the invention, as
described above that does not contain Wnt or Nogg@his second expansion medium is
sometimes referred to herein as EM2. In some emfrertss, the cells are cultured in EM2 for
approximately 1 day, 2 days, 3 days, 4 days, 5,dagays, 7 days or a longer time period, such
as 3, 4, 5, 10, 20 or more weeks. The culture nmednay then be changed to an optimised
differentiation medium, as described above, thaitaios a TGF-beta inhibitor and a Notch
inhibitor. Typically, the differentiation medium ds not contain a Wnt agonist, R-spondin or
Nicotinamide. In some embodiments, the differeidrat medium does not contain a
prostaglandin pathway activator, such as PGE2 or A#s encourages the differentiation of the
cells towards mature hepatocytes and cholangyacytesse cells are suitable for transplantation

into humans or animals.
Expansion Medium (EM2) for liver:

In one aspect of the present invention there isiged a cell culture medium which comprises
or consists of a basal medium for animal or hunels ¢o which is added: Epidermal Growth
Factor, an FGF able to bind to FGFR2 or FGFR4,epably FGF10 as a mitogenic growth
factor, Nicotinamide, and preferably, a Wnt aggnpseferably R-spondin 1-4. This medium is

referred to as EM2. This “EM2” medium is preferfed expanding liver cells.

In some embodiments, EM2 comprises a prostaglaoatinway activator such as PGE2 and/or
AA.

In some embodiments, EM2 comprises a TGF-betaitohibuch as A83-01.

Preferably, the Wnt agonist is R-spondin 1-4. Adimm comprising EGF, R-spondin 1-4, FGF

and Nicotinamide is referred to herein as ERFNic.

In some embodiments, the EM2 medium does not camproggin, and more preferably does
not comprise a BMP-inhibitor. In some embodimetite,EM2 medium does not comprise Wnt,

for example Wnt-3a.

In some embodiments, HGF is present in additiofr®-. A preferred medium comprising
HGF in addition to FGF is ERFHNic (EGF + R-spondpreferably R-spondinl-4) + FGF



10

15

20

25

30

35

39

(preferably FGF10) + HGF + Nicotinamide + a profadin pathway inhibitor such as PGE2
and/or AA and a TGF-beta inhibitor. The inventbese found that the ERFHNic medium
containing the TGF-beta inhibitor and the prostadia pathway activator is the optimal
medium for long-term expansion of cells. In theetce of HGF, cells did not remain viable in
culture for longer than three months. Furtherthi@ absence of HGF, after 10 passages, cells
showed a growth disadvantage compared to cellaredltin the presence of HGF as evidenced
by a lower proliferation ratio. In particular, @ft15 passages, the cells were not growing
organoids at the same speed ratio in the abserntd&Bfas in the presence of HGF. Thus, HGF
was found to be essential for maintaining a goaalifpration rate during long-term culture.
Thus the invention provides the use of an ERFHNeédlinmm of the invention for culturing cells
for at least 2 weeks, at least 1 month, at leasb@ths, more preferably at least 3, at least 4, at
least 5, at least 6, at least 7, at least 8, at Baat least 10, at least 15, at least 20, at &4 at
least 25, at least 30 or more months, for exampler 3nore years. In practice, some
embodiments of the invention comprise the use oREM around 20-50 passages of the cells.
For example, the cells may be split 4-8 times ameeeek for 7-10 weeks in a row. Preferably
the cells will expand at a rate of about 4-5 fotat preek or more than two population doublings
a week. The invention further provides the usamfERFHNic medium of the invention for
culturing cells for at least 8 passages, for exargd least 9, at least 10, at least 11, at léjsitl
least 15, at least 20, at least 25, at least 3&aat 40, at least 50, at least 60 passages or for
between 15-35 passages, for example approxima@eB0Zassages. In some embodiments, a
TGF-beta inhibitor such as A83-01 is additionallegent in the EM2 medium. This is
particularly useful when human cells or organoigskzing cultured. In some embodiments, the
A83-01 is present at a concentration of betweenr6@IDnM, for example 450-550 nM, 470-530
nM or approximately 500 nM. In embodiments in whacTGF-beta inhibitor is present in EM2,
a Notch inhibitor is preferably not present. In goembodiments, EM2 additionally comprises a
p38 inhibitor.

Expansion Medium (EM1) for liver:

In one aspect, the invention provides a cell calttmedium comprising or consisting of a basal
medium for animal or human cells to which is ad@&#slF, a BMP inhibitor, R-spondin Wnt.
Preferably, the BMP inhibitor is Noggin and the EMiedium is termed “ENRW” (EGF,
Noggin, R-spondin and Wnt (e.g. Wnt3A)). This madiis referred to as EM1. In some
embodiments, EM1 additionally comprises a prostatdjta pathway activator such as PGE2
and/or AA. In some embodiments, EM1 comprises &-béta inhibitor such as A83-01. More
preferably, the EM1 additionally comprises a prgktadin pathway activator and a TGF-beta
inhibitor. The inventors have found that a medioamtaining Wnt and Noggin is ideal for

stimulating initial expansion of cells. Thus, ionge embodiments, the EM1 medium is used for
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just 1 passage or 1 week but it is also envisag@dBM1 medium can be used for around a year
because it is not harmful for the cells. Thussame embodiments, an EM1 medium is used for
culturing cells from day O to day 10, for examplenh days 0-7, days O- 6, days 0-5, days 0-4,
days 0-3, days 0-2, days 0-1, wherein day 0 islthyethat the cells are isolated from their tissue
of origin and day 1 is the subsequent day or isldigel or more weeks for example 2, 3, 4 or
more weeks or 1, 2, 3, 4,5, 6, 7, 8, 9, 10, 11prlthore months. In some embodiments, the
EM1 medium is used only for the first day or fitato days of culture. In some embodiments,
EM1 medium is used for 1 or more passages, for pgmt, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25,
30 or more passages, for example, 20-30 passa@§ Bassages, 32-40 passages or more. In
some embodiments, the EM1 medium is used subsedaeat freezing step or any other
transportation step involving a medium or tempegatchange that does not combine with

optimal growth. This “EM1” medium is preferred fexpanding liver cells.

The EM1 medium is supplemented with one or morthefcompounds selected from the group
consisting of FGF, HGF, Nicotinamide, gastrin, BRFacetylcystein and N2. In the case of
starting the cultures from a frozen stock or fromsimgle cell, the EM1 media is preferably
supplemented with a ROCK inhibitor. Y27632 is fireferred ROCK inhibitor for use in the

invention.

Thus, in one embodiment there is provided a cdlucei medium which comprises or consists of
a basal medium for animal or human cells to whichdded: Epidermal Growth Factor, an FGF
(for example, an FGF able to bind to FGFR2 or FGFRMeferably FGF10 and HGF as

mitogenic growth factors,
a prostaglandin pathway activator, such as PGEDBaAA,;
a TGF-beta inhibitor;
gastrin, Nicotinamide, B27, N2 and N-Acetylcysteiard preferably;
a BMP inhibitor, preferably Noggin; and
a Wnt agonist, preferably R-spondin 1 and/or Wnt-3a

B27 (Invitrogen), N-Acetylcysteine (Sigma) and N2nwvtrogen), Gastrin (Sigma) and
Nicotinamide (Sigma) are also added to the mediefindd above and are believed to control
proliferation of the cells and assist with DNA dti#yp In the context of the invention,

Nicotinamide is also referred to herein as “Nic”.

‘N2 Supplement’ is available from Invitrogen, Gdrad, CA; www.invitrogen.com; catalog no.
17502-048; and from PAA Laboratories GmbH, Paschifgstria; www.paa.com; catalog no.
F005-004; Bottenstein & Sato, PNAS, 76(1):514-51979. N2 Supplement is supplied by PAA
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Laboratories GmbH as a 100x liquid concentrate,tainimg 50Qug/ml human transferrin,
500ug/ml bovine insulin, 0.§3g/ml progesterone, 16d/ml putrescine, and 0.58/ml sodium
selenite. N2 Supplement may be added to a culte®ium as a concentrate or diluted before
addition to a culture medium. It may be used atxafihal concentration or at other final
concentrations. Use of N2 Supplement is a convénigy to incorporate transferrin, insulin,
progesterone, putrescine and sodium selenite imtaltare medium of the invention. In some
embodiments in which the medium comprises B27,désdnot also comprise N2.  The
embodiments of the present invention can theref@readapted to exclude N2 when B27 is

present, if desired.

‘B27 Supplement’ (available from Invitrogen, Cadsh CA; www.invitrogen.com; currently
catalog no. 17504-044; and from PAA LaboratoriesbBmPasching, Austria; www.paa.com;
catalog no. F01-002; Brewer et al.,, J Neurosci ,R85(5):567-76, 1993) may be used to
formulate a culture medium that comprises biotihplesterol, linoleic acid, linolenic acid,
progesterone, putrescine, retinol, retinyl acetatglium selenite, tri-iodothyronine (T3), DL-
alpha tocopherol (vitamin E), albumin, insulin amansferrin. B27 Supplement is supplied by
PAA Laboratories GmbH as a liquid 50x concentraentaining amongst other ingredients
biotin, cholesterol, linoleic acid, linolenic acigrogesterone, putrescine, retinol, retinyl acetate
sodium selenite, tri-iodothyronine (T3), DL-alplaopherol (vitamin E), albumin, insulin and
transferrin. Of these ingredients at least linatemicid, retinol, retinyl acetate and tri-
iodothyronine (T3) are nuclear hormone receptomesge. B27 Supplement may be added to a
culture medium as a concentrate or diluted befdditian to a culture medium. It may be used
at a 1x final concentration or at other final camcations. Use of B27 Supplement is a
convenient way to incorporate biotin, cholestetwioleic acid, linolenic acid, progesterone,
putrescine, retinol, retinyl acetate, sodium seéenii-iodothyronine (T3), DL-alpha tocopherol

(vitamin E), albumin, insulin and transferrin iraaulture medium of the invention.

For example, a cell culture medium may compriseansist of a basal medium to which is
added: EGF and R-spondin 1 supplemented with FGHBF, and Nicotinamide; for example,

EGF (50 ng/ml) and R-spondin 1 (1ug/ml) supplemeéméth FGF10 (100ng/ml), HGF (25-

50ng/ml), Nicotinamide (1-10mM), a prostaglandirihveay activator, such as PGE2 (50 nM)
and/or AA (10 ug/ml) and a TGF-beta inhibitor s@shA83-01 (500nM). In some embodiments
the medium additionally comprises a p38 inhibifbine inventors have found that this medium
may be used for long-term expansion of cells. Tthis cell culture medium is preferred for use
as an EM2 of the invention. The basal medium efgpably supplemented with B27, N2 and
200ng/ml  N-Acetylcysteine. In some embodimentse thasal medium is Advanced-

DMEM/F12. However, any other suitable basal medmay be used.
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Another example of a cell culture medium, and métf using this medium comprises or
consists of Advanced-DMEM/F12 preferably suppleradntwith B27, N2, 200ng/ml N-

Acetylcysteine, 50ng/ml EGF, 1 pg/ml R-spondinl, i\ gastrin, 100 ng/ml FGF10, 10mM
Nicotinamide, 50ng/ml HGF, 50% Wnt conditioned naedh prostaglandin pathway activator,
such as PGE2 (50 nM) and/or AA (10 ug/ml) and a F@&fa inhibitor such as A83-01 (500nM)
and, preferably 10-100ng/ml Noggin. Wnt conditiomeedia comprises Advanced DMEM, P/S,
B27, N2 and also FCS. 293T cells transfected Wiht3A expression plasmid produce Wnt.

The whole medium is taken after a few days (i.¢hwecreted Wnt) and used as the Wnt source.

The invention therefore provides a cell culture meq comprising or consisting of a basal

medium for animal or human cells to which is added:

Epidermal Growth Factor, an FGF able to bind to R&fr FGFR4, preferably FGF10

and HGF as mitogenic growth factors,

a prostaglandin pathway activator, such as PGEDaAA,,

a TGF-beta inhibitor;

gastrin, Nicotinamide, B27, N2 and N-Acetylcysteand preferably
a BMP inhibitor more preferably Noggin and

a Wnt agonist, more preferably R-spondin 1 and/ot-24.

The invention thus encompasses a first preferrétdreumedium comprising or consisting of a

basal medium for animal or human cells to whicadded:
Epidermal Growth Factor, FGF10 and HGF as mitoggroevth factors,
a prostaglandin pathway activator, such as PGEDaAA,
a TGF-beta inhibitor;
gastrin, Nicotinamide, B27, N2 and N-Acetylcysteine
a BMP inhibitor more preferably Noggin and
a Wnt agonist, more preferably R-spondin 1 and @ént-
In some embodiments, a p38 inhibitor is added écettpansion medium.

This medium may be used as an EM1 cell culture umdf the invention to stimulate initial
expansion of cells. In some embodiments, the medisad as an EM1 cell culture medium
comprises all the components of an EM2 culture omadof the invention and additionally

comprises Wnt-3a and Noggin.
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In embodiments in which the basal medium is supptged with N-Acetylcysteine, B27 and
N2, the following are preferably added to the a@tmedia: EGF, R-spondinl, gastrin, FGF10,
Nicotinamide and HGF and Wnt-conditioned media anfostaglandin pathway activator, such
as PGE2 and/or AA. Preferably, the basal mediurauggplemented with N-Acetylcysteine,
EGF, R-spondinl, gastrin, FGF10, Nicotinamide ar@FHand Wnt-conditioned media and a
prostaglandin pathway activator, such as PGE2 amd#foin accordance with the quantities
described hereinabove. Preferably, a TGF-betabitani is also present at the quantities

described herein.

For example, in some embodiments the basal mediagntbra supplemented with 150ng/ml to
250 ng/ml N-Acetylcysteine; preferably, the basadmm is supplemented with, about or
exactly 200ng/ml N-Acetylcysteine. For examplesome embodiments the basal medium may
be supplemented with 40ng/ml to 60ng/ml EGF; peddbr, the basal medium is supplemented
with about or exactly 50ng/ml EGF. For examplesame embodiments the basal medium may
be supplemented with 0.5 pg/ml to 1.5 pg/ml R-sjprahidpreferably, the basal medium is
supplemented with about or exactly 1 pg/ml R-spohdiFor example, in some embodiments the
basal medium may be supplemented with 5nM to 15abtrin; preferably, the basal medium is
supplemented with about or exactly 10nM gastrirr. é&@mple, in some embodiments the basal
medium may be supplemented with  25-200ng/ml  FGF1dor example

70 ng/ml to 130 ng/ml FGF10; preferably, the basadium is supplemented with about or
exactly 100 ng/ml FGF10. For example, in some enmbents the basal medium may be
supplemented with 5mM to 15mM Nicotinamide; prefdyathe basal medium is supplemented
with about or exactly 10mM Nicotinamide. For exampin some embodiments the basal
medium may be supplemented with 25ng/ml to 100 hdA@F, for example 35ng/ml to
65ng/ml HGF,; preferably, the basal medium is suppleted with about or exactly and 50ng/ml
HGF. For example, in some embodiments the basalumechay be supplemented with 35% to
65% Wnt-conditioned media; preferably, the basabioma is supplemented with about or

exactly 50% Wnt-conditioned media.

For example, in some embodiments, the liver expansnedium is supplemented with an
activator of the prostaglandin signalling pathwaed Figure 24). For example, the liver
expansion medium may be supplemented with any onaoce of the compounds selected from
the list comprising: Phospholipids, Arachidonic dac{AA), prostaglandin E2 (PGE2),

prostaglandin G2 (PGG2), prostaglandin F2 (PGF&)stpglandin H2 (PGH2), prostaglandin
D2 (PGD2). For example, in some embodiments, ther iexpansion medium is supplemented
with PGE2 and/or AA. In some embodiments, PGE2ided to the liver expansion medium to a
final concentration of at least 10 nM, for exampéween 10 nM and 500 nM, between 10 nM,
and 400 nM, between 10 nM and 300 nM, betweenM.@md 200 nM, between 10 nM and 100
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nM, between 20 nM and 50 nM. In a preferred embedimn PGE2 is added to the liver

expansion medium to a final concentration of 50 iMMsome embodiments, AA is added to the
liver expansion medium to a final concentratiorableast 1 ug/ml, for example between 1 ug/ml
and 1000 ug/ml, between 1 ug/ ml and 500 ug/mlvéeh 1 ug/ml and 100 ug/ml, between 1
ug/ml and 50 ug/ml, or between 5 ug/ml and 10 ugfmh preferred embodiment, AA is added

to the medium to a final concentration of 10 ug/ml.
In some embodiments one or both of gastrin andrid2at present in the cell culture medium.
Preferably, the basal medium is advanced-DMEM/F12.

This first culture medium (for example, EM1, EM2 laoth EM1 and EM?2) is preferably used
during the first two weeks of the culture methodhaf invention. However, it may be used for a
shorter time period, such as for 1, 2, 3, 5, 7l®days, or a longer time period, such as 3, 4, 5,

10, 20 or more weeks, 5 months or more, for exan®lé, 8, 9, 10, 11, 12 months or more.
Differentiation Medium (DM) for liver:

In another aspect, there is provided a secondaktiire medium which comprises or consists of
a basal medium for animal or human cells to whichdded: EGF, a TGF-beta inhibitor, a Notch
inhibitor and a prostaglandin pathway activatochsas PGE2 and/or AA. The inventors have
found that this medium is useful for differentigtinells. The medium used for differentiating

the cells may be referred to herein as DM.
Preferably, the second cell culture medium alsopreses FGF and/or HGF.

In one embodiment, the second culture medium campror consists of a basal medium for

animal or human cells to which is added:
Epidermal Growth Factor, FGF10 and HGF as mitoggroevth factors;
a Notch inhibitor;
a TGF-beta inhibitor; and
a prostaglandin pathway activator, such as PGEDaAA.

In one embodiment, the TGF-beta inhibitor is A83&hH/or the Notch inhibitor is DAPT. In
another embodiment, the DM cell culture medium &aidally comprises Dexamethasone. In
another embodiment, the DM cell culture medium taldally comprises Oncostatin M. In

another embodiment, the DM cell culture medium &oldially comprises gastrin.

A preferred second cell culture medium, and metbiodsing this medium, is described in the

examples, and comprises or consists of a basalumetti which is added: 50ng/ml EGF, 100
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ng/ml FGF10, 50 nM A8301 and 10 uM DAPT. AdvanéddEM/F12 may be used as the

basal medium as may any other suitable basal medium

In some embodiments, the differentiation mediumlifegr cells, for example for human liver
cells, comprises or consists of a basal mediumefample comprising Advanced DMEM/F12,
B27 (50x), n-Acetylcystein (1 mM) glutamin/glutamaiNoggin (preferably 100 ng/ml), EGF
(preferably 50 ng/ml), gastrin (preferably 10nM)GH-beta inhibitor, such as A83-01
(preferably 50 nM) and a gamma-secretase inhilfftor example DAPT/DBZ) (preferably 10
uM).

In some embodiments, the differentiation mediumliicgr cells, for example for mouse liver
cells, comprises or consists of a basal mediumgkample comprising Advanced DMEM/F12,
B27 (50x), n-Acetylcystein (preferably 1mM) glutarfglutamax), EGF (preferably 50 ng/ml),
FGF10 (preferably 100 ng/ml) gastrin (preferablynl¥), TGF-beta inhibitor, such as A83-01
(preferably 50 nM) and a gamma-secretase inhilfftarexample DAPT/DBZ) (preferably 10
uM).

In some embodiments, the second cell culture medioes not comprise R-spondin or Wnt. In
some embodiments, the second cell culture mediues dot comprise a Wnt agonist. In some
embodiments, the second cell culture medium dodscamprise Nicotinamide. In some
embodiments, the second cell culture medium doéscomprise a BMP inhibitor. In some
embodiments, the second cell culture medium dodscomprise a prostaglandin pathway

activator, such as PGE2 and/or AA.

The inventors have discovered that R-spondinl andtidamide both inhibit the expression of
the mature hepatocyte marker CYP3A1ll and yet prernto¢ expression of the hepatoblast
marker albumin. Therefore, to increase differeidrapf the cells to more mature liver fates, the
inventors removed R-spondin and Nicotinamide froy ¢tell culture. The inventors have also
discovered that the expression of specific biliaanscription factors is highly upregulated in
expansion cultures containing R-spondinl, indigatihat the culture gene expression was
unbalanced towards a more biliary cell fate. Naold TGF-beta signaling pathways have been
implicated in biliary cell fatén vivo. In fact, deletion of Rbpj (essential to achiecéwe Notch
signalling) results in abnormal tubulogenesis (Zdhddevelopment 2009) and the addition of
TGF-beta to liver explants facilitates the biliatifferentiationin vitro (Clotman F. Genes and
Development 2005). Since both Notch and TGF-begnadling pathways were highly
upregulated in the liver cultures (Figure 22) threeintors reasoned that inhibition of biliary duct
cell-fate might trigger the differentiation of tloells towards a more hepatocytic phenotype. It
was found that addition of a TGF-beta inhibitorcfsias A8301) and a Notch inhibitor (such as

DAPT) to a differentiation medium that preferablyed not contain R-spondin or Wnt, enhances
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the expression of mature hepatocyte markers andadses the number of hepatocyte-like cells

(for example, see example 5).
General culture media

A cell culture medium according to the inventioloass the survival and/or proliferation and/or
differentiation of epithelial stem cells or isoldterypts on an extracellular matrix. In some
embodiments, a cell culture medium according tdritkkiention allows the survival and/or
proliferation and/or differentiation of an organaithe invention, such as a crypt-villus
organoid, a colon organoid, a pancreatic orgareoghstric organoid, a Barret’'s Esophagus
organoid, an adenocarcinoma organoid or a colarireama organoid on an extracellular matrix.
In some embodiments, a cell culture medium accgrttirthe invention allows the survival
and/or proliferation and/or differentiation of arganoid of the invention, such as a small
intestinal (crypt-villus) organoid, a colon orgathod pancreatic organoid, a gastric organoid, a
Barret's Esophagus organoid, an adenocarcinomanoidjaa carcinoma organoid, a colon
carcinoma organoid, a prostate organoid or a gestrcinoma organoid on an extracellular
matrix. Preferably, in embodiments in which a TGHebinhibitor and/or p38 inhibitor is present
the cell culture medium allows the survival angimoliferation, preferably the survival and
proliferation of a population of cells or organaifithe invention. Preferably, embodiments in
which a TGF-beta inhibitor and/or p38 inhibitoiingially present in a cell culture medium but
is then removed from the medium (e.g. by failingtial it when the medium is refreshed), allow
the survival and/or differentiation, preferably ghevival and differentiation of a population of

cells or organoid of the invention.
In some embodiments, a p38 inhibitor is added joadnthe media described herein.
The term cell culture medium is synonymous with med culture medium or cell medium.

Uses of culture media of the invention

The invention also provides the use of a culturdioma of the invention for expanding and/or

differentiating a stem cell, population of stemigdissue fragment or organoid.

In some embodiments, the stem cell, populationesh<ells, tissue fragment or organoid is
selected from the group consisting of one or motestinal stem cells, small intestinal crypts,

colonic crypts, gastric stem cells, liver stemgglancreas stem cells and prostate stem cells.

In some embodiments, the stem cell, populationeshgells, tissue fragment or organoid is

obtainable from a normal tissue.

In some embodiments, the stem cell, populationeshgells, tissue fragment or organoid is

obtainable from a diseased tissue, for example inradenoma, a carcinoma, an
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adenocarcinoma, an intestine of a patient havisgjcfibrosis or an intestine of a patient having

inflammatory bowel disease.
Stem cells cultured according to the invention

Stem cells are found in many organs of adult hunaawismice. Although there may be great
variation in the exact characteristics of adultrstzlls in individual tissues, adult stem cells
share at least the following characteristics: tletgin an undifferentiated phenotype; their
offspring can differentiate towards all lineagessant in the pertinent tissue; they retain self-
maintenance capabilities throughout life; and taeyable to regenerate the pertinent tissue after
injury. Stem cells reside in a specialised locattbe stem cell niche, which supplies the
appropriate cell-cell contacts and signals for neaiance of said stem cell population. The stem

cells according to the invention preferably explegss.

In one embodiment, the invention provides a pojiabf cells or one or more organoids

comprising said stem cells that have been geneaatedtained by culturing stem cells or tissue
fragments according to the invention, which havenbeultured for at least 3 months, preferably
at least 4 months, at least 5 months, at leastrihmpat least 7 months, at least 9 months, or at

least 12 months or more.

A ‘population’ of cells is any number of cells gteathan 1, but is preferably at least 1k&élls,
at least 1x10cells, at least 1xf@ells, at least 1xf@ells, at least 1xI@&ells, at least 1x£0

cells, or at least 1xi@ells.

The stem cells of the invention cultured accordmthe invention may be human stem cells.

The stem cells of the invention cultured accordmthe invention may be epithelial stem cells.

In some embodiments, the stem cells of the invarditd/or cultured according to the invention
are not embryonic stem cells. In some embodiméetstem cells of the invention and/or
cultured according to the invention are not humabryonic stem cells. Preferably, the stem

cells of the invention are adult stem cells.

In a preferred embodiment, the stem cells may Ibeamuepithelial stem cells. Human epithelial
stem cells include stem cells of human epithelssiie origin. These include, but are not limited
to pancreatic, small intestinal, large intestiigakneal, olfactory, respiratory tissues, gastric
tissues, liver and skin, mammary and/or prost&sues, for example, a tissue selected from the
group consisting of pancreatic, small intestiralgé intestinal, corneal, olfactory, and
respiratory tissues. Epithelial stem cells are ablform the distinct cell types of which the
epithelium is composed. Some epithelia, such as@kintestine, show rapid cell turnover,
indicating that the residing stem cells must beticoously proliferating. Other epithelia, such as

the liver or pancreas, show a very slow turnovetemmormal conditions.
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Intestinal stem cells

The self-renewing epithelium of the small intestimerdered into crypts and villi (Gregoreff and
Clevers, 2005 Genes Dev 19, 877-90). Each celigatloa crypt-villus axis is polarized, whereby
cells on the top of the intestinal villi, or in theper positions of colonic crypts, are the most
differentiated and are continuously lost into thmén by apoptosis. Continuous proliferation of
stem cells residing in the base of the crypts,raadsive proliferation of progenitor cells residing
in the middle of the crypts, ensures proper replese of the shed cells. There is a resulting
epithelial turnover time of 5 days in the mousdf-Bmewing stem cells have long been known
to reside near the crypt bottom and to produceapglly proliferating transit amplifying (TA)
cells capable of differentiating towards all lineagThe estimated number of stem cells is
between 4 and 6 per crypt (Bjerknes and Cheng, Ga&%roenterology 1 16, 7- 14). Three
differentiated cell types, enterocytes, gobletscalid enteroendocrine cells, form from TA cells
and continue their migration in coherent bandsaltye crypt-villus axis. Each villus receives
cells from multiple different crypts. The fourth joadifferentiated cell-type, the Paneth cell,

resides at the crypt bottom.

The colon resembles the small intestine but wilatssurface epithelium rather than villi. Colon
crypts are organized like small intestinal cryptaneth cells are not present in colon crypts;
instead there are so-called “Deep Crypt Secretoells. The flat surface of the epithelium
contains the differentiated cells (colonocytes s@cretory cells). Differentiated goblet cells

occur throughout the crypt, also intermingled witinsit amplifying cells.
Isolation of tissue fragments and stem cells

Crypts can be isolated from the small and largesiime, including the duodenum, jejunum,
ileum and colon, and the pyloric and corpus regibthe stomach by protocols that are known to
the skilled person. For example, crypts can beaisd| by incubation of isolated tissue with
chelating agents that release cells from thein@aleand magnesium-dependent interactions
with the basement membrane and stromal cell tyfigsr washing the tissue, the epithelial cell
layer is scraped from the submucosa with a glads ahd minced. This is followed by

incubation in trypsin or, more preferred, EDTA awdEGTA and separation of undigested tissue
fragments and single cells from crypts using, faraple, filtration and/or centrifugations steps.
Other proteolytic enzymes, such as collagenaseadidpase |, can be used instead of trypsin.
Similar methods are used to isolate fragmentseptncreas and stomach. Similar methods may
be used to isolated fragments of other tissuegithescherein. The culture media of the

invention are suitable for culturing such tisswegfnents (see Example 1).

A culture medium according to the invention allaws establishment of long-term culture

conditions under which single crypts undergo migtigrypt fission events, while simultaneously
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generating villus-like epithelial domains in whiah differentiated cell types are present.
Cultured crypts undergo dramatic morphological dgesrafter taking them into culture. The
upper opening of freshly isolated crypts becometeseand this region gradually balloons out
and becomes filled with apoptotic cells, much BEgpoptotic cells are pinched off at the villus tip.
The crypt region undergoes continuous budding ewehtch create additional crypts, a process
reminiscent of crypt fission. In a preferred eminoeint of the invention, the organoids comprise
crypt-like extensions which comprise all differeéid epithelial cell types, including
proliferative cells, Paneth cells, enterocytes gmldlet cells. No myofibroblasts or other non-

epithelial cells were identified in the organoidsay stage.

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

The lumen is opened at consecutive time intenaatslease the content into the medium.

A similar crypt-villus organoid structure is formedhen single epithelial stem cells are cultured.
After about one week, structures are formed thiahgty resemble the crypt-villus organoid

structures that are obtained with intact crypts.

Methods to isolate stem cells are known and sw@tatdthods for use with this invention can be
selected by the skilled person depending on thre stdl type that is used. For example, isolation
of epithelial stem cells may be performed using jpoumds that bind to Lgr5 and/or Lgr6, which
are unique cell surface markers on epithelial stelis. Examples of such compounds are anti-

Lgr5 and anti-Lgr6 antibodies.

In some embodiments of the invention, single Lgepithelial stem cells, for example from the
colon, small intestine, or pancreas, may be uséorho organoids, such as colonic, crypt-villus

or pancreatic organoids respectively.

In a further example, single Lgr5+ epithelial steefis from the liver, prostate or stomach may

be used to obtain organoids, such as liver, pmsiagastric organoids respectively.

In an alternative embodiment, tissue fragmentd) sisccultured crypts from the intestinal tract,
comprising Lgr5+ stem cells may be used to obtagamoids using methods and culture media

described herein.

In some embodiments the single Lgr5+ epitheliainstell or tissue fragment may be a cancer
stem cell or cancer tissue fragment, for exampmmfa carcinoma or adenocarcinoma. In some
embodiments the single Lgr5+ epithelial stem celirhe a stem cell or tissue fragment from a
neoplastic pathology or diseased tissue, for examBplrett’s esophagus, cystic fibrosis or

adenoma. Organoids obtained from cancerous, nempdasliseased starting material have
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characterisitics resembling thevivo starting material and therefore are useful aseareh tool
for drug screening, target validation, target di&ey, toxicology and toxicology screens,
personalized medicine, regenerative medicineeanivo cell/organ models, for example disease
models.In one embodiment, the invention providgmooids generated or obtained by culturing
human stem cells or tissue fragments accordingnethod of the invention. In one
embodiment, the invention provides crypt-villusamgids or gastric organoids or pancreatic
organoids or colon organoids or Barrett's Esophagganoids or adenocarcinoma organoids or
colon carcinoma organoids generated or obtainezlltyring human stem cells or tissue
fragments according to a method of the inventiororie embodiment, the invention provides
prostate organoids generated or obtained by cogumiman stem cells or tissue fragments
according to a method of the invention. Such a fadjmun of organoids, for example, crypt-
villus, gastric or pancreatic organoids, generateobtained by culturing human stem cells or
tissue fragments according to a method of the itimenmay each comprise more than 10,
preferably more than 20, more preferably more #aonrganoids. Said collection of organoids
preferably comprises at least 10% viable cells,amweferred at least 20% viable cells, more
preferred at least 50% viable cells, more prefeatddast 60% viable cells, more preferred at
least 70% viable cells, more preferred at least 8@dle cells, more preferred at least 90%
viable cells. Viability of cells may be assesseithgisioechst staining or Propidium lodide
staining in FACS.

The inventors have shown that the culture medianagithods of the invention may be used for
culture of cancer cell lines, including coloreatahcer and adenocarcinoma (see Example 1). As
explained in Example 1, the culture technology idely applicable as a research tool for
infectious, inflammatory and neoplastic pathologisscordingly, the stem cells according to the
invention may be cancer stem cells. In some embadtisnof the invention, cancer stem cells can
form adenoma or colon cancer organoids. In somebdimients, these organoids comprise cells

which are Ki67+ (Thermo Scientific* Cellomics, Mpbre).

Similarly, the inventors have shown that the ceétoredia and methods of the invention may be
used for culturing stem cells with other diseasedlogypes and/or phenotypes. For example,
intestinal stem cells taken from patients with wyBbrosis can be expanded using the culture
media and methods of the invention. These stera p®lintain the cystic fibrosis genotype and
phenotype. Therefore, in some embodiments of thenition, the stem cells are taken from a
patient with a disease, for example cystic fibrasifammatory bowel disease (such as Crohn’'s
disease), carcinoma, adenoma, adenocarcinoma, cahmer, diabetes (such as type | or type
II), Barrett's esophagus Gaucher's disease, alpaatitrypsin deficiency, Lesch-Nyhan
syndrome, anaemia, Schwachman-Bodian-Diamond syrerpolycythaemia vera, primary

myelofibrosis, glycogen storage disease, familjgddrcholestrolaemia, Crigler-Najjar
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syndrome, hereditary tyrosinanaemia, Pompe dispasgressive familial cholestasis, Hreler
syndrome, SCID or leaky SCID, Omenn syndrome, @aet+hair hypoplasia, Herpes simplex
encephalitis, Scleroderma, Osteogenesis imperfBetzker muscular dystrophy, Duchenne
muscular dystrophy, Dyskeratosis congenitor, eicome embodiments of the invention,
disease organoids can be obtained by culturing s&éisitaken from a human or animal with a
disease. Disease organoids still have charactaristithe tissue from which they were obtained.
Therefore, a cystic fibrosis small intestinal org@ngrown from a small intestinal crypt falls
within the definition of a small intestinal orgadoSimilarly, a colon carcinoma organoid falls

within the definition of a colon organoid.

There is some confusion in the literature as tadéfenition of a cancer stem cell. Here, we
follow the consensus reached at a recent AACR vhokg¢Clarke et al., 2006. Cancer Res.
66:9339-44), which states that the cancer stentisadl cell within a tumor that possesses the
capacity to self-renew and to cause the heterogesnawages of cancer cells that comprise the
tumor. Cancer stem cells can thus only be defixpeérmentally by their ability to recapitulate
the generation of a continuously growing tumor'tefhative terms in the literature include
tumor-initiating cell and tumorigenic cell. Assdgs cancer stem cell activity need to address
the potential of self-renewal and of tumor propagatThe gold-standard assay currently is
serial xeno-transplantation into immunodeficientaniln addition, cancer stem cells in the
context of this invention normally express Lgr5.viwer, in some embodiments, cancer
initiating/propagating/stem cells that do not exgregr5 can also be cultured by the culture

media and methods of the invention.
Genomic and phenotypic integrity of stem cells andrganoids comprising said stem cells

Clinical and research applications for stem cells @neir differentiated progeny require
reproducible stem cell culture methods that proydpulations of cells of suitable quality.
Generally,in vitro expansion of stem cells aims to provide a popatadif cells which resemble
theirin vivo counterparts as closely as possible. This progetgrein referred to as the
“genomic and phenotypic integrity” of the cells.ganoids obtained by culturing diseased cells,
such as cancer cells or cystic fibrosis cells, edsemble theiim vivo counterparts i.e. they
maintain their disease genotype and/or phenotyddharefore, also maintain their “genomic
and phenotypic integrity” in that sense i.e. thegintain the genetic or phenotypic instability
characteristic of the disease that is remincethein vivo situation. Therefore, in some
embodiments, the invention provides “normal” orgdambtained from healthy tissue. In other
embodiments, the invention provides “disease” oo@#s) such as cancer organoids (for
example, colon carcinoma organoids or adenocar@mmganoids) or cystic fibrosis small

intestinal organoids obtained from diseased tissue.
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For the first time, the inventors have discoverat it is possible to expand human epithelial
stem cells in culture, with minimal loss of genorai@ phenotypic integrity, for at least 3
months, preferably at least 4 months, at least Bthso at least 6 months, at least 7 months, at
least 9 months, or at least 12 months or moreEgaeple 1). Under the improved culture
conditions of the invention, human intestinal orgjds displayed budding organoid structures,
rather than the cystic structures seen under ps\galture conditions. Metaphase spreads of
organoids more than 3 months old consistently lede46 chromosomes in each of the 20 cells
taken from three different donors. Furthermore roacray analysis revealed that the stem cells
in culture possessed similar molecular signatwestéstinal crypt cells including intestinal

stem cell genes.

Therefore, in some embodiments the invention pexs/iorganoids that have been grown for at
least 3 months, preferably at least 4 months aat I8 months, at least 6 months, at least 7
months, at least 9 months, or at least 12 monthsooe with minimal loss of genomic and

phenotypic integrity.

In some embodiments, the invention provides humgesiinal organoids comprising budding
structures. In some embodiments of the inventiamdn intestinal organoids do not comprise
cystic structures. In some embodiments of the itiwenhuman intestinal organoids comprise
more budding structures than cystic structuresiientors also demonstrated that the human
intestinal organoids generated by media and metbbtie present invention, mimickéavivo

cell fate decisions in response to external facteos example, it has previously been shown that
Notch inhibition in intestinal stem cells, termieatintestinal epithelial proliferation and induces
goblet cell hyperplasian vivo. The inventors were able to show that the intastbtnganoids of

the invention, when treated with a Notch inhibitmeased proliferation and most cells converted

into goblet cells within 3 days.

These results show the dramatic improvement igém®omic and phenotypic integrity of the
stem cells and organoids produced by the methatisn@dia of the present invention compared

to previous methods and media.

The genomic integrity of stem cells of the inventaan be confirmed by karyotype analysis.
Stem cells and their progeny can be karyotypedyusiiown methods as described in Sato, T et
al., Single Lgr5 stem cells build crypt-villus stturesin vitro without a mesenchymal niche.
Nature 459, 262-265, 2009.

A “normal karyotype” is one where all chromosomes @resenti(e. euploidy) with no
noticeable alterations. Accordingly, in preferredb®diments of the invention more than 50%;
more than 70%; more than 80%; more than 90%; niane $5%; or more than 99% of the stem
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cells and differentiated cells in an expanded pagouh exhibit normal karyotypes after 1, 2, 3, 4,

5, 6, 9, 12 or more months. The term “expanded jadpn” encompasses organoids.

A “normal phenotype” refers to cells which displ&y a first approximation, the same visual
characteristics, gene expression and behaviolreagvieragén vivo counterpart celln

preferred embodiments of the invention more th&¥;5®ore than 70%; more than 80%; more
than 90%; more than 95%; or more than 99% of e stells in an expanded population
cultured according to the invention exhibit noriphénotypes after 1, 2, 3, 4, 5, 6, 9, 12 or more

months.

For example, visually a normal phenotype may bggddoy the number of dead cells outside the
organoid, the amount of ‘budding’ of the organaitnpared to cystic growth (budding

structures are preferred), and the overall intggrithe single layer of epithelial cells (e.g.
columnar squamous phenotype). In addition thetge#ls present may help to judge whether an

organoid is visually “normal”.
Preferred properties of the stem cells and organafithe invention are outlined below.
Stem cell markers

When mouse genes are referred to herein, a hurganaid of the invention may have a similar
gene profile but wherein the human gene counteypaiet substituted for the mouse genes. Thus,
also provided by the invention is a human orgahaiding a gene expression profile as described
herein, but in respect of the corresponding huneareg. The human counterparts of the mouse

genes listed herein will be readily available te gkilled person.

In one embodiment, the invention provides a popiadf adult stem cells characterised by
natural expression of Lgr5. In a preferred embeadhitnthe invention provides a population of
adult stem cells characterised by natural exprassiat least Lgr5 and one or more (e.g. 1, 2, 3,
4,5,6,7,8,9,10,11, 12,13, 14, 15, 16, B/ 19, 20, 21, 22 or 23) of stem cell markers from
the group consisting of: LGR4, epcam, Cd24a, Cdéaifn, CK19, Nestin, Somatostatin,
CXCR4', CD133, DCAMKL-1, CD44, Sord, Sox9, CD44, Prss23, Sp5fldnHnf4a, Sox9,
KRT7 and KRT19, Tnfrsf19. The stem cell markers rhaytissue specific. For example,
pancreatic stem cells or organoids may be chaiseteby natural expression of one or more
(forexample 1, 2, 3, 4,5, 6,7, 8,9, 10, 11,1124, or 15 for example, 1, 2, 3 or 4) of: CK19,
Nestin, Somatostatin, insulin, glucagon, CXCR{gn3, Pdx1, NeuroD, Nkx2.2, Nkx6.1, Pax6,
Mafa, Hnflb, optionally Tnfrsf19 at a significamvel; gastric organoids may be characterised
by natural expression of one or more (for examp B or 4) of:CD133, DCAMKL-1, CD44,

optionally Tnfrsf19 at a significant level; and/pt-villus organoids may be characterised by
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expression of one or more or all (for example 2)oof: Sord and/or Prss23, at a significant

level or all genes of table/figure 14, for exampita significant level.

The term “significant level” as used herein in tdomtext of marker expression is used

synonymously with the term “detectable level”, asatibed below.

Small intestinal and gastric organoid cell popolasi also express markers of progenitor
populations common to the small intestine and setimsuch as one or both of Cd44 and Sox9
(Barker & Huch et al Cell stem cell 2010). These laighly expressed in the stem cells
according to the invention. Cells according to #spect of the invention may also up-regulate
Whnt target genes, including for example, one, twallbof MMP7, Sp5 Tnfrs19 and axin2. This
provides strong evidence of the requirement foactive and robust canonical Wnt signalling

activity to maintain the self renewing capacitytludse cultures.

The inventors have observed that expression obthm cell’ genes is present in the early
organoids at a level significantly higher then diféerentiated cells that become the offspring of
these stem cells. For example, the genes LGR5, L.GR&am, CD44, Tnfrsf19, Sox9, Cd24a,
Sp5, Prom1/CD133, Cdca7, are preferably expresstakiorganoids of the invention but are
preferably significantly downregulated upon diffietiation of the pancreas, liver, small intestine
and colon organoids. In addition, the genes RNF4BZNRF3 are preferably expressed in the

organoids of the invention.

By “natural expression” is meant that the cellsehagt been manipulated recombinantly in any
way, i.e., the cells have not been artificiallyucdd to express these markers or to modulate
these markers’ expression by introduction of exogsrgenetic material, such as introduction of
heterologous (non-natural) or stronger promotestioer regulatory sequences operably linked
to either the endogenous genes or exogenouslydunten forms of the genes. Natural
expression is from genomic DNA within the cells;liding introns between the exon coding
sequences where these exist. Natural expressiai fsom cDNA. Natural expression can if
necessary be proven by any one of various metisodb, as sequencing out from within the
reading frame of the gene to check that no extnasmbeterogenous sequence is present. “Adult”
means post-embryonic. With respect to the sters oélthe present invention, the term “adult
stem cell” means that the stem cell is isolatethfeotissue or organ of an animal at a stage of

growth later than the embryonic stage.

This stem cell population can also be charactefiseas lack of natural expression of certain
markers at any significant level, many of which associated with cellular differentiation.
Specifically, the cells of the isolated adult steeli population do not naturally express one or
more of Cd11lb, CD13, CD14, AFP, Pdx1, any CYP merfdg. CYP3AL1l, CYP 11Al1) ata

significant level. As defined herein, these marl@essaid be to be negative markers.
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Detecting markers and isolating cells

The term “expressed” is used to describe the poeseha marker within a cell. In order to be
considered as being expressed, a marker must benprat a detectable level. By “detectable
level” is meant that the marker can be detecteagusine of the standard laboratory
methodologies such as PCR, blotting or FACS amalysgene is considered to be expressed by
a cell of the population of the invention if exs®s can be reasonably detected after 30 PCR
cycles, which corresponds to an expression levidarcell of at least about 100 copies per cell.
The terms “express” and “expression” have corredpmmeanings. At an expression level
below this threshold, a marker is considered ntietexpressed. The comparison between the
expression level of a marker in a cell of the irtiam and the expression level of the same
marker in another cell, such as for example an gamic stem cell, may preferably be conducted
by comparing the two cell types that have beeraiedlfrom the same species. Preferably this
species is a mammal, and more preferably this epésihuman. Such comparison may
conveniently be conducted using a reverse trartasgpolymerase chain reaction (RT-PCR)

experiment.

In some embodiments, a population of cells or gaooid of the invention is considered to

express a marker if at least about 5%, (for exanglkeast 10%, at least 20%, at least 30%, at
least 40%, at least 60%, at least 70%, at least 80%ast 90%, at least 95%, at least 97%, at
least 98%, at least 99% or 100%) of the cells enadll population or organoid according to the

invention show expression of the marker.

In some embodiments, the cells express a cell matke significant level if they comprise
between 1 x 10to 1 x 10, for example 5 x to 1 x 1d or 1 x 16 to 1 x 1d fold more copies
of the mRNA encoding the cell marker relative te ttumber of mMRNA copies of the

housekeeping gene GADPH.

In some embodiments, the expression of a gene anganoid or cell of the invention when
cultured in expansion medium is several fold (atdeast 1.5 fold, 2 fold, 3 fold, 4 fold, 5 fold)
higher than when the organoid or cell is culturedifferentiation medium or in the fully
differentiated adult tissue. In some embodimeatxll or organoid of the invention when
cultured under differentiation conditions, exhilidts increase in expression of genes that are
known as differentiation genes compared to a e¢edrganoid of the invention when cultured
under expansion conditions and also may show adserin the level of expression of at least
one or more stem cell/progenitor genes comparedctdl or organoid of the invention when

cultured in expansion medium.

Any one of a number of physical methods of sepamdthown in the art may be used to select

the cells of this aspect of the invention and dgatish these from other cell types. Such physical
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methods may involve FACS and various immuno-affinitethods based upon makers
specifically expressed by the cells of the invemtids described above, Lgr5, CD44 and Sox9
are three of the cell markers expressed at higtidem the stem cells of the invention. Therefore,
by way of illustration only, the stem cells of ine@ention may be isolated by a number of

physical methods of separation, which rely on ttes@nce of these.

In one embodiment, the cells of the invention maydolated by FACS utilizing an antibody, for
example, against one of these markers. Fluorescéimaited cell sorting (FACS) can be used to
detect markers characteristic of a particular tygke or lineage. As will be apparent to one
skilled in the art, this may be achieved throudluarescent labeled antibody, or through a
fluorescent labeled secondary antibody with bindipgcificity for the primary antibody.
Examples of suitable fluorescent labels includesjdnot limited to, FITC, Alexa Fluor® 488,
GFP, CFSE, CFDA-SE, DyLight 488, PE, PerCP, PE-AlElkor® 700, PE-Cy5 (TRI-
COLOR®), PE-Cy5.5, Pl , PE-Alexa Fluor® 750, and®¥. This list is provided by way of

example only, and is not intended to be limiting.

It will be apparent to a person skilled in thethett FACS analysis using an anti-Lgr5 antibody
will provide a purified stem cell population. Hovwayin some embodiments, it may be
preferable to purify the cell population further fgrforming a further round of FACS analysis

using one or more of the other identifiable markers

Immunohistochemistry may also be used to understandistribution and localisation of
biomarkers and differentially expressed proteingifferent parts of a cell population or
organoid. Visualising an antibody-antigen interacttan be accomplished in a number of ways
that are well known in the art, such as thosedhatescribed in described in Barker et al,
Identification of stem cells in small intestine asalon by marker gene Lgr5.Nature, 2007 Oct
25;449(7165):1003-7.

In another embodiment, the cells of the inventiayre isolated by immuno-affinity

purification, which is a separation method well Wmain the art. By way of illustration only, the
cells of the invention may be isolated by immunfirétl purification directed towards c-kit. As
will be apparent to one skilled in the art, thisthoel relies upon the immobilisation of

antibodies on a purification column. The cell sagriplthen loaded onto the column, allowing

the appropriate cells to be bound by the antibodied therefore bound to the column.

Following a washing step, the cells are eluted fthencolumn using a competitor which binds
preferentially to the immobilised anti-c-kit antdhg and permits the cells to be released from the
column.It will be apparent to a person skilledhr &rt that immuno-affinity purification using

an immobilised antibody will provide a purified tpbpulation. However, in some

embodiments, it may be preferable to purify thé pepulation further by performing a further
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round of immuno-affinity purification using one wore of the other identifiable markers, and
use an aliquot of the isolated clones to ascetterexpression of other relevant intracellular

markers.

It will be apparent to a person skilled in thethett LGRS or stem cell purification can be
preceded by any number of purification steps,sggbuaification of the epithelium with methods

known in the art, for example EDTA purificationBpcam FACS sorting of the epithelium.

It will be apparent to a person skilled in thethet the sequential purification steps are not
necessarily required to involve the same physiehod of separation. Therefore, it will be
clear that, for example, the cells may be purifledugh a FACS step using an anti-Lgr5
antibody, followed by an immuno-affinity purificati step using a SSEA-1 affinity column. In
certain embodiments, the cells may be cultured &ftdation for at least about 15, at least about
20 days, at least about 25 days, or at least &fbdays. In certain aspects, the cells are
expanded in culture longer to improve the homodgrdithe cell phenotype in the cell

population.

Mircroarray analysis, cluster analysis and compaaiene expression profiling can be used to
compare population phenotype with phenotype obtiginal parent cells or of the appropriate
in vivo counterparts (Sato T et al., Paneth cells comstihe niche for Lgr5 stem cells in
intestinal crypts. Nature 469 415-418).

Lineage tracing of Lgr5+ stem cells shows presé@uatf crypt-villus characteristics in

organoids.

In another embodiment, high content analysis maydael to assess phenotypic integrity of stem
cells of the invention. For example, a number ghigontent screening kits and platforms exist,
such as point scanning 4 color ImageXpress ULTRAl@dular Devices, Union City, USA), the
spinning disk (nipkow disk) Pathway 855 and 43%fi8D Biosciences (formerly Atto
Biosciences, Rockville, Maryland), Opera (Perkin&trinc., Waltham, MA) and the slit
scanning IN Cell 3000 (GE/Amersham BiosciencesdiffatJK), Arrayscan VTI (Cellomics
(Cellomics)), IN Cell Analyzer 2000 (GE Healthc&scataway, New Jersey, USA), Acumen
eX3 (TTP LabTech Ltd (Acumen eX3)), Scanalyzer (fatgzer LemnaTec, Aachen Germany)
and ImageXpress MICRO (Molecular Devices, UnioryQitSA), IN Cell 1000 (GE/Amersham
Biosciences Piscataway, New Jersey, USA), the Rath¥il' (Becton Dickinson Biosciences)
and the ImageXpress MICRO (Molecular Devices, Ur@ity, USA), Scan”R (Olympus Soft

Imaging Solutions, Germany).
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Plating density

In some embodiments of the invention, single-agdipensions or small clusters of cells (2-50
cells/cluster) will normally be seeded, rather thage clusters of cells, as is known in the art.
As they divide, such cells will be seeded ontopsut at a density that promotes cell
proliferation. Typically, when single cells arelms®d the plating density of at least 1-500
cells/well is used, the surface of the well beir@20cni. When clusters are seeded the plating
density is preferably 250-2500 cellsfcrior replating, a density of between about 2508/ce
cnt and about 5,000 cells/ émay be used. During replating, single-cell susjoerssor small

cluster of cells will normally be seeded, rathentharge clusters of cells, as in known in the art.
Further differentiation

In some embodiments of the invention, certain camepts of the expansion medium can be
withdrawn to change the cell fate of the culturetisctowards differentiation. Any components
of the culture medium that are responsible for ta@ning an undifferentiated state and/or

activating stem cell or progenitor genetic progranas be withdrawn from the culture medium.

In some embodiments of the invention, withdrawathef inhibitors of the invention can enable
cells of the organoid to differentiate to maturbisgesuch as mature goblet and enteroendocrine
cells in crypt-villus organoids. Thus in some embuehts, the invention provides a method for
further differentiating the organoids using a setounlture medium which does not comprise an

inhibitor of the invention. For example, see Exanpl

For example, in some embodiments, the inhibitof ®F-beta and/or the inhibitor of p38 are
withdrawn from the cell culture medium to allow ttels to differentiate. By “withdrawn” or
“withdrawal” of a component from the cell cultureedium is meant that when the cells are

replated and the medium is changed, the composeéetiadded to the fresh medium.

In some embodiments, Wnt is present in the expamsedium but not in the differentiation
medium. For example, some embodiments comprigevatval of Wnt for differentiation of
colon organoids to mature enterocytes. Wnt may laéswithdrawn to enable differentiation of

crypt-villus organoids.

In some embodiments, Rspondin is present in tharesipn medium but not in the
differentiation medium. For example, some emboditmeomprise withdrawal of Rspondin for
differentiation of colon organoids to mature entgtes. Rspondin may also be withdrawn to
enable differentiation of crypt-villus organoida.dome embodiments Rspondin and Wnt may

withdrawn to enable differentiation of crypt-vill@sganoids.

In some embodiments, nicotinamide is present irepansion medium but not in the

differentiation medium. Thus, in some embodimenisptinamide and SB202190 (or another
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p38 inhibitor) are withdrawn from the cell cultureedium to enable differentiation of the cells,

for example, into crypt-villus organoids or colorganoids.

Thus, a method of obtaining differentiated cell®@anoids may comprise culturing epithelial
cells in a culture method of the invention whicimpises a TGF-beta and/or p38 inhibitor to
enable the cells to survive and/or proliferate @xpansion medium) and then continuing to
culture the cell and replenish the media, wheregnréeplenished media does not comprise a
TGF-beta inhibitor and/or p38 inhibitor (i.e. diféatiation medium).

In some embodiments, the differentiation medium moeses additional components. For
example in some embodiments the differentiationiomdomprises a gamma secretase
inhibitor, for example DAPT or DBZ. In some emboeimts the differentiation medium
comprises RANK ligand (also referred to herein &NRL). As mentioned above, the addition
of a gamma secretase inhibitor can direct the iffgation of intestinal organoids cells, such as
small intestinal organoid cells, towards secretmijs, such as goblet cells. The addition of
RANKL to the culture medium can direct differeniet intestinal organoid cells such as small

intestinal organoid cells, towards M cells.

In some embodiments the invention provides a ocaltaedium for differentiating stem cells

from a tissue of interest, wherein the culture medcomprises or consists of the components of
the culture medium used for expanding the stens é&lm the tissue type of interest but wherein
one or more of the following are excluded from thedium for differentiating stem cells: Whnt,
Rspondin, BMP inhibitor, TGF-beta inhibitor, recaptyrosine kinase ligand, p38 inhibitor and
nicotinamide.

Furthermore, the invention provides a method fqraexing a single stem cell or a population of
stem cells, preferably to generate an organoidrewhéhe method comprises culturing the single
stem cell or population of stem cells in a cultomedium according to the invention, wherein the

method comprises:

culturing the stem cell, population of stem celisissue fragments in a first expansion

medium;

continuing to culture the stem cell, populatiorstefm cells or tissue fragments and
replenishing the medium with a differentiation meadj wherein the differentiation
medium does not comprise one or more of, preferalblyf the factors selected from: a
TGF-beta inhibitor, a p38 inhibitor, nicotinamideda/Wnt.

In general, where a component is described as Bengpved” from a medium, it is meant that

that component is not added when the medium ignégiied i.e. the component is excluded
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from the replenished medium. When the medium iplergished” this can mean that the medium

is physically removed from the extracellular matind then replaced with fresh medium.

For the colon, liver and pancreas, very few diff¢igged cells are present in the expansion
medium. Only once the expansion medium is replagtda differentiation medium, do the

cells begin to differentiate. At this stage, thgamoids also start to lose their stem cells.
Differentiated organoids may be appropriate fotaieruses, such as (but not limited to)
transplantation, drug screening of metabolic disga®xicology (for example using liver
organoids comprising hepatocytes) and for studgimgbacterial functions of the small intestine.
Expanding organoids may generally be more apprapfta other uses, such as (but no limited
to) regenerative medicine and drug screening,Xample for cancer or cystic fibrosis.
Expanding organoids generally have more growthmiiatie(and thus greater longevity) than
differentiated organoids. In some embodimentsctien, liver and pancreatic organoids are not

further differentiated.

The small intestine and prostate organoids difi@mfthe colon, liver and pancreatic organoids,
in that they maintain an expanding stem cell paprdavhilst also differentiating at the same
time. They do not need to be cultured in a sepalifferentiation medium in order for
differentiated cell types to be present. They caednsidered to have the properties of both an
expanding and a differentiated organoid. Howeweadhieve full differentiation of small
intestinal organoids, they can be cultured in aassEp differentiation medium that preferably
does not comprise Wnt3a and that preferably comprasgamma secretase inhibitor and/or a
RANK ligand (also referred to herein as RANKL). Bull” differentiation it is meant that all
differentiated cell types are present includinglgbbells, neuroendocrine cells, tuft cells, M-
cells, enterocytes and paneth cells. Some of tiéfeeentiated cell types, for example paneth

cells, are also present (sometimes in smaller giem)tin the expanding organoids.

Organoids

The cells described above grow into organoids. Adiogly, an organoid obtainable by a
method of the invention is a further aspect ofitlvention. Also provided is an organoid as
described herein. The organoid is preferably adruorganoid. To the best of our knowledge,
this is the first time that human organoids havenbebtained that are functional and alive after
such an extended period of time (i.e at least 3thsgpreferably at least 4 months, at least 5
months, at least 6 months, at least 7 monthsaat &months, or at least 12 months or more of
culture; see examples included herein). Functionalipreferably characterized by the presence
of tissue-specific markers and/or by the structireaid organoid as defined herein. Since the
final amount of organoids obtained correlates withduration of culture, the skilled person

will understand that the invention is a pioneerimion and potentially opens new possibilities
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in for example regenerative medicine. Thus, themrdvided an organoid as described herein
that is functional and alive after at least 3 mar{thg. at least 4, 5, 6, 7, 8 or more months) of
culture. For example, there is provided an orghasidescribed herein that retains at least one
or more (e.g. 1, 2 or 3) of its structure, markeression and function after at least 3 months

(e.g. atleast 4, 5, 6, 7, 8 or more months) dice!

For example, an organoid according to the preseehition may comprise a population of cells
of at least 1x1bcells, at least 1 x f@ells, at least 1xP@ells, at least 1xf@ells, at least 1x10
cells or more. Each organoid comprises betweerpappately 1x16 cells and 5x1dcells. The
inventors have shown that it is possible to grogaanids from single Lgr5+ stem cells into
organoids comprising a population of cells as deedrabove or comprising a population of
cells of approximately TGcells. For example, it has now been shown fonsedhat it is
possible to start growth of an organoid from sirggkam cells. Thus, the invention provides a
method for generating an organoid from a singlmstell. In some embodiments, the organoid
comprises approximately 16ells. In some embodiments, 10-20, or 20-30 o43®r 40-50

organoids may be grown together in one well of av@#f plate.

In some embodiments, the invention provides anraigbor population of cells, which is
capable of surviving in culture for at least 3 ntantfor example at least 4 months, at least 5
months, at least 6 months, at least 7 monthsaat 8#months, or at least 12 months or more,

when cultured in a culture medium of the invention.

In some embodiments, the invention provides anraigbor population of cells, wherein the
organoid or population of cells expands at a rtg teast 3 fold, at least 4 fold, at least 5 fold

at least 6 fold, at least 7 fold, at least 8 faldeast 9 fold or at least 10 fold per week.

Preferably the population of cells or organoidd expand at a rate of about 4-5 fold per week or
more than two population doublings a week. Thesgfim some embodiments, the population of
cells or organoids will expand at a rate of ati@af®ld, at least 4 fold, at least 5 fold, at ks

fold, at least 7 fold, at least 8 fold, at leasbld or at least 10 fold per week.

Organoids of the invention may be obtained usinig tsolated from any suitable source.
Generally, the cells used to generate an organitlithevisolated from the same tissue type as the
organoid which is generated. The organoids areaiely mammalian, for example, murine,

bovine, porcine or human. Most preferably, theaoaids are human.

In some embodiments, the invention provides anraigbor population of cells, wherein the
organoid or population of cells is a normal (hegltbrganoid or population of cells or a disease
organoid or population of cells, for example ob¢giy culturing stem cells taken from a human

or animal with a disease.
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In some embodiments, the invention provides anraigbor population of cells which is frozen
and stored at below %, below -16C, below -20C, below -46C, below -66C, or below -86C,
below -100°C, below -150C or at approximately -18G. The organoid or population of cells of
the invention may be stored in liquid nitrogen. fdfere, in some embodiments, the invention

provides an organoid or population of cells whiglstored in liquid nitrogen.

In some embodiments, the invention provides anrmigbof the invention, wherein the organoid
is a small intestine organoid, a colon organoigastric organoid, a pancreatic organoid, a liver

organoid or a prostatic organoid.

Organoid structure and morpholoqgy

Organoids of the invention, obtainable by expansiostem cells, provide a population of cells

which resemble thein vivo counterparts.

Image analysis may be used to assess charactedstells in culture such as cell morphology;
cell structures; evidence for apoptosis or celstyand organoid composition and structure.
Many types of imaging analysis are well known ie #rt, such as electron microscopy, confocal
microscopy, stereomicroscopy, fluorescence micqmgddistological analysis can reveal basic

architecture and cell types.

lllustrative examples of organoids generated aéongrth the invention are given in the
accompanying figures. It can be seen that orgaramdsrding to the invention may possess a
layer of cells with at least one bud and a cefftiraken. The organoids in the outside of the
matrigel tend to be larger than the organoids énctnter of the matrigel, perhaps because they
have better access to the necessary growth fa8wusturally, organoids according to the
invention are often elongated in shape. They melpde one or more budding structure — a
single cell epithelial layer with similarities tads or islets. Under confocal microscopy, the
structures may stain positive for keratin. They nmyude cells with polarised nuclei and small
cytoplasm. The organoids may have a section wikiébrmed of multiple layers; such cells
often tend to have their nuclei more central todéiés, i.e. not polarized. The cells in the
multilayer section may organise themselves to ohela gap, or lumen between the cells.

In some embodiments the organoids of the inverd@nprise or consist of epithelial cells. In
some embodiments, the organoids comprise or carfsissingle layer of epithelial cells. In
some embodiments non-epithelial cells are absent the organoids. In some embodiments, the
organoids of the invention comprise all the diffdirated cell types that exist in their

correspondingn vivo tissue counterpart.

In some embodiments human intestinal organoiddadisgd budding organoid structures, rather

than the cystic structures seen under previousreuttonditions. Metaphase spreads of organoids
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more than 3 months old consistently revealed 46rabsomes in each of the 20 cells taken from

three different donors.

In some embodiments the organoids of the inverd@nprise a single monolayer of cells. In
some embodiments the organoids of the inventioe laasection which is formed of multiple
layers. Multiple layers of cells are also refertedherein as regions of “stratified” cells. By
“stratified” it is meant that there are multipledre than one) layers of cells. In some
embodiments the organoids of the invention comiisgle monolayers that are folded (or
invaginated) to form two or more layers. It can stimes be difficult to distinguish between
folded (or invaginated) monolayers and regiondmttisied cells. In some embodiments an
organoid comprises both regions of stratified cafld regions of folded monolayers. In some
embodiments the organoids of the invention hawectian which is formed of multiple layers
and a section comprising a single monolayer osc®orphologically, the cells appear like their

correspondingn vivo tissue counterpart.

Therefore, in some embodiments the invention pexs/@h organoid, preferably obtainable using
the culture media and methods of the inventionctviig a three-dimensional organoid
comprising epithelial cells surrounding a centumhén, wherein optionally the epithelial cells
exist in distinct dividing domains and differentief domains. In some embodiments the
organoid of the invention is a three-dimensionglooid comprising epithelial cells arranged in
regions of monolayers, optionally folded monolayamd regions of stratified cells. In some
embodiments, non-epithelial cells are absent fram srganoid. In some embodiments, all

differentiated cell types of the normalvivo tissue are present in said organoid.

Crypt-villus organoids

In small intestinal crypt-villus organoids the stiuwral arrangement of the organoids is very
similar to the structure oh vivo crypt-villi: the Lgr5+ stem cell and their nichells (Paneth

cells) are next to each other at the base of i ,dollowed by the transit amplifying cells, just
above the base of the crypt and leading into tthessof the villi and finally the differentiated
cells, such as enterocytes that make up the reélseaoflli and become more and more
differentiated towards the top of the villi. It cha seen that organoids according to the invention
may possess a layer of cells with at least onealngida central lumen. The organoids in the
outside of the matrigel tend to be larger thanafymnoids in the center of the matrigel, perhaps
because they have better access to the necessamh dactors. Structurally, organoids
according to the invention are often elongatechampe. Under confocal microscopy, the
structures may stain positive for keratin. They rimyude cells with polarised nuclei and small

cytoplasm. The crypt-villus organoids are genersilhgle-layered.
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In some embodiments, for example for a mouse oryjpis organoid, a crypt-villus organoid is
a three-dimensional organoid, comprising crypt-tikenains surrounding a central lumen lined
by villus-like epithelial domains, which are epiiaRédomains comprising differentiated cell

types. In some embodiments, non-epithelial cedsadgnsent from said organoid.

In some embodiments, for example for a human coriffpts organoid, a crypt-villus organoid is

a three-dimensional organoid, comprising crypt-likenains surrounding a central lumen. In
some embodiments, dividing cells are confined élthdding structures. No or few
differentiated cells are present. Under differ@mraconditions the differentiated cells of the
intestine are formed. In some embodiments, norirelut cells are absent from said organoid. In
some embodiments, when the organoid is expandingxample when it is in an expansion

culture medium according to the invention, the aagd has few or no differentiated cells.

In some embodiments, a small intestinal organoith@finvention cultured in a culture medium
of the invention comprising RANKL, comprises M-&llin some embodiments of the invention,
a small intestinal organoid of the invention cudtiin a culture medium of the invention
comprising a gamma-secretase inhibitor, comprisbseg cells. In some embodiments, a small
intestinal organoid cultured in a differentiatioedium (for example wherein the differentiation
medium comprises a basal medium, Noggin, EGF, a-B&# inhibitor and a p38 inhibitor, a
gamma-secretase inhibitor and a RANKL) compriskditierentiated cell types including, for
example, goblet cells, neuroendocrine cells, teltsc M-cells, enterocytes and paneth cells.
Some of these differentiated cell types, for exangalneth cells, are also present (sometimes in

smaller quantities) in the expanding organoids.

Human intestinal organoids display budding orgamstidctures, rather than the cystic structures
seen under previous culture conditions. The uppening of freshly isolated crypts becomes
sealed and this region gradually balloons out aubimes filled with apoptotic cells, much like
apoptotic cells are pinched off at the villus fifws, in some embodiments, the crypt-villus
organoids have a crypt-like structure surroundigrral lumen lined by a villus-like

epithelium and filled with apoptotic cell bodies.dome embodiments, the lumen is opened at

consecutive time intervals to release the contgntthe medium.

In some embodiments, the crypt region undergoemmus budding events which create

additional crypts, a process reminiscent of crigsgtién.

The inventors also demonstrated that the humasting organoids generated by media and
methods of the present invention, mimickedivo cell fate decisions in response to external
factors. For example, it has previously been shthatNotch inhibition in intestinal stem cells,

terminates intestinal epithelial proliferation anduces goblet cell hyperplasiavivo. Thus in
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some embodiments, when a crypt-villus organoidefibvention is treated with a Notch
inhibitor, proliferation ceases and most cells @gample more than 50%, more than 60%, more
than 70%, more than 80%, more than 90%, more th&@ #nhore than 98%) convert into goblet

cells within 3 days.

Metaphase spreads of organoids more than 3 molitlt®osistently revealed 46 chromosomes
in each of the 20 cells taken from three diffeonors. Furthermore, microarray analysis
revealed that the stem cells in culture possessgthsmolecular signatures to intestinal crypt

cells including intestinal stem cell genes.
Colon organoids

Colon organoids exhibit a similar cell composittorcrypt-villus organoids. Thus, the
comments for crypt-villus organoids above applgaton organoids mutatis mutandis. For

example, see figures 1 and 2.

Typically, the difference between the colon andlsmtestinal organoids is that the crypts are
shallower in the colon making it look a little like“football” rather than a sphere with
protrusions. Both small intestinal and colon orgdadave domains that contain stem cells and
transit amplifying (TA) cells, and other domainsitaining differentiating and/or differentiated
cells. For the small intestinal organoids the défaiated domains are sometimes referred to as
“villus-like". The differentiated domains of the lom organoids are typically similar in cell
composition to the “villus-like” domains of the slnatestine but the colon itself does not have
villi.

The amount of Wnt present can influence the siz@budding structures (i.e. the depth of the
crypts) in the organoids. More Wnt reduces buddiiige colon produces more Wnt than the
small intestine and so requires less additional Witte culture medium and typically has

shallower crypts than the small intestine. The sdiffierence is seen in the organoids.

In some aspects, colon organoids are provideddoyntlention. The inventors have found that
mouse colon organoids can be obtained by cultwahgn crypts in an ENR + Wnt3A (WENR)
cell culture media. Thus, in some embodimentsjrthention provides a colon organoid

obtained by culturing colon crypts in WENR media.

The inventors have also surprisingly found that aomolon organoids can be maintained using
a culture medium comprising WENR plus gastrin plicetinamide. In some embodiments, a
human colon organoid of the invention is obtainddyleising a media comprising WENR plus
gastrin plus nicotinamide and also comprising duibitor of TGF beta. For example, in some

embodiments, the following cell culture media mayused to obtain a human colon organoid:
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WENR-+gastrin+nicotinamide+A8301+SB202190. In othebodiments, the following cell

culture medium may be used to obtain a human amiganoid: WENR+Nicotinamide+A83-01

In some embodiments, a mouse colon organoid hasxammal diameter of approximately 200-
700um, for example 250-600 um, 300-500 um, 3204150340-400 um, 300-380 um, for
example approximately 360um. In some embodiments)on organoid has a minimal diameter
of approximately 100-400um, for example 150-350 Li#Q)-300 um, 190-280 um, 195-250 um,
for example, approximately 235um. In a further ediment, the organoids can have a diameter
of up to Imm. In some embodiments, a human colgarmid has a maximal diameter of
approximately 300-800um, for example 350-700 un®-@00 um, 450-550 um, 475-540 um,
500-530 um, for example approximately 500um. Ime@mbodiments, a colon organoid has a
minimal diameter of approximately 200-500um, foample 250-450 um, 300-415 um, 350-400
um, 325-380 um, for example, approximately 375uma further embodiment, the organoids
can have a diameter of up to Imm. In some embodanarcolon organoid of the invention
comprises budding structures. These may be vibiplesing EdU stain to visualize proliferating

cells.

Human colon organoids retain their characterigtidding structure under the Human Intestinal
Stem Cell Culture (“HISC") condition (WENRg+nicotimide+TGF-beta inhibitor (e.g. A83-
01)+p38 inhibitor (e.g. SB202190)).In some emboditaea colon organoid is a three-
dimensional organoid, comprising budding structuvbgh are proliferating and contain stem
cells. These stem cell domains surround a centmah. Dividing cells are generally confined to
the budding structures. In some embodiments, rievodifferentiated cells are present. Under
differentiation conditions the differentiated ceadiisthe intestine are formed, for example mature

enterocytes. In some embodiments, non-epithellls ase absent from said organoid.
Pancreatic organoids

Pancreatic organoids of the invention preferablyilekbudding. In some embodiments, the
pancreatic organoids are from 100-1000 micrometedsameter, for example, 200-900
micrometers, 300-1000 micrometers, 400-700 micremsefl he pancreatic organoids are
preferably single layered. There are only the Yeginnings of islet or ductal structures.

Budding structure are indicative of a healthy geséition status and stem cell maintenance.

In some embodiments, for example when pancreag@nmids are grown in a culture medium of
the invention (and in the absence of TGF-beta itdri¥), pancreatic organoids are mainly cystic
structures with few budding structures or duct-likenains. The cystic structures comprise
mainly monolayers but some regions of stratifielsamaay be present. The cells express stem
cell and progenitor (ductal) markers. No differatéd cells, such as beta-cells, are present in the

organoids. The cyst is mainly formed by a monolagat stratified parts exist. Cell types
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resemble stem cells / progenitor (duct cell gen@ession). There are no differentiated cdils (

cells).

In other embodiments, for example when pancreatjarmids are grown in the presence of a
TGF-beta inhibitor, such as A83-01, for examplea iculture medium of the invention, the
pancreatic organoids comprise more budding strestductal-like domains (this means cells are
duct-like cells more than the structure is likeuat)l, as shown by Krt19 staining (for example,

see figure 31). Monolayers of polarized cells candentified, but also areas with stratified cells.
Adenocarcinoma and colon cancer organoids

Adenocarcinoma and colon cancer organoids gendaatly cystic structures instead of budding
structures. This is reminiscent of the absencenotigell niche support. Adenoma crypts
cultured with EFG+Noggin show approximately 16x &xgion in the first 10 days.
Adeno(carcino)ma and colon cancer organoids mayigeaiseful research tools and drug

screening models.

Carcinoma, adenoma and adenocarcinoma organoidtsrgedy cystic (for example, see figures
4 and 9). However, in some embodiments, they may @mprise structures that resemble their

normal tissue organoid counterparts.
Barrett's Esophagus (BE) organoids
A BE organoid of the invention comprises buddirrgatures (for example, see figure 5).

Morphologically, the cells in the organoids of theention appear like their correspondimg

vivo tissue counterpart.

Barrett's Esophagus is a disease marked by themresf columnar epithelium in the lower
esophagus, replacing the normal squamous celledipith as a result of metaplasia. The
histological hallmark of Barrett's esophagus isphesence of intestinal goblet cells in the
esophagus. Exploiting the similarity between Bagdisophagus and the intestinal epithelium,
the inventors showed that the culture medium antthogs of the invention could be used to
maintain Barrett’'s Esophagus epithelium for up todnth. The inventors also demonstrated, for
the first time, that addition of FGF10 to the cudtumedium of the invention enabled the
Barrett's Esophagus organoids to form budding stires and significantly prolonged the culture
duration to more than three months. Thus, a B&iesophagus organoid is an example of an
organoid of the invention. In some embodimenBagett's Esophagus organoid has a cystic
structure. In some embodiments, a Barrett's Esaphagganoid of the invention comprises
Paneth cells. In some embodiments, a Barrett'plizgus organoid of the invention expresses

lysozyme.
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The inventors, therefore, also describe a cultuediom according to the invention, comprising
FGF10, for the culture of Barrett's Esophagus egbitim.

In some embodiments of the invention, Barrett’'sgismus organoids may be grown using a
culture medium according to invention also compgdrGF10. In some embodiments, these
Barrett's Esophagus organoids express Ki67 and aammimal number, preferably less than
10%, less than 5% or less than 1% PAS-positive egltl Mucin-positive cells. In some

embodiments, the Barrett’'s Esophagus organoids gsenlysozyme-positive Paneth cells.
Stomach (gastric) organoids (for example, see figar46)

Mouse gastric organoids grown in a culture medifithe invention are three-dimensional

organoids, comprising or consisting of a singlestagpithelia, that comprises a gastric gland
base like domains (formed by stem and progenitds)cgurrounding a central lumen lined by
epithelial domains comprising differentiated cgples, and optionally wherein non-epithelial

cells are absent from said organoid.

Human gastric organoids grown in a culture medifith® invention comprise cystic structures.
The cystic structure is a monolayer of polarizeltsc& hese human gastric organoids grown in
the presence of a TGF-beta inhibitor resemble mgasgic organoids much more closely than

human organoids grown in the absence of TGF-béiaitor.
Prostatic organoids (see figures 41 to 43)

Under culture conditions comprising EGF, Nogginp&wdin, murine prostatic organoids form
three dimensional cystic structures with a lumartirhe the layers fold inward forming 3-4
layers of (stratified) epithelial cells. The oukayer is mostly composed of CK5+ basal epithelial
cells whereas the inner layers are mostly compog&kK8+ luminal epithelial cells. No stem
cell compartment has been identified; all domamr#tain dividing cells. Therefore, in some
embodiments, a prostate organoid grown in the aeseftestosterone comprises stratified
layers of dividing epithelial cells. In a furthembodiment, the prostate organoid comprises an
outer layer of cells comprising CK5+ basal epithletells and inner layers comprising CK8+
luminal epithelial cells. In some embodiments, aspate organoid grown in the absence of

testosterone does not contain any stem cells.

Addition of testosterone to the prostate culturelions

The inventors have shown that the addition of (Rikdy testosterone to the culture conditions

for the prostatic organoids, results in the majaoitcells differentiating into CK8+ luminal cells
which form a single layer of epithelium that folaisto itself into two layers. Prostate organoids
grown in the presence of testosterone consist atlgnluminal cells with or without a second

layer of basal cells. The structure resemblesreso structure. Both differentiated and
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dividing cells are present, as well as stem celts@rogenitors. Therefore, in some
embodiments, for example when cultured in a mediamprising testosterone, a prostate
organoid is a three-dimensional organoid comprisysjic structures and a lumen. In some
embodiments the prostate organoid comprises CKi@inki cells which form a monolayer of
epithelium. In some embodiments the monolayerlgefbinto two or more layers. In other
embodiments, the organoid may comprises regiosgatified cells. In some embodiments, the
prostate organoid comprises differentiated cell8eamaintaining the dividing stem cell
population.In some embodiments, the shape of thaenmid is determined by the origin of the
cellular or tissue starting material (i.e. the gosiin the prostate before isolation). The prestat
consists of different lobes or regions which digytze different epithelial structures described
above (stratified and folded), Aftar vitro culturing the organoids appear to some extent to
maintain the different macroscopic structure (gteat or folded) of the part of the prostate from

which it originated.
Liver organoids

Structurally, mouse liver organoids according ® ithwvention are often elongated in shape. They
may include one or more budding structure — a singll epithelial layer which has a structure
not unlike a bile duct. Under confocal microscothe structures may stain positive for keratin.
They may include cells with polarised nuclei andaraytoplasm. The organoids may have a
section which is formed of multiple layers; suchsceften tend to have their nuclei more central
to the cells, i.e. not polarized. The cells in thaltilayer section may organise themselves to
include a gap, or lumen between the cells. Humaer lorganoids of the invention, in some
embodiments have a generally cystic structure.

In some embodiments, a liver organoid is a thregedsional organoid, with a cystic structure
(for example, see figure 30). Under expansion dandi the organoid may consist of stem cells
and progenitor cells where two domains are defiBdA duct-like domain, formed by a single-
layer cubical epithelia (positive for the ductalrkex Krt19) with cells lining a central lumen;
and (2) a pseudo-stratified epithelial domain what@9 positive cells and scattered albumin
positive cells are detected. This architecturea@seith single layer epithelia together with areas
of pseudostratified epithelia) resembles the emificydiver bud. Under expansion conditions
fully differentiated cells are not present, althbugxpression of hepatocyte/hepatoblast-specific
markers can in some embodiments be detected. &ifiation conditions result in the formation
of a cystic organoid where the duct-like domaimde layer epithelia) is lost and the entire

structure becomes a pseudo-stratified epitheligatming >50% polarized hepatocytes.

A liver organoid, preferably comprises a hepatocgted a cholangiocyte cell (although

hepatocytes are especially seen following difféation in DM and are not required for
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expansion), more preferably wherein at least ontheffollowing markers could be detected: at
least one hepatocyte marker such as albumin, Iyaesiin, B-1 integrin and Glutamine
synthetase and/or at least one of CYP3All, FAH3tBKAT and Gck and/or at least one
cholangiocyte maker such as Keratin 7 and 19. Khled person knows how to detect each of
these markers (i.e. RT-PCR and/or immunofluoreseeriereferably the expression of each of
these markers is assessed as carried out in tleei@ental part. Each of these markers is usually
expressed after at least two weeks, three weeksm@month of culture using a method of the
invention. Microarray analysis of the organoidshioth culture conditions showed that liver

organoids resemble adult liver tissue.

Preferably all cells in a liver organoid exprespdtecyte surface markers. For example, in some
embodiments, at least 50% (for example 50-60%leadt 60%, at least 70%, at least 80%, at
least 90%, at least 99% or 100% of cells in a li|ganoid express hepatocyte markers. In
some embodiments, approximately 35% of the cella iiver organoid express a hepatocyte
surface marker, for example, 25-45%, 30-40%, 33-33%86 or less, or 15-35% of cells. In
some embodiments, the expansion phase would hagehkepatocytes, for example less than
20%, less than 10%, less than 5% of the cells,thess 2%, less than 1%, preferably 0% of the
cells. Preferably, cells and organoids generatecbrding to the invention also possess
hepatocyte functions, such as expressing or stpipositive for the mature hepatic markers
albumin, B-1 integrin,, CK-8, CK-18, transthyre{iiTR), glucose 6P, Met, Glutamine synthase
(Glul), transferrin, Fahdl1, Fahd2a, K7, K19 andociirome P450 isoforms 3A13 (CYP3A13),
51 (CYP51) 2D10 (CYP2D10), 2j6 (CYP2j6), 39A1 (CYWA3), 4A10 (CYP4A10), 4F13
(CYP4F13) 4F16 (CYP4F16), CYP4Bland 20A1(CYP20AMI30, embryonic liver gene AFP
is in some embodiments not detected in neithemitt bulture conditions, as in adult liver. In
some embodiments, the expression of alpha fetdkipras just above the background gene

expression.

Also, the well-known liver transcription factors &NFla, HNF1b and HNF4a are highly

expressed in both conditions.

Since liver and pancreas are closely related orgaesnvestigated whether our liver cultures
also expressed pancreas-specific genes. The parisrmctionally divided into endocrine and
exocrine pancreas. The endocrine pancreas is maimyacterized for expressing insulin,
glucagon and somatostatin. The expression of thesmones is tightly regulated by a set of
endocrine pancreas-specific transcription facttirg, most important being Pdx1 and NeuroD.
The exocrine pancreas is formed by acinar and boatapartments responsible of producing the
digestive enzymes amylase, pancreatic lipase ayhathypsin, among others. The expression

of these genes is also regulated by specific exe@ancreatic genes as Ptfl.
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The pancreas specific genes Ptfla, pancreatic amylamy2a4), pancreatic lipase (Pnlip),
insulin (ins1 and ins2), glucagon (Gcg), chymotiggselal), Pdx1 and NeuroD were absent in

the liver cultures here described.

In some embodiments, one or more or all of theofalhg genes are expressed in the liver
organoids at a similar level to the correspondiagegin adult liver hepatocytes: Aqpl, Bmp2,
Apo3, Apol7a, Sord, C3, Ppara, Pparg, tbx3, Igfl7rb, ll1b, Tgfbi, Apoal, Apoa4, Apob,
Cyp26bl, Cyp27al, Cyp2bl3, Cyp2b9, Cyp2c37, Cypai¥p2gl, Cyp2j13, Cyp3all,
Cyp4al0 and Cypfl4. For example, see Figure 27A.

In some embodiments, one or more of the followiages is expressed in the liver organoids at a
similarly shut down level compared to the corregfog gene in adult liver hepatocytes: Ccl2,

Osmr, Icaml and Cxcl2.

In some embodiments, one or both of the followieges is differentially expressed in both a
liver organoid and newborn liver: mKi67 and cdkn8aning that the expression of these genes

is higher in the organoids than in the differemtihbrganoids or whole organ.

In some embodiments, one, two or all of the follogvgenes are expressed at a similar level in a

liver organoid and a newborn liver: cyp2j6, olfmdda_efty 1. For example, see Figure 27B.

In some embodiments, a liver organoid of the inlenbas a ductal phenotype when cultured in

expansion medium of the invention (e.g. EM1 or EM2)

In some embodiments, a liver organoid of the inenexpresses adult liver markers when

cultured in a differentiation medium of the invemti

In one embodiment, a liver organoid of the invemti@s a gene expression profile as shown in
Figure 27C.

In a particularly preferred embodiment, a mouserlicell population or organoid of the
invention has the gene expression profile as shaviigure 28. For example, in one preferred

embodiment, a mouse liver cell population or orgéuod the invention:

a) expresses at least one (e.g. 1, 2, 3, 4, 5, 6,97,1®, 11), preferably all of the
following stem cell markers: Igr5, Igr4, epcam, @d4nfrsf19, Sox9, Sp5, Cd24a, Prom1,
Cdca7 and EIf3; and/or

b) does not express the following stem cell marke®;lgnd/or

c) expresses at least one (e.g. 1, 2, 3,4, 5, 6,9,1®, 11, 12, 13, 14, 15, 16, 17,
18, 19), preferably all of the following hepatocgiecholangiocyte markers when grown in
expansion medium of the invention: Hnfla, Hnflbf44n Hhex, Onecutl, Onecut2, Prox1,
Cdhl, Foxa2, Gata6, Foxm1, Cebpa, Cebpb, CebpghgC&iul, Krt7, Krt19 and Met; and/or
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d) does not express at least one (e.g. 1, 2, 3,64,%,8, 9, 10, 11, 12, 13, 14, 15,
16, 17 ) of the following genes when grown in ex@an medium of the invention: afp, Ins1,
Ins2, Gceg, Ptfla, Celal, Cela2a, Cela3b, Neuroelydti2, Neurogl, Neurog2, Neurog3,
Amy2a4, Igfir, Igf2 and Cd34; and/or

e) expresses at least one (e.g. 1, 2 or 3) of thewatlg reprogramming genes:
KIf4, Myc and Pou5f1 and/or

f) does not express the following reprogramming g&os2.

wherein the expression of the genes is preferadfiyotied by measuring expression at the

MRNA level, for example, using a microarray.

More preferably a mouse liver cell population agaoroid of the invention has all of features a)

to f) above.

In some embodiments, the gene expression profferited above for a mouse liver cell
population or liver organoid of the invention is Bfomouse cell population or organoid cultured

in liver expansion medium of the invention.

In some embodiments, there is provided a humamn lbell population or organoid of the
invention that has the gene expression signatwersim Figure 29. For example, a human liver
cell population or organoid cultured in EM1 of therention preferably expresses the genes
indicated in Figure 29 as being expressed in EMllco#ture medium. For example, a human
liver cell population or organoid cultured in EMRtbe invention preferably expresses the genes
indicated in Figure 29 as being expressed in EMRcodture medium. For example, a human
liver cell population or organoid cultured in DM ttfe invention preferably expresses the genes

indicated in Figure 29 as being expressed in DMacddure medium.

For example, in one preferred embodiment, a hurmeen tell population or organoid of the

invention:

a) expresses at least one (e.g. 1, 2, 3, 4, 5, 6§,9), Breferably all of the following
stem cell signature genes: LGR4, TACSTD1/Epcam, £080X9, SP5, CD24, PROM1,
CDCA7 and ELF3; and/or

b) expresses at least one (e.g. 1, 2, 3, 4), preferabl of the following
reprogramming genes: KLF4, MYC, POU5F1 and SOX2/an

c) expresses at least one (e.g. 1, 2, 3, 4,5, §,9, 8, 11, 12, 13, 14, 15, 16, 17,
18, 19), preferably all of the following hepatodgtelangiocyte specific genes: HNF1A,
HNF1B, HNF4A, HHEX, ONECUT1, ONECUT2, PROX1, CDHAQXA2, GATA6, FOXM1,
CEBPA, CEBPB, CEBPD, CEBPG, GLUL, KRT7, KRT19 an@&M™ and/or
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d) does not express at least one (e.g. 1, 2, 3,8), preferably all of the following
hepatocyte/cholangiocyte specific genes: NEUROGzF1R and CD34, AFP, GCG and
PTF1A, for example, it does not express NEUROGEIR and CD34; and/or

e) expresses at least one (e.g. 1, 2, 3, 4, 5, 6,9, 8, 11, 12, 13, 14, 15, 16, 17,
18), preferably all of the following hepatocyte sifie genes: TTR, ALB, FAH, TAT, CYP3A7,
APOA1, HMGCS1, PPARG, CYP2B6, CYP2C18, CYP2C9, CYR2CYP3A4, CYP3AS5,
CYP3A7, CYP4F8, CYP4V2 and SCARB1I,

wherein the expression of the genes is preferadigatied by measuring expression at the

MRNA level, for example, using a microarray.

More preferably a human liver cell population ogamoid of the invention has all of features a)

to e) above.

In some embodiments, the genes in a human livepopulation or organoid of the invention
are upregulated or downregulated relative to exgiwasof a reference RNA as shown in Figure
29. Preferably, the reference RNA is Universal ldarReference RNA (Stratagene, Catalog
#740000). In some embodiments, a gene is upregutatdownregulated relative to the
reference RNA if it is also shown in Figure 29 afb upregulated or downregulated relative to
the reference RNA but the extent of upregulatiodawnregulation need not be the same. In
other embodiments, the extent of upregulation evrdegulation is +/-35%, +/-30%, +/-25%,
+/-20%, +/-20%, +/-15%, +/-10%, +/-5%, +/-3%, or mgreferably +/-1.5-fold, +/-2-fold, +/-
3-fold, +/- 5-fold or approximately the same aswhan Figure 29. In other embodiments, the
absolute level of expression of the genes in a lnupnganoid of the invention is +/-35%, +/-
30%, +/-25%, +/-20%, +/-15%, +/-10%, +/-5%, +/-386+/-1.5-fold, +/-2-fold, +/-3-fold, +/- 5-

fold or approximately the same as shown in Fig@&e 2

The human liver cell population or organoids of itheention also preferably express Lgrb
and/or Tnfrsf19, preferably both. In some emboditacthe human liver cell population or
organoids, when cultured in expansion medium ofriliention express Lgr5 and/or Tnfrsf19,
preferably both. Preferably, expression of Lgr8/anTnfrsfrl9 is detected by RT PCR. In
some embodiments, Lgr5 and/or Tnfrsf19 are presiemuch lower levels of expression in
organoids or cells when cultured in the differditia medium compared to their level of
expression organoids or cells when cultured irettgansion medium (for example at least 2-
fold, at least 3-fold, at least 4-fold, at leadbid, at least 10-fold, at least 15-fold lower).

Liver cells and organoids according to the presaméntion may preferably be capable of
secreting albumin, for example, at a rate of betwegproximately fig per hour per T0cells

and 1Qug per hour per Tcells, preferably betweenug and g per hour per fzells.
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Furthermore, such liver cells and organoids mayeteairea. For example, in a 35mm dish of
cells, the activity of urea synthesis may be betwéeg and 5Qg in 48 hours, preferably
between hg and 3Qg.

Liver cells and organoids according to the invamtinay show visible glycogen stores, for
example, when stained. The capacity for cells arghrwids according to the invention to
synthesize glycogen actively can be tested by bkimigcthe culture media from low-glucose
differentiation media to high-glucose DMEM supplenesl with 10% FBS and Q&

dexamethasone for two days.

Liver cells and organoids according to the invamtizgay possess inducible cytochrome P450
activity (e.g. CYP1A). Such activity may be testkmt,example, using an ethoxyresorufin-O-
deethylase (EROD) assay (Cancer Res, 2001, 61:&182%). For example, cells or organoids
may be exposed to a P450 substrate such as 3-gtathgthrene and the levels of EROD

activity compared to control cells.
Morphologically, the liver organoid cells appeapacyte-like.

A preferred liver organoid comprises or consists afystic structure with on the outside a layer
of cells with buds and a central lumen as depiateldigure 30. This liver organoid may have
one or more (e.g. 2, 3, or all 4) of the followingaracteristics: (a) having a cell density of
>5x10 cells/cni, preferably >10x10cells/cni; (b) having a thickness equivalent to 2-30 layers
of cells, preferably a thickness equivalent to Aaiyers of cells; (c) the cells mutually contact in
three dimensions, (d) demonstrate a function inftete healthy liver tissue, (e) have an
elongated shape, with 2 defined domains, i.e. glesitayered epithelial domain where highly
polarized cells are detected and keratin markexseapressed (this domain resembles the bile
duct domain) and the other domain constitutes thm tmody of the organoid and is formed by a
multilayered epithelia with non-polarized cells wéia albumin expression may be detected. It is
clear to the skilled person that such a liver oogans preferably not a liver fragment and/or

does not comprise a blood vessel, and/or doesomgpiese a liver lobule or a bile duct.

Within the context of the invention, a liver fragnhds a part of an adult liver, preferably a
human adult liver. Preferably a liver organoid dentified herein is therefore not a liver
fragment. A liver organoid is preferably obtainesing a cell from an adult liver, preferably an
epithelial stem cell from an adult liver, more @refboly an epithelial stem cell from an adult liver
expressing Lgr5. A liver organoid may also be at#difrom any cell which upon damage or

culturing expresses Lgr5 and is therefore an Lgyiressing cycling stem cell.

In some embodiments, a liver organoid comprisds teht express Lgr5. For example, in some

embodiments, at least 2%, more preferably at lE#stat least 10%, at least 20%, at least 30%,
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at least 40%, at least 50%, at least 60%, at W\, at least 80%, at least 90%, at least 95% of
the cells in the liver organoid express Lgr5. $anty, the invention provides a cell or a
population of cells which express Lgr5, whereirdsalls are obtained from a liver organoid of

the invention. The progeny of such cells is alscoenpassed by the invention.

In an embodiment, a liver organoid is a liver omdnwhich is still being cultured using a
method of the invention and is therefore in contaith an extracellular matrix. Preferably, a
liver organoid is embedded in a non-mesenchymatesenchymal extracellular matrix. Within
the context of the invention, “in contact” meanplgsical or mechanical or chemical contact,
which means that for separating said liver orgati@ich said extracellular matrix a force needs

to be used.

In a preferred embodiment, a liver organoid cowddtbltured during at least 2, 3, 4, 5, 6, 7, 8, 9,
10 weeks or 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 monthsonger. In some embodiments, the liver
organoid is expanded or maintained in culture fdeast 3 months, preferably at least 4 months,
at least 5 months, at least 6 months, at leastrithmpat least 9 months, or at least 12 months or
more. Preferably, a liver organoid cultured usirgansion media of the invention comprising a
TGF beta inhibitor may be cultured for at least des, more preferably at least 5 weeks at 5
fold expansion a week or two or more populationdiogs per week (e.g.. for at least 10
doublings, at least 20 doublings, more preferabligast 25 doublings, for example, at least 30
doublings). Preferably, a liver organoid culturasing expansion media of the invention
comprising a prostaglandin pathway activator initald to a TGF beta inhibitor may be
cultured for at least 7 weeks, more preferablyeast 8 weeks at 2 or more doublings (e.g. 2-3
doublings) per week (i.e. at least 15 doublingdeast 25 doublings, at least 30 doublings, at
least 32 doublings, at least 35 doublings, e.g4@Xoublings or at least 40 doublings, for
example, at least 50 doublings). Thus, preferabliver organoid of the invention, for example

a human liver organoid, is obtained using expansiedia of the invention.

In another preferred embodiment, a liver organeidimates from a single cell, preferably
expressing Lgr5, more preferably wherein the sieglecomprises a nucleic acid construct

comprising a nucleic acid molecule of interest.

Organoid composition and gene expression

The crypt-villus, colon crypt and pancreatic orgdsdypically comprise stem cells and/or
progenitor cells and, therefore, these organoidsestertain patterns of geagpression. In
some embodiments, one or more (for example, 1,42,3, 6 or 7) or all of the following
markers can be detected: LGR5, LGR4, epcam, Cd#®,&£d24a, and CD133/Prom1 and
optionally Tnfrsf19. In another embodiment, the regsion of one or two or all of the following

progenitor genes can be detected: Pdx1, Nkx2.2N&w@.1. After differentiation, gene
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expression patterns of the crypt-villus, colon ¢pd pancreatic organoids are expected to
diverge as the differentiated organoids expresséaispecific adult markers, such as insulin in

the pancreas for example.
Crypt villus organoids

In some embodiments of the invention, the organcasprise crypt-villus like extensions
which comprise all differentiated epithelial cglpes, including proliferative cells, Paneth cells,
enterocytes and goblet cells. In some embodim#res;rypt-villus organoids of the invention
do not contain myofibroblasts or other non-epitilatells. A crypt-villus organoid of the
invention preferably comprises enterocytes, inclgdibsorptive enterocytes, goblet cells,
enteroendocrine cells, and Paneth cells in a arjlps-like structure. Preferably at least one (for
example, 2, 3, 4, 5 or 6) of the following markeosild be detected: SMOC2, CDCA7, OLFM4,
ASCL2, AXIN2 and/or Lgr5 Tnfrsf19, CD24a, Sox9, Ch4roml (see Figure 2e and Figure
14). In some embodiments, the markers RNF43 andRA\fan be detected. In some
embodiments, one or more (for example 1, 2, 3,3) ar all of SMOC2, CDCA7, OLFM4,
ASCL2, AXIN2 and/or Lgr5 are at least 2-fold, 3dobr 4-fold upregulated in crypts, whereas
markers that are at least 2-fold, 3-fold, or 4-fdtvnregulated in crypts include at least one or
more (for example 1, 2, 3 or 4) or all of ABCGL, BIRB, CSTE, MUC17 and/or APOAL. In this
context “upregulation” is relative to the villus thfe intestine or to the top section of the colon
crypt. Microarray analysis, comparing the gene esgion of differentiated organoid cells to
stem cells, revealed that the small intestinal ewlfus and colonic organoids possess
comparable molecular signatures of intestinal @yptluding the expression of intestinal stem
cell genes. Thus, the invention also provides argolorganoid having the molecular signature
described above for crypt-villus organoids. Orgdeaiulturedn-vitro clearly exhibit a similar
expression profile to freshly isolated small intest crypts and express known stem cell

markers.

In some embodiments, the mRNA encoding one or menes (e.g. 1, 2, 3,4,5,6, 7,8, 9, 10,
11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22223r 25) listed in Figure 14 (for example all of
the genes shaded in Figure 14) as being upregutatagpt-villus organoids or colon organoids
respectively is upregulated in a crypt-villus org@hor colon organoid of the invention
compared to a freshly isolated small intestindi,\ak determined by microarray. In some
embodiments, the mRNA encoding one or more (.8, 3,4,5,6,7,8,9,10, 11, 12, 13, 14,
15, 16, 17, 18, 19, 20, 21, 22, 23, 24 or 25) gdéiskxd in Figure 14 (for example all of the
genes shaded in Figure 14) as being downregulategpt-villus organoids or colon organoids
respectively is downregulated in a crypt-villusamgid or colon organoid of the invention

compared to a freshly isolated small intestindi,\ak determined by microarray. In some
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embodiments, the fold upregulation or downregutaigoas indicated in Figure 14 + /- 25%, for
example, +/ — 20%, +/ — 15%, + /- 10%, +/-5%, +/-@f@pproximately as quoted in Figure 14.
For example, a crypt-villus organoid of the inventmay have ADORAZ2B upregulated 9.54
fold +/- 25% compared to freshly isolated smallastmal villi. The same applies, mutatis

mutandis, to the other genes listed in Figure 14.

In some embodiments, the crypt villus organoidsashatural expression of Lgr5. In some
embodiments, the crypt villus organoids show nagxpression of at least Lgr5 and one or
more (for example 1, 2, 3,4, 5, 6, 7, 8, 9, 10,1 13, 14, 15, 16) or all of stem cell markers
from the group consisting of: CK19, Nestin, Som&ttis, CXCR4, CD133, DCAMKL-1,
CD44, Sord, Sox9, CD44, Prss23, Sp5, MnHnf4a, Sox9, KRT7 and KRT19. In addition or
alternatively, crypt-villus organoids may be chaesised by expression of one or more or all
(for example 1 or 2) of: Sord and/or Prss23. ldithah or alternatively, crypt-villus organoids
may be characterised by expression of CD44 and®9.9n another embodiment, the crypt-
villus organoids show expression of one or more fmmple 1, 2, 3, 4, 5, 6, 7, 8, 9) or all of the
markers from the group consisting of: Igr5, Igrdcam (tacstd1), Cd44, Tnfrsf19, Sox9, Sp5,
Cd24a, Proml, and Cdca7.

In some embodiments, a crypt villus organoid cosgwiPaneth cells expressing lysozyme.
Colon organoids

In some embodiments, a colon organoid containg@smeocrine cells (e.g. as detectable using
chromagranin A stain), goblet cells (as detectablag mucin 2 stain). In some embodiments,
less than 10% of the cells in the colon organo&desteroendocrine cells (e.g. 0.01-5%, 0.1-3%).
In some embodiments, less than 30% of the cellsarcolon organoid are goblet cells (e.g. 1-
25%, 1-15%, 5-10%). In some embodiments, theildigton of the enteroendocrine cells and/or

the goblet cells is as shown in the Figure 1d.

In some embodiments, a colon organoid contains raa&terocytes (e.g. as visualised by
alkaline phosphatise staining). In some embodimdess than 10% of the cells in the colon
organoid are mature enterocytes (e.g. less thanes%than 3%, 0.01-5%, 0.1-3%, 0.1-5%).

In preferred embodiments, a colon organoid doesomiprise Paneth cells because there are no

Paneth cells in a naturally occurriimgvivo colon.
In some embodiments, the colon organoids show alagipression of Lgr5.

In some embodiments, a colon organoid expressesramere (e.g. 1, 2, 3 or 4) of Villinl, Alpi,
ChgA and Muc2. In some embodiments, the relatimeumt of Villinl mRNA expressed by a
colon organoid of the invention compared to a figsolated colon crypt is at least 3% (e.g. at

least 5%, at least 8%, at least 10%), for exampteden 5-15%. In some embodiments, the
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relative amount of Alpi mMRNA expressed by a cologamoid of the invention compared to a
freshly isolated colon crypt is at least 0.5% (atdeast 1%, at least 2%), for example, between
0.5-5%. In some embodiments, the relative amoti@hgA mRNA expressed by a colon
organoid of the invention compared to a freshlyaitam colon crypt is at least 15% (e.g. at least
20%, at least 22%), for example, between 15-30#some embodiments, the relative amount
of Muc2 mRNA expressed by a colon organoid of thention compared to a freshly isolated
colon crypt is at least 20% (e.g. at least 25%¢eadt 30%, at least 35%), for example, between
25-37%.

In some embodiments, a human colon organoid ohthention expresses known stem cell

markers.
Pancreatic organoids

The pancreas contains three classes of cell typestuctal cells, the acinar cells, and the
endocrine cells. The endocrine cells produce tlimboes glucagon, insulin somatostatin and
pancreatic polypeptide (PP), which are secretaxthe blood stream and help the body regulate
sugar metabolism. The acinar cells are part oé’toerine system, which manufactures digestive
enzymes, and ductal cells from the pancreatic dudteh connect the acinar cells to digestive
organs. During development, Islets of Langerhaagtasught to descend from progenitor
endocrine cells which emerge from the pancreatit dod after differentiation aggregate to

form Islets of Langerhans. Islets of Langerhansmsea cells,f cells,s cells, and PP cells.

Pancreatic organoid cells may have an expressitberpahat resembles ductal cell markers,
such as one or more (e.g. 1, 2 or all) of K7, K8 BInflb and/or one or more general stem cell
markers such as Sox9 and/or Onecutl. This isylikkebe part of their stem cell signature.
Generally, fewer differentiation markers are séersome embodiments in which a cell is
isolated from a pancreatic duct in order to gereagbancreatic organoid of the invention, the
cell type that gives rise to a pancreatic orgawbithe invention is not a ductal cell (meaning the
epithelial cells positive for keratin 7 and kerati that form the ductal tube), but it is a cell
attached to the pancreatic duct, meaning a cedlighacated in the next layer of cells after the
duct in contact with the pancreatic tissue (i.¢.facing the lumen of the duct.) Thus, in
embodiments in which the cell type that gives tisa pancreatic organoid is not a ductal cell,
the pancreatic organoid will not express K7 or KHhwever, such a pancreatic organoid will

still preferably express one or more general stelimpcogenitor markers such as Sox9.

A pancreatic organoid of the invention preferaldynprisesu cells,p cells,6 cells, and PP cells.
In a further preferred embodiment, a pancreatiawogd comprises beta-cells. For example, a
pancreatic organoid may comprise more than 1%, thame 5%, more than 10%, more than

15%, or more than 20% beta-cells. Expression aflimsnay be used as a marker for beta cells.
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In an alternative embodiment, the pancreatic origacmmprises progenitor cell types, optionally
with a ductal origin, that can give rise to diffeti@ted cell-types upon transplantation into a
human or animal. In a preferred embodiment, thggmdor cell types can give rise to insulin-
secreting beta-cells upon transplantation intormdmuor animal. The inventors have shown that
human pancreatic organoids, grown according tortbéia and methods of the invention, can be
transplanted into mice and stimulate insulin-séogetells within one month (see example 4). It
can be easily understood that this could leadvolugionary treatments for patients with

diabetes and insulin-deficiencies.

In some embodiments, a pancreatic organoid ofntbenition may comprise ductal cells, acinar

cells and endocrine cells. In some embodiments,iK18ed as a marker for ductal cells.

In some embodiments, a beta-cell exists within peati islands or Islets of Langerhans. An
islet generally comprises around 1500 cigllgivo, for example, 1300-1700 cells. In one
embodiment, a pancreatic organoid comprises at (5%, at least 1%, at least 1.5%, at least
2%, at least 3%, at least 5%, at least 10%, at 1&f%, at least 20%, at least 25%, at least 30%
or more Islets of Langerhans by mass. In some dimtamts, the Islets of Langerhans of the
pancreatic organoid are composed of approximatelp ®0% beta cells, approximately 15 to
20% alpha-cells, approximately 3 to 10% delta celtal approximately 1% PP cells. However,
this is by no means exclusive. For example, inesembodiments, it is desirable to have many
beta cells in an organoid of the invention. Altgively, an organoid may comprise progenitor

cells that may be transplanted so that they diffigsé=in vivo.

In some embodiments, a pancreatic organoid exmesse two or all three of Pdx1, Nkx2.2 and
Nkx6.1. A pancreatic organoid may express one, tinee or all four of NeuroD, Pax6, Pax4
and Mafa. Pax4 serves as a marker for the presgmagsulin producing cells because it is an
essential transcription factor for the differentatof insulin producing cells from endocrine

progenitor cells during embryonic development. ahgreatic organoid may express Ngn3.

In some embodiments, at least one (for example 3,2, 5) of the following markers can be
detected in a pancreatic organoid of the inveniiwsulin (ins1 and/or ins2), glucagon (Gcg),
somatostatin, Pdx1 and NeuroD. In some embatbnat least one (for example 1, 2, 3, 4, 5)
of the following markers can be detected in a peatiz organoid of the invention: insulin (insl
and/or ins2), glucagon (Gcg), somatostatin, PdxiLNeuroD and the following markers are not
detected: ptfla, amy2a4, Pnlip and celal. In samtgodiments, at least one (for example 1, 2, 3,
4,5, 6,7, 8or9) of the following markers candegected in a pancreatic organoid of the
invention: Ptfla, pancreatic amylase (Amy2a4), peatic lipase (Pnlip), insulin (ins1 and/or
ins2), glucagon (Gcg), somatostatin, chymotrypsaial), Pdx1 and NeuroD.
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In some embodiments, the pancreatic organoids slabuval expression of Lgr5. In some
embodiments, the pancreatic organoids show nagxmkssion of at least Lgr5 and one or more
(e.g9-1,2,3,4,5,6,7,8,9,10,11,12,131H4 16, 17, 18, 19 or 20) stem cell markers
selected from the group consisting of: CK19, NesEIXCR4', CD133, DCAMKL-1, CD44,

Sord, Sox9, CD44, Prss23, Sp5, HnfHnf4a, Sox9, KRT7 and KRT19, proml1, Cd24a, Lgr4,
epcam. Alternatively or additionally, in some emimoents, pancreatic organoids may be
characterised by natural expression of one or rfforeexample 1, 2, 3 or 4) of: CK19, Nestin,

(insulin, glucagon) and CXCR4

In some embodiments, the pancreatic organoidslisrafehe invention express Somatostatin.
Somatostatin is a hormone expressed in differentidelta cells and so may serve as a marker

for delta cells.

Alternatively or additionally, in some embodimeriancreatic organoids show natural
expression of one or more early endocrine markergxample at least one or more (e.g. 1, 2, 3,
4,5, 6 or 7) of the following early endocrine mank Sox9, Hnflb, Hnf6, Hnfla, Nkx2.2,

Nkx6.1 and Pdx1.

Alternatively or additionally, in some embodimermiancreatic organoids show natural
expression of one or more early endocrine markergxample at least one or more (e.g. 1, 2, 3
or 4) of the following endocrine markers: Foxa2f&jiHnflb and Sox9. In some embodiments,
although the pancreatic organoids show naturalessgpon of one or more (e.g. 1, 2, 3 or 4) of
the following endocrine markers: Foxa2, Hnf6, Hnélld Sox9, they do not show expression of
Ngn3.

Alternatively or additionally, in some embodimerancreatic organoids show natural
expression of one or more ductal markers, for exangme or both of keratin 7 and keratin 19.

In some embodiments, the pancreatic organoids siabwval expression of one or more ductal
markers at a significant or detectable level. Tihusome embodiments, the pancreatic
organoids have a ductal phenotype. In some embadémeancreatic organoids show expression
of one or more (for example, 1, 2, 3, 4, 5, 6,,9,8.0, 11, 12, 13, 14, 15) or all of the follogin
markers, selected from the group: HnflA, HnflB, #RfHHEX, ONECUT1, ONECUT2,

CDH1, FOXA2, GATA6, CEBPB, CEBPD, CEBPG, Glul, Krigrt19 and MET.

However, the pancreatic organoids may have somialdieatures in combination with features

of insulin-producing precursor cells. For examfibey may express one or more ductal markers
as shown in Figure 16B. In some embodiments, arpatic organoid exhibits a gene expression
profile relative to adult pancreas or liver orgatsoapproximately as shown in Figure 16B. For
example, in some embodiments, these genes areulgtexdyor down regulated in pancreatic

organoids compared to adult pancreas liver organoiépproximately the same fold ratio as in
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figure 16B, for example, less than +/- 3%, lessth/- 5%, less than +/- 10%, less than +/-
20%,

In some embodiments, insulin-positive cells apfean the ductal lining in the pancreatic

organoids.

In some embodiments, one or more (e.g. 1, 2,3, @or 7), preferably all of the following
genes are upregulated in pancreas organoids codhmaliger organoids: Aaas, Rps4y2, Atp2c2,
Akap2, Uts2, Sox17, Agr2. For example, in some aihents, these genes are upregulated in
pancreatic organoids compared to liver organoidgpfoximately the same fold ratio as in

figure 19, for example, less than +/- 3%, lessitha 5%, less than +/- 10%, less than +/- 20%.

In one embodiment, a pancreatic organoid compesé=ast 18 at least 1) at least 1Dor more
cells in total. In one embodiment, a pancreatiaobid comprises more than 50%, more than
60%, more than 70% or more than 80% ductal-likeoeride progenitor cells However, lower

percentages of ductal-like endocrine progenitds@ke also envisaged.
Barrett's Esophagus (BE) organoids
A BE organoid of the invention is Ki67+.

Preferably a BE organoid has a minimal number {ess than 25%, less than 20%, less than
10%, less than 5%, less than 2%, less than 199 célIBAS+ and Mucin+ cells 4 days after
withdrawal of Nicotinamide and SB202190 from th@amxsion medium to covert it to the

differentiation medium.

In some embodiments, a BE organoid comprises goblst These may be induced by
treatment of the differentiation medium with a gamsecretase inhibitor such as DBZ (e.g. at

10uM), for example, for 4 days.

In some embodiments, a Barrett's Esophagus orgaridfee invention comprises Paneth cells.
In some embodiments, a Barrett's Esophagus orgaridfte invention expresses lysozyme.
Gastric organoids

In some embodiments, the gastric organoids ofrthention show natural expression of Lgr5. In
some embodiments, gastric organoids of the invergimw natural expression of at least Lgr5
and one ormore (e.g. 1, 2, 3,4,5,6,7,8,911012, 13, 14, 15, 16 or 17) of stem cell maker
from the group consisting of: CK19, Nestin, Somtttis, CXCR4, CD133, DCAMKL-1,

CD44, Sord, Sox9, CD44, Prss23, Sp5, MnHnf4a, Sox9, KRT7 and KRT19. Alternatively
or additionally, in some embodiments gastric org@gémay be characterised by natural
expression of one or more (for example 1, 2 orf3)3D133, DCAMKL-1 and CD44.
Alternatively or additionally, gastric organoids yrize characterised by CD44 and Sox9.
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Prostate organoids

In some embodiments, the prostate organoids aghtlemtion, such as mouse prostates, show
natural expression of Lgr5. In some embodimentsptiostate organoids show natural
expression of luminal prostate markers, such askéyatin 18 (CK18) and Cytokeratin 8

(CK8). In some embodiments, the prostate orgarfitise invention show natural expression of
Androgen Receptor (AR). In some embodiments, thstpte organoids express basal markers,
such as p63 and/or Cytokeratin 5 (CK5). In someastimhents, when testosterone (e.g. DHT) is
added to the medium, the expression of basal narkgr5 and Tnfrsf19 are downregulated
compared to organoids grown in the absence ofdestme (e.g. DHT). The prostate specific
transcription factor NKX3.1 is expressed in all ditions. Therefore, in some embodiments the
prostate organoids of the invention show naturptession of the prostate specific marker
Nkx3.1.

In some embodiments, the prostate organoids dhtlemtion, for example normal or cancer
human prostate organoids, show natural express$ilmminal markers, such as CK18, CK8
and/or B-MSP. In some embodiments, the prostatenaigs show natural expression of AR. In
some embodiments, basal epithelial markers, su€ag, CK5 and/or p63 are expressed. In
some embodiments, TNFRSF19 is expressed. The mragtacific transcription factor NKX3.1
is expressed in all conditions. Therefore, in semdodiments the prostate organoids of the

invention show natural expression of the prostpeeiic marker Nkx3.1.

The addition of testosterone (e.g. DHT) to a celtonedium according to the invention allows
prostate organoids to grow that maintain a stempoglulation allowing up to 3-fold faster
growth (than without testosterone) and most (ifadbtdifferentiated cell types of the prostate
(both basal and luminal cells) are also presergs@ltonditions allow unlimited cell expansion
(so far 9 months at 2.5 population doublings a WweEhkerefore, in some embodiments, a
prostate organoid comprises all differentiated tgles of the prostate, for example both basal
and luminal cells. In a preferred embodiment, sate organoid comprises all differentiated

cell types, for example both basal and luminalscelhd stem cells.

In normal tissue, addition of testosterone (e.gTiHcreases AR expression in all culture
conditions. In some embodiments, prostate orgart@sie upregulated AR expression compared
to prostate cells grown in the absence of testmséern tumour tissue AR expression is not
influenced by testosterone (e.g. DHT) addition.ré€fere, in some embodiments, a prostate
cancer organoid does not have increased AR expressative tan vivo prostate cancer cells.
The stem cell marker LGR5 is expressed under ENRIitions in prostate organoids from

normal tissue. In prostate organoids obtained fmmour tissue, LGRS expression is induced
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with the addition of testosterone (e.g. DHT). Img&oembodiments, prostate organoids express
LGR5.

Organoid functions

In some embodiments, organoids generated by medianathods of the present invention,
mimic in vivo cell fate decisions in response to external factereferably, cells and organoids

generated according to the invention also possessetspecific functions.
Pancreatic organoids

A pancreatic organoid preferably possesses endoarid exocrine pancreatic functions, such as
expressing one or more (for example 1, 2 or atif3psulin, glucagon and somatostatin. The
expression of these hormones is tightly regulated bet of endocrine pancreas-specific
transcription factors, the most important being Pdwrd NeuroD. The exocrine pancreas is
formed by acinar and ductal compartments respansibproducing the digestive enzymes
amylase, pancreatic lipase and chymotrypsin, amtimgys. The expression of these genes is

also regulated by specific exocrine pancreatic gasePtfla.

Pancreatic cells and organoids according to thegptanvention may preferably be capable of
secreting insulin, for example, at a rate of betwagproximately fig per hour per fcells and
10ug per hour per Tcells, for example, between@ and Gg per hour per fzells. The level

of insulin secretion can be detected by methodkskmelwn in the art, for example, by Western
Blot compared to a reference or by C-peptide Eli$e preferred method to demonstrate that
pancreatic organoids can secrete insulin is bynggrroductin of C-peptide. Proinsulin C-
peptide serves as an important linker between themd the B- chains of insulin and facilitates
the efficient assembly, folding, and processingstilin in the endoplasmic reticulum.
Equimolar amounts of C-peptide and insulin are ttered in secretory granules of the
pancreatic beta cells and both are eventually selb#o the portal circulation. Thus, C-peptide is

a preferred marker of insulin secretion.

Thus, in one embodiment there is provided a paticresyanoid that secretes insulin following
transplantationn vivo. In some embodiments, following transplantatiowivo, the pancreatic
organoid secretes insulin at a rate of at leagtpler hour per Tcells, for example, at leasp@
per hour per 10cells, at leasty per hour per Tcells, at least &y per hour per fcells, at

least §ig per hour per 1cells or at least 1@ per hour per Tcells, In some embodiments, the
cells in the pancreatic organoid are not capabeofeting insulin and/or do not express insulin
as a marker when cultured in vitro. However, cielisn a pancreatic organoid of the present
invention are preferably capable of secreting insul vivo when transplanted into a patient, for

example, into the patient’'s pancreas. In some emimds, the ability to secrete insulin may not
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be present immediately upon transplantation, bptésent by about one month after

transplantation, for example, by 6 weeks, 2 moott3 months after transplantation.

If an enriched endocrine cell sample is obtainethfa pancreatic organoid of the invention, in
some embodiments, 75-85% of the cells in the eed@ndocrine cell sample would be insulin-

secreting cells.

In some embodiments, the invention provides paticreeganoids for use in treating diabetes.

In some embodiments the pancreatic organoids g&nekng organoids, whereas in other
embodiments they may be differentiated organordsome embodiments one or more (e.g. 1, 2,
3,4, 5, 6, 7 etc) whole organoids are transplamiedan animal or patient, whereas in other

embodiments a sample of cells is transplantedaratient.
Crypt-villus organoids

A crypt-villus organoid preferably possesses secyednd self-renewal functions. For example,
a crypt-villus organoid preferably secretes mueimgymatic and hormonal secretions, such as

lysozyme, cholecystokinin, secretin and gastri¢ditbry peptide, and other glycoproteins.
Gastric organoids

The human stomach is anatomically and functiorgilided into two major regions. The pyloric
antrum close to the intestine mainly produces ptiste mucus and secretes hormones such as
gastrin. The gastric corpus secretes hydrochlaitt @d gastric enzymes such as pepsinogen.
The gastric epithelium of the both regions is orgadh in invaginations called glands. These
glands harbor the gastric stem cells, progenits ead differentiated cells. The precise
composition of the differentiated cells varies adaag to the function of the anatomic region. In
the pyloric antrum, glands are mainly composed o€im6 producing cells and hormone
producing endocrine cells. In the corpus, pepsinggeducing chief cells and acid-secreting
parietal cells are dispersed between the mucusipiogl cells and sparse endocrine cells. The
surface region between gastric glands is occupyadidus producing cells that mainly produce

the surface mucin 5.

Gastric organoids resemble the gastric epitheliustriucture and function. Although they are
mostly spheric, they can have domains with invagina that most likely resemble glandular
structures. Staining of mucins and pepsinogen shiostgthe most abundant cell types in the
gastric organoids are mucin 6 producing mucus eeltspepsinogen producing chief cells
(and/or their progenitors). Accordingly, RT-PCRdicate the expression of pepsinogen and
mucin 6. Further, expression of gastrin indicabesgresence of endocrine cells and the

expression of Lgr5 indicates the presence of stdis.c
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In some embodiments, gastric organoids have natxmkssion of one or more (e.g. 1, 2, 3 or
4) of gastrin, pepsinogen, mucin 6 and/or LgrSsdme embodiments, gastric organoids
comprise mucin 6 producing mucus cells and pepsim@goducing chief cells and optionally
Lgr5+ stem cells. In some embodiments, gastricravmgls comprise endocrine cells. In some
embodiments, gastric organoids are mostly sphetibéve domains with invaginations that

resemble glandular structures.
Prostate organoids

In some embodiments, prostatic organoids comprisemsist of two distinct epithelial lineages,
basal cells and luminal cells. In some embodimbassl cells and luminal cells secrete prostatic
fluids.

In vivo the prostatic epithelium is strongly folded, emsgimaximum surface area. The two
epithelial lineages form a simple stratified epiithm with the basal epithelial cells forming the
basal/outer layer and the strongly polarized luinépéthelial cells situated on top forming the
inner/luminal layer. The luminal compartment isexgfal for the secretory function of the
prostate. The prostatic fluid is alkaline and immposed of several proteins, such as Prostate
Specific Antigen (PSA), Human Kallikrein 2 (KLK2héd B-microseminoproteinftMSP). The
primary functions of prostatice fluid are: 1) prépg the milieu of the uturus for the semen,
which is performed by the alkalinity of the fluidéthe paracrine functions pIMSP, and 2)
increasing the fluidity of the seminal fluid, allowg the spermatozoa to swim freely, which is

performed by the proteases PSA and KLK2 which lieak seminogelins.

The expression of secretory proteins is tightlyuteged by the androgen receptor (AR), which
binds to testosterone and subsequently translotathe nucleus and activates transcription.
Disruptions in AR function show a strong downreggdibof secretory proteins on a

transcriptional and protein level.

Figure 43 shows the stratification of the prostatgnoids grown under
ENR+Dihydrotestosterone (DHT) conditions, cleattpwing Cytokeratin 5+ basal cells
forming an outer layer of cells and the Cytoker&tnluminal cells forming a strongly polarized
inner layer. In some embodiments, a prostate aigasomprises cytokeratin 5+ basal cells and
cytokeratin 8+ luminal cells, optionally whereiret@ytokeratin 5+ basal cells forming an outer
layer of cells and the Cytokeratin 8+ luminal céllening a strongly polarized inner layer. In
some embodiments, a prostate organoid comprisgeddayers of cells, optionally comprising
strong folding. Such folding maximizes the surfacea of secretory cells, showing that on a
morphological level prostate organoids resemblérilvevo prostate. In some embodiments, the

morphology of a prostate organoid resemblesrilvevo morphology of the prostate.
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The prostate organoids cultured in ENR conditiomsot any secrete prostatic fluid into the
lumen. By contrast, addition of testosterone (BKT) to the medium results in secretion of
fluids, for example prostatic fluid, in the orgaddiimen. This is due to the activation of the AR-
dependent transcriptional program in prostatic wog#s by testosterone (e.g. DHT), which
results in secretion of fluids by CK8+ luminalsiselThe data show that prostatic organoids both

morphologicaly and functionally resemble thevivo prostatic epithelium.

Accordingly, in some embodiments, for example wimetiee prostate organoids are cultured in a
culture medium comprising testosterone (e.g. DHTYrostate organoid secretes fluid, for
example prostatic fluid into the lumen of the orgian In some embodiments, for example
wherein the prostate organoids are cultured intareumedium comprising testosterone (e.g.

DHT), the functionality of a prostate organoid magées then vivo functionality of the prostate.
Tissue fragments

Within the context of the invention, a tissue fragis a part of an adult tissue, preferably a
human adult tissue, such as part of a human adhalf ;testine, colon or pancreas. Further
examples of human adult tissue in the contextisfittvention include stomach, liver and
prostate. The tissue may be normal (healthy) tissitemay be diseased or infected tissue.
Preferably an organoid as identified herein isdfae not a tissue fragment. An organoid is
preferably obtained using a cell from an aduliusgpreferably an epithelial stem cell from an
adult tissue, optionally from an adult tissue fragm more preferably an epithelial stem cell
from an adult tissue or adult tissue fragment esging Lgr5. Therefore, within the context of

this invention, a tissue fragment preferably cosgsilLgr5+ stem cells.

In an embodiment, an organoid is an organoid wisicthill being cultured using a method of the
invention (preferably using a culture medium of itmeention) and is therefore in contact with an
extracellular matrix. Preferably, an organoid isheaded in a non-mesenchymal extracellular
matrix. Within the context of the invention, “inmm@ct” means a physical or mechanical or
chemical contact, which means that for separatand) arganoid from said extracellular matrix a
force needs to be used. In some embodimentsxtraeellular matrix is a gelatinous protein
mixture secreted by Engelbreth-Holm-Swarm (EHS) seosarcoma cells, such as Matrigel (BD
Biosciences). In other embodiments of the inventawganoids may be removed from culture
and used for transplantation or regenerative pagoshus the invention provides an organoid

of the invention for use in transplantation intmammal, preferably into a human.
Survival rate

The inventors show here, for the first time, thddiion of an inhibitor of ALK4, ALK5, ALK7

or p38 kinase, to the previously described stelhtadure medium, improved culture plating



10

15

20

25

30

87

efficiency by at least 50% and by more than 100%oime cases (see table 2). The inventors
have also shown that including both inhibitors £duiK inhibitor and a p38 inhibitor e.g. A83-01
and SB-202190) in the culture medium synergisygatblongs the culture period.

Accordingly, in one embodiment of the inventiorg gtem cells survive for at least 3 months,
preferably at least 4 months, at least 5 montheast 6 months, at least 7 months, at least 9

months, or at least 12 months or more.
Speed of proliferation

The speed of proliferation may be assessed in tefitige cell population doubling level. The
population doubling level refers to the total numbktimes the cells in the population have
doubled since their primary isolatiomvitro. The population doubling level can be determined
by cell counting. Alternatively, the speed of pielation can be assessed by a cellular
proliferation assay, for example in which spedifimrescent probes measure DNA synthesis
activity by BrdU incorporation and cell proliferati state by Ki67 expression (Thermo

Scientific* Cellomics, Millipore).

Further examples of cellular proliferation assaysstem cells are readily available can be found
online or in journals such as Current Protocolse @ample of many is:
http://products.invitrogen.com/ivgn/en/US/adirectitrogen?cmd=catDisplayStyle&catKey=10
1&filterDispName=Cellular Proliferation Assays fStem
Cells&filterType=1&0P=filter&filter=ft_1101%2Ff 49803*& bcs_=H4sIAAAAAAAAAH?2
NsQrDMAXEvVOZTsEKdKFmMzZC70C4ljakFsGVuOfz%2FKOI6F4x288Y Ixfhffm%0ApQ7gn
sMbyOke6x8fRDIMC7hVO3u3IE6SwhOIM1nNUWUIQqlUFJkXgedtwSbn6Lbl1lyPshvQpyq
%0ADRIPfQE33RINKQ21Lvuql7CrAAAA.

The inventors have observed that using the cuth@eia of the invention cells can expand by up
to an average of 5 times a week. For example, grpwisingle cell for two weeks would give
approximately 25 cells on average. The skilled gessill understand that the average
population doubling time of the stem cells of theention may vary according to several

factors, such as passage number, culture condiseesling density etc.

In one embodiment, the average population doubiing may be 6 to 48 hours, 12 to 36 hours,
18 to 30 hours, or approximately 24 hours. For gdana stem cell population cultured using a
culture medium of the invention may be expectedaioble approximately 4-7 times, or

approximately 5 times per week.

In another embodiment, the average population dlogitiime is 12 to 96 hours, 24 to 72 hours,

or approximately 72 hours. In another embodiméw cell population doubles on average more
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than once, more than twice, more than three timese than four times or more than five times

a week.
Other properties of organoids of the invention

In a preferred embodiment, an organoid could bried during at least 2, 3, 4, 5,6, 7, 8, 9, 10
weeks or 1, 2, 3, 4, 5, 6 months or longer. Inedggred embodiment, an organoid could be
cultured during at least 2, 3, 4, 5, 6, 7, 8, 9wkeks or 1, 2, 3, 4,5, 6, 7, 8, 9, 10, 11, 12thmn
or longer.In another preferred embodiment, an avghariginates from a single cell, preferably
expressing Lgr5, more preferably wherein the sieglecomprises a nucleic acid construct

comprising a nucleic acid molecule of interest.

The invention further provides an organoid, prafgr&omprising at least 50% viable cells,
more preferred at least 60% viable cells, moregoredl at least 70% viable cells, more preferred
at least 80% viable cells, more preferred at 188%t viable cells. Viability of cells may be

assessed using Hoechst staining or Propidium Iataring in FACS.

The viable cells preferably possess tissue-spdifictions, or characteristics of tissue-specific

functions, as described above.

The inventors have also shown that organoids gtetelsyy media and methods of the present
invention can be frozen and stored at’@0r below, such as in liquid nitrogen. Frozen
organoids can be thawed and put into culture withaming their 3D structure and integrity and
without significant cell death. Therefore, in omab®mdiment, the invention provides frozen
organoids stored at below’& below -16C, below -26C, below -46C, below -66C, or below
-80°C.

The cells and organoids of the present inventiffierdirom any cells and organoids that have
been made previously (WO2009/022907 and WO2010@8)ar that they have better
phenotypic (better differentiation profile includigoblet cell conversion upon addition of
gamma secretase inhibitors for the crypt-villusaorgds) and karyotypic integrity, as
determined by the methods outlined above, bettenal rates and faster speeds of cellular
proliferation. Accordingly, for intestinal, coland pancreatic embodiments, an organoid of the
present invention clearly represents the humaistintd, colon or pancreas epithelium, with full
preservation of phenotypic and karyotypic integaitld maintenance of proliferation and

differentiation.
Uses of stem cells or organoids of the invention

The invention provides the use of an organoid @aeded population of cells of the invention

for use in drug screening, (drug) target validati@inug) target discovery, toxicology and
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toxicology screens, personalized medicine, regdinermedicine and/or ax vivo cell/organ

models, such as disease models.

Cells and organoids cultured according to the madéhmethods of the invention are thought to
faithfully represent then vivo situation. This is true both for expanded popalaiof cells and
organoids grown from normal tissue and for exparmgullations of cells and organoids grown
from diseased tissue. Therefore, as well as pnogidormalex vivo cell/organ models, the

organoids or expanded population of cells of tivemion can be used asvivo disease models.

Organoids of the invention can also be used fdudaly of a pathogen and thus can be used as
ex vivo infection models. Examples of pathogens that maguttered using an organoid of the
invention include viruses, bacteria, prions or fiuh@t cause disease in its animal host. Thus an
organoid of the invention can be used as a digeasiel that represents an infected state. In
some embodiments of the invention, the organoidsdeaused in vaccine development and/or

production.

Diseases that can be studied by the organoidsahttention thus include genetic diseases,
metabolic diseases, pathogenic diseases, inflamynditeases etc, for example including, but
not limited to: cystic fibrosis, inflammatory bowdisease (such as Crohn’s disease), carcinoma,
adenoma, adenocarcinoma, colon cancer, diabetes ésuype | or type Il), Barrett's
esophagus, Gaucher’s disease, alpha-1-antitrypéiciehcy, Lesch-Nyhan syndrome, anaemia,
Schwachman-Bodian-Diamond syndrome, polycythaemiia,\primary myelofibrosis, glycogen
storage disease, familial hypercholestrolaemiayl@riNajjar syndrome, hereditary
tyrosinanaemia, Pompe disease, progressive farmil@estasis, Hreler syndrome, SCID or
leaky SCID, Omenn syndrome, Cartilage-hair hypoplaserpes simplex encephalitis,
Scleroderma, Osteogenesis imperfecta, Becker marsgystrophy, Duchenne muscular

dystrophy, Dyskeratosis congenitor etc.

Traditionally, cell lines and more recently iPSlg&lave been used asvivo cell/organ and/or
disease models (for example, see Robinton et alrdld81, 295, 2012). However, these
methods suffer a number of challenges and disadgast For example, cell lines cannot be
obtained from all patients (only certain biopsiesuit in successful cell lines) and therefore, cell
lines cannot be used in personalised diagnostitsraadicine. iPS cells usually require some
level of genetic manipulation to reprogramme thHésdeto specific cell fates. Alternatively, they
are subject to culture conditions that affect kgt integrity and so the time in culture must be
kept to a minimum (this is also the case for huexabryonic stem cells). This means that iPS
cells cannot accurately representitiigivo situation but instead are an attempt to mimic the

behaviour ofn vivo cells. Cell lines and iPS cells also suffer froemetic instability.
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By contrast, the organoids of the invention prowadgenetically stable platform which faithfully
represents thin vivo situation. The organoids of the invention can dls@xpanded

continuously, providing a good source of genetycalable cells. In particular, an expanding
population can be “split”, meaning that the organsisplit apart and all cells of the organoid are
divided into new culture dishes or flasks. The diégd cells are removed from the organoid and
can then themselves be cultured and expanded doigEaew organoids containing further
expanded populations that can then be split a&gilits are also referred to herein as “passages”.
An organoid of the invention may be cultured fayrimore passages, for example, 1, 2, 3, 4, 5,
6, 7, 8,9, 10, 15, 20, 25, 30 or more passagesxtample, 20-30 passages, 30-35 passages, 32-
40 passages or more. In some embodiments, an @ngarel population or organoid is split

once a month, once every two weeks, once a weéle aweek, three times a week, four times
a week, five times a week, six times a week owydaihus the organoids of the invention can
provide an ongoing source of genetically stablautal material. In some embodiments, the
expanding organoids of the invention comprise ifiécentiated cell types that are present in the
correspondingn vivo situation. In other embodiments, the organoidhefinvention may be
differentiated to provide all differentiated celpts that are preseimtvivo. Thus the organoids

of the invention can be used to gain mechanissight into a variety of diseases and
therapeutics, to carry oir vitro drug screening, to evaluate potential therapetticsientify
possible targets (e.g. proteins) for future nodeli§) therapy development and/or to explore

gene repair coupled with cell-replacement therapy.

The organoids of the invention can be frozen aadvéd and put into culture without losing their
genetic integrity or phenotypic chrateristics anthaut loss of proliferative capacity. Thus the

organoids can be easily stored and transported.

For these reason the organoids or expanded pamsadf cells of the invention can be a tool for
drug screening, target validation, target discoveryicology and toxicology screens and

personalized medicine.

Accordingly, in a further aspect, the invention\pdes the use of the expanded stem cell
population or organoid, such as intestinal cryfitigiorganoids or pancreatic organoids
according to the invention in a drug discovery sardoxicity assay or in medicine, such as
regenerative medicine. For example, any one oftima! intestinal, colon, pancreatic, gastric,
liver or prostate organoids may be used in a discpglery screen, toxicity assay or in medicine,

such as regenerative medicine.
Mucosal vaccines

An additional important use of the organoids ithi@a development of mucosal vaccinations.

Mucosal vaccines are vaccines that are administgeetthe mucosa. This can be any mucosal
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surface such as via the nose, mouth, or rectuny t&e be administered via an inhaler, a spray
or other external aids. This has several clearfiisrever injections such as that no medical staff
are needed for administering the vaccine, which beimportant, for example in developing

countries.

In the intestine, M cells (or “microfold cells”)acells found in the follicle-associated
epithelium of the aggregated lymphoid nodules efilBum. They transport organisms and
particles from the gut lumen to immune cells actbssepithelial barrier, and thus are important
in stimulating mucosal immunity. They have the wa@bility to take up antigen from the
lumen of the small intestine via endocytosis orgatgtosis, and then deliver it via transcytosis
to dendritic cells (an antigen presenting cell) Bmdphocytes (namely T cells) located in a

unique pocket-like structure on their basolateide.s

Figure 48 shows that mouse organoids can devetopMrcells when stimulated with RANK
ligand. Figure 49 shows that it is also possiblgdnerate M cells in human intestinal organoids.
Therefore, in some embodiments of the inventioa ekpanded cell population comprises M
cells. In some embodiments of the invention, arapoid, for example a small-intestinal

organoid, comprises M cells.

The efficiency of mucosal vaccines can be substiytncreased when they are targeted to M
cells. Therefore, the expanded stem cell populaifarrganoid of the invention can be used for
testing the ability of M cells to take up pathogensintigens and to present them to the immune
system. Therefore, in some embodiments the invetiovides the use of the expanded stem
cell population or organoid of the invention in grscreening, for example in vaccine
development and/or vaccine production. For examplspme embodiments the expanded stem
cell population or organoid may be used for theattgyment or production of vaccines against
viral, bacterial, fungal or other parasitic infects, for example (but not limited to) cholera,
Respiratory syncytial virus (RSV), Rotavirus and/HIn a particular embodiment, the invention
provides small intestinal organoids that have lbffarentiated in a culture medium of the

invention comprising RANKL, for use in mucosal vaxecdevelopment.
Drug screening

For preferably high-throughput purposes, said edpdrstem cell population or organoid of the
invention, such as crypt-villus organoids or paaticeorganoids, are cultured in multiwell plates
such as, for example, 96 well plates or 384 weltgd. Libraries of molecules are used to
identify a molecule that affects said organoideféred libraries comprise antibody fragment
libraries, peptide phage display libraries, peplideries (e.g. LOPAP™, Sigma Aldrich), lipid
libraries (BioMol), synthetic compound librariesgelL OP AC™, Sigma Aldrich) or natural

compound libraries (Specs, TimTec). Furthermoragge libraries can be used that induce or
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repress the expression of one of more genes iprtgeny of the stem cells. These genetic
libraries comprise cDNA libraries, antisense lilray and siRNA or other non-coding RNA
libraries. The cells are preferably exposed to iplelconcentrations of a test agent for a certain
period of time. At the end of the exposure pertbd,cultures are evaluated. The term
"affecting” is used to cover any change in a @etlluding, but not limited to, a reduction in, or
loss of, proliferation, a morphological change, astl death. Said expanded stem cell
population or organoid of the invention such aptmillus organoids or pancreatic organoids
can also be used to identify drugs that specifidaliget epithelial carcinoma cells, but not said
expanded stem cell population or organoid of themtion, such as crypt-villus organoids or

pancreatic organoids.

The inventors have shown that it is possible te @kiopsy from the small intestine and expand
it for just 7-14 days and obtain an organoid whicheady for carrying out a drug screen. The
ability to obtain a useful organoid of the inventia such a short time shows that the organoids
would be highly useful for testing individual patieesponses to specific drugs and tailoring
treatment according to the responsiveness. In sontwdiments, wherein the organoid is
obtained from a biopsy from a patient, the orgai®icliltured for less than 21 days, for example
less than 14 days, less than 13 days, less thdayk? less than 11 days, less than 10 days, less
than 9 days, less than 8 days, less than 7 day)s (et

The organoids are also useful for wider drug discgpypurposes. For example, Figures 32 to 40
show that small intestinal organoids taken fromthgagatients and from cystic fibrosis patients
can be used to test drugs against cystic fibr&gscifically, Figures 32 to 40 show that
forskolin-induced swelling of normal small intestirorganoids is dependent upon the cystic
fibrosis transmembrane conductance regulator (CFamy thus it is possible to test for
correction of CFTR function using forskolin-inducgdelling as a positive read out. Therefore,
in some embodiments, the organoids of the inverdearid be used for screening for cystic
fibrosis drugs. However, it will be understoodthg skilled person that the organoids of the
invention would be widely applicable as drug schegmools for infectious, inflammatory and
neoplastic pathologies of the human gastrointdstiaet and other diseases of the
gastrointestinal tract and infectious, inflammatangd neoplastic pathologies and other diseases
of other tissues described herein including pars;ieger and prostate. In some embodiments the

organoids of the invention could be used for sdregfor cancer drugs.

In some embodiments, the expanded cell populatfongxample the organoids of the invention
or organoids obtained using media and methodseahtlention can be used to test libraries of
chemicals, antibodies, natural product (plant ex&)a etc for suitability for use as drugs,

cosmetics and/or preventative medicines. For instan some embodiments, a cell biopsy from
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a patient of interest, such as tumour cells frorargcer patient, can be cultured using culture

media and methods of the invention and then treaittda a chemical compound or a chemical
library. It is then possible to determine which gauands effectively modify, kill and/or treat the
patient’s cells. This allows specific patient resgiweness to a particular drug to be tested thus
allowing treatment to be tailored to a specifidgrat Thus, this allows a personalized medicine

approach.

The added advantage of using the organoids fotifglenrg drugs in this way is that it is also
possible to screen normal organoids (organoidsel@ifrom healthy tissue) to check which
drugs and compounds have minimal effect on heditsye. This allows screening for drugs

with minimal off-target activity or unwanted sidéezts.

Drugs for any number of diseases can be screerntbisinay. For example the organoids of the
invention can be used for screening for drugs ystic fibrosis, Barrett's esophagus,

carcinomas, adenocarcinomas, adenomas, inflammiatovgl disease (such as Crohn’s disease),
liver disease etc. The testing parameters depetideotisease of interest. For example, when
screening for cancer drugs, cancer cell deathuallysthe ultimate aim. For cystic fibrosis,
measuring the expansion of the organoids in regptinthe drugs and stimuli of CFTR is of
interest. In other embodiments, metabolics or geqpeession may be evaluated to study the

effects of compounds and drugs of the screen oondhleor organoids of interest.

Therefore, the invention provides a method forewcirgg for a therapeutic or prophylactic drug

or cosmetic, wherein the method comprises:

culturing an expanded cell population (for exampleprganoid) of the invention, for

example with a culture medium of the invention jamlly for less than 21 days;

exposing said expanded cell population (for examgorieorganoid) of the invention to

one or a library of candidate molecules;

evaluating said expanded cell populations (for gdanorganoids) for any effects, for
example any change in the cell, such as a reduictionloss of proliferation, a

morphological change and/or cell death;

identifying the candidate molecule that causes sfiigtts as a potential drug or

cosmetic.

In some embodiments, computer- or robot-assistldrig and data collection methods are

employed to increase the throughput of the screen.
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In some embodiments, expanded cell populationgfample, an organoid) is obtained from a
patient biopsy. In some embodiments, the candiialecule that causes a desired effect on the

cultured expanded cell population (for examplepaganoid) is administered to said patient.
Accordingly, in one aspect, there is provided ahmoétof treating a patient comprising:

(a) obtaining a biopsy from the diseased tissue ofésten the patient;
(b) screening for a suitable drug using a screenin@pogesf the invention; and

(c) treating said patient with the drug obtained ipgt8.

In some embodiments, the drug or cosmetic is usetidating, preventing or ameliorating
symptoms of genetic diseases, metabolic diseaat#®mgenic diseases, inflammatory diseases
etc, for example including, but not limited to: tigdibrosis, inflammatory bowel disease (such
as Crohn’s disease), carcinoma, adenoma, adenoaaraj colon cancer, diabetes (such as type
| or type Il), Barrett's esophagus, Gaucher’s disaalpha-1-antitrypsin deficiency, Lesch-
Nyhan syndrome, anaemia, Schwachman-Bodian-Diaregmdrome, polycythaemia vera,
primary myelofibrosis, glycogen storage diseasmijlfal hypercholestrolaemia, Crigler-Najjar
syndrome, hereditary tyrosinanaemia, Pompe dispasgressive familial cholestasis, Hreler
syndrome, SCID or leaky SCID, Omenn syndrome, @aeihair hypoplasia, Herpes simplex
encephalitis, Scleroderma, Osteogenesis imperfBetzker muscular dystrophy, Duchenne

muscular dystrophy, Dyskeratosis congenitor etc.
Target discovery

In some embodiments, the organoids of the invergrocells grown using the culture media and
methods of the invention can be used for targebdisry. Cells of the organoids originating

from healthy or diseased tissue may be used fgetadentification. The organoids of the
invention may be used for discovery of drug target<ystic fibrosis, inflammatory bowel
disease (such as Crohn’s disease), carcinoma, m@emalenocarcinoma, colon cancer, diabetes
(such as type | or type 1), Barrett's esophaguadbar’s disease, alpha-1-antitrypsin deficiency,
Lesch-Nyhan syndrome, anaemia, Schwachman-Bodiam@nd syndrome, polycythaemia
vera, primary myelofibrosis, glycogen storage dssedamilial hypercholestrolaemia, Crigler-
Najjar syndrome, hereditary tyrosinanaemia, Ponipeade, progressive familial cholestasis,
Hreler syndrome, SCID or leaky SCID, Omenn syndroGeetilage-hair hypoplasia, Herpes
simplex encephalitis, Scleroderma, Osteogenesisri@gta, Becker muscular dystrophy,
Duchenne muscular dystrophy, Dyskeratosis congeeito Cells and organoids cultured
according to the media and methods of the invergrerthought to faithfully represent tire

vivo situation. For this reason they can be a toainm fiovel (molecular) targets in specific

diseases.
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To search for a new drug target, a library of commats (such as siRNA) may be used to
transduce the cells and inactivate specific gdnesome embodiments, cells are transduced with
SiRNA to inhibit the function of a (large) group @nes. Any functional read out of the group of
genes or specific cellular function can be usedktermine if a target is relevant for the study. A
disease-specific read out can be determined ussaya well known in the art. For example,
cellular proliferation is assayed to test for geine@slved in cancer. For example, a Topflash
assay as described herein, may be used to detergehin Wnt activity caused by siRNA
inhibition. Where growth reduction or cell deatltors, the corresponding siRNA related genes
can be identified by methods known in the art. Ehgesnes are possible targets for inhibiting
growth of these cells. Upon identification, thedfeity of the identified target for the cellular
process that was studied will need to be determtiyadethods well known in the art. Using

these methods, new molecules can be identifiedssilde drug targets for therapy.
Target and drug validation screens

Patient-specific organoids obtained from diseaseldoast normal tissue can be used for target

validation of molecules identified in high throughscreens. The same goes for the validation
of compounds that were identified as possible teutic drugs in high throughput screens. The
use of primary patient material expanded in th@ooid culture system can be useful to test for

false positives, etc from high throughput drug digzy cell line studies.

In some embodiments, the expanded stem cell populéior example, organoid of the
invention), such as crypt-villus organoids or paatic organoids can be used for validation of

compounds that have been idenfitied as possiblgsdyucosmetics in a high-throughput screen.
Toxicity assay

Said expanded stem cell population (for examplgawoid of the invention), such as crypt-villus
organoids or pancreatic organoids, can furtheapthe use of cell lines such as Caco-2 cells in

toxicity assays of potential novel drugs or of kmoar novel food supplements.

Toxicology screens work in a similar way to drugesmns (as described above) but they test for
the toxic effects of drugs and not therapeuticaffeTherefore, in some embodiments, the

effects of the candidate compounds are toxic.
Culturing pathogens

Furthermore, said expanded stem cell populationefample, organoid of the invention), such
as crypt-villus organoids or pancreatic organoids, be used for culturing of a pathogen such as

a norovirus which presently lacks a suitable tissulaure or animal model.
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Regenerative medicine and transplantation

Cultures comprising the expanded stem cell pomuridfior example, organoid of the invention),
such as crypt-villus organoids or pancreatic orgésare useful in regenerative medicine, for
example in post-radiation and/or post-surgery repiaine intestinal epithelium, in the repair of
the intestinal epithelium in patients sufferingmfranflammatory bowel disease such as Crohn's
disease and ulcerative colitis, and in the repaih® intestinal epithelium in patients suffering
from short bowel syndrome. Further use is presetiie repair of the intestinal epithelium in
patients with hereditary diseases of the smalktite/colon. Cultures comprising pancreatic
organoids are also useful in regenerative mediéareexample as implants after resection of the

pancreas or part thereof and for treatment of diebguch as diabetes | and diabetes Il.

In an alternative embodiment, the expanded epéhstiém cells are reprogrammed into related
tissue fates such as, for example, pancreaticioelisding pancreatic beta-cells. Thus far, it has
not been possible to regenerate pancreatic celis &dult stem cells. The culturing methods of
the present invention will enable to analyse fatdes that trans-differentiate the closely related

epithelial stem cell to a pancreatic cell, inclyglapancreatic beta-cell.

It will be clear to a skilled person that gene #psr can additionally be used in a method directed
at repairing damaged or diseased tissue. Use @aexdmple, be made of an adenoviral or
retroviral gene delivery vehicle to deliver genétiformation, like DNA and/or RNA to stem

cells. A skilled person can replace or repair patéir genes targeted in gene therapy. For
example, a normal gene may be inserted into a eaifgplocation within the genome to replace
a nonfunctional gene. In another example, an abalogene sequence can be replaced for a
normal gene sequence through homologous recomtimalternatively, selective reverse
mutation can return a gene to its normal functifurther example is altering the regulation

(the degree to which a gene is turned on or off pérticular gene. Preferably, the stem cells are
ex vivo treated by a gene therapy approach and are sudrgbgtransferred to the mammal,

preferably a human being in need of treatment.

Since small biopsies taken from adult donors caexdpanded without any apparent limit or
genetic harm, the technology may serve to genéatsplantable epithelium for regenerative
purposes. The fact that organoids can be frozerhaveded and put into culture without losing
their 3D structure and integrity and without siggaht cell death further adds to the applicability
of organoids for transplantation purposes. Furtioeemn some embodiments, organoids
embedded in, or in contact with, an ECM can besptmted into a mammal, preferably into a
human. In another embodiment, organoids and ECMbearansplanted simultaneously into a

mammal, preferably into a human.
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The skilled person would understand that an ECMbeansed as a 3D scaffold for obtaining
tissue-like structures comprising expanded poparatbf cells or organoids according to the
invention. Such structures can then be transplantedh patient by methods well known in the
art. An ECM scaffold can be made synthetically g&€M proteins, such as collagen and/or
laminin, or alternatively an ECM scaffold can beasbed by “decellularising” an isolated organ
or tissue fragment to leave behind a scaffold atingj of the ECM (for example see

Macchiarini et al. The Lancet, Volume 372, Issue®@ages 2023 - 2030, 2008). In some
embodiments, an ECM scaffold can be obtained bgltlgarising an organ or tissue fragment,
wherein optionally said organ or tissue fragmerfitas the pancreas, liver, intestine, stomach or

prostate.

As mentioned above, the invention provides an arsighor population of cells of the invention
for use in transplantation into a mammal, prefgrattio a human. Also provided is a method of
treating a patient in need of a transplant compgisiansplanting an organoid or population of

cells of the invention into said patient, wheredidspatient is a mammal, preferably a human.

Advantageously, the invention enables a small iopde taken from an adult donor and
expanded without any apparent limit or genetic hanah so the technology provided herein may

serve to generate transplantable epithelium fogmerative purposes.

Significantly, the inventors have found that whemman pancreatic organoids of the invention
are transplanted under the peri-renal capsule ¢e ninese cells differentiate to form mature beta
cells that secrete insulin. This is significanitaseans that even if the population of cells or
organoid of the invention does not secrete insaflia detectable level whilst the cells or
organoids are being cultured in vitro, these aaly be useful for transplantation into a patient

for the treatment of an insulin-deficiency disordech as diabetes.

Thus the invention comprises a method of treatm@aulin-deficiency disorder such as
diabetes, or a patient having a dysfunctional pgassrcomprising transplanting a pancreatic

organoid of the invention or cells from a pancreatganoid of the invention into the patient.

In some embodiments, the cells or organoid do xotess or secrete insulin upon
transplantation into the patient but differentiaithin the patient such that they secrete insulin.
For example, the ability to secrete insulin may lm@tletectable immediately upon
transplantation, but may be present by about ornghrafter transplantation, for example, by 6

weeks, 2 months or 3 months after transplantation.

The patient is preferably a human, but may altéreltbe a non-human mammal, such as a cat,

dog, horse, cow, pig, sheep, rabbit or mouse.
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Thus, included within the scope of the inventioa arethods of treatment of a human or non-
human animal patient through cellular therapy. Stadhular therapy encompasses the
application of the stem cells or organoids of theshtion to the patient through any appropriate
means. Specifically, such methods of treatmentlie/the regeneration of damaged tissue. In
accordance with the invention, a patient can betégewith allogeneic or autologous stem cells
or organoids. “Autologous” cells are cells whicligorated from the same organism into which
they are being re-introduced for cellular therdpy .example in order to permit tissue
regeneration. However, the cells have not necdg$men isolated from the same tissue as the
tissue they are being introduced into. An autol@yoell does not require matching to the patient
in order to overcome the problems of rejectionl6géneic” cells are cells which originated
from an individual which is different from the indlilual into which the cells are being
introduced for cellular therapy, for example in@rtb permit tissue regeneration, although of
the same species. Some degree of patient matcliggtil be required to prevent the problems

of rejection.

Generally the cells or organoids of the inventiomiatroduced into the body of the patient by
injection or implantation. Generally the cells Wik directly injected into the tissue in which
they are intended to act. Alternatively, the celi$ be injected through the portal vein. A
syringe containing cells of the invention and arptaceutically acceptable carrier is included
within the scope of the invention. A catheter dtetto a syringe containing cells of the

invention and a pharmaceutically acceptable caisigrcluded within the scope of the invention.

The skilled person will be able to select an appade method and route of administration
depending on the material that is being transpthte. population of cells, single cells in cell

suspension, organoids or fragments of organoidajedisas the organ that is being treated.

As discussed above, cells of the invention candael in the regeneration of tissue. In order to
achieve this function, cells may be injected orlamged directly into the damaged tissue, where
they may multiply and eventually differentiate intk@ required cell type, in accordance with
their location in the body. Alternatively, the ongéd can be injected or implanted directly into
the damaged tissue. Tissues that are suscetitieatment include all damaged tissues,
particularly including those which may have beemadged by disease, injury, trauma, an
autoimmune reaction, or by a viral or bacteriakatfon. In some embodiments of the invention,
the cells or organoids of the invention are usegt¢@nerate the colon, small intestine, pancreas,

esophagus or gastric system.

For example, in one embodiment, the cells or orglnaf the invention are injected into a

patient using a Hamilton syringe.
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The skilled person will be aware what the apprdpribosage of cells or organoids of the

invention will be for a particular condition to breated.

In one embodiment the cells or organoids of themiwon, either in solution, in microspheres or
in microparticles of a variety of compositions, Mie administered into the artery irrigating the
tissue or the part of the damaged organ in negeggneration. Generally such administration
will be performed using a catheter. The cathetey ima one of the large variety of balloon
catheters used for angioplasty and/or cell deliverg catheter designed for the specific purpose
of delivering the cells to a particular local okethody. For certain uses, the cells or organoids
may be encapsulated into microspheres made of abewrof different biodegradable
compounds, and with a diameter of about @B. This method may allow intravascularly
administered cells or organoids to remain at the sf damage, and not to go through the
capillary network and into the systemic circulationthe first passage. The retention at the
arterial side of the capillary network may alsailfeate their translocation into the extravascular

space.

In another embodiment, the cells or organoids meayeltrograde injected into the vascular tree,
either through a vein to deliver them to the whinbely or locally into the particular vein that
drains into the tissue or body part to which thdilscer organoids are directed. For this

embodiment many of the preparations described abayebe used.

In another embodiment, the cells or organoids efitivention may be implanted into the
damaged tissue adhered to a biocompatible impldithin this embodiment, the cells may be
adhered to the biocompatible implantitro, prior to implantation into the patient. As will be
clear to a person skilled in the art, any one ofi@ber of adherents may be used to adhere the
cells to the implant, prior to implantation. By walyexample only, such adherents may include
fibrin, one or more members of the integrin famdpe or more members of the cadherin family,
one or more members of the selectin family, onmare cell adhesion molecules (CAMSs), one
or more of the immunoglobulin family and one or martificial adherents. This list is provided
by way of illustration only, and is not intendeda® limiting. It will be clear to a person skilled

in the art, that any combination of one or moreesdhts may be used.

In another embodiment, the cells or organoids efitlvention may be embedded in a matrix,
prior to implantation of the matrix into the patieGenerally, the matrix will be implanted into
the damaged tissue of the patient. Examples ofieeatinclude collagen based matrices, fibrin
based matrices, laminin based matrices, fibrondetged matrices and artificial matrices. This

list is provided by way of illustration only, anslmot intended to be limiting.

In a further embodiment, the cells or organoidthefinvention may be implanted or injected

into the patient together with a matrix forming quonent. This may allow the cells to form a
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matrix following injection or implantation, ensugrhat the cells or organoids remain at the
appropriate location within the patient. Examplématrix forming components include fibrin
glue liquid alkyl, cyanoacrylate monomers, plagtcs, polysaccharides such as dextran,
ethylene oxide-containing oligomers, block co-podymsuch as poloxamer and Pluronics, non-
ionic surfactants such as Tween and Triton'8',atificial matrix forming components. This list
is provided by way of illustration only, and is notended to be limiting. It will be clear to a
person skilled in the art, that any combinatiomioé or more matrix forming components may

be used.

In a further embodiment, the cells or organoidthefinvention may be contained within a
microsphere. Within this embodiment, the cells rbayencapsulated within the centre of the
microsphere. Also within this embodiment, the ceilsy be embedded into the matrix material
of the microsphere. The matrix material may incladg suitable biodegradable polymer,
including but not limited to alginates, Poly ethyeglycol (PLGA), and polyurethanes. This list

is provided by way of example only, and is notmated to be limiting.

In a further embodiment, the cells or organoidthefinvention may be adhered to a medical
device intended for implantation. Examples of songdical devices include stents, pins, stitches,
splits, pacemakers, prosthetic joints, artifickihsand rods. This list is provided by way of
illustration only, and is not intended to be limdi It will be clear to a person skilled in the, art
that the cells may be adhered to the medical ddycevariety of methods. For example, the
cells or organoids may be adhered to the medicateeising fibrin, one or more members of
the integrin family, one or more members of thehemoh family, one or more members of the
selectin family, one or more cell adhesion moles{@AMs), one or more of the

immunoglobulin family and one or more artificialretents. This list is provided by way of
illustration only, and is not intended to be limdi It will be clear to a person skilled in the, art

that any combination of one or more adherents neaysed.
Methods of the invention

The invention also provides a method for expandipgpulation of stem cells, wherein the
method comprises:

a) providing a population of stem cells;

b) providing a culture medium according to the imven;

¢) contacting the stem cells with the culture megiand

d) culturing the cells under appropriate conditions

Furthermore, the invention provides a method fqraexling isolated tissue fragments, wherein

the method comprises:
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a) providing an isolated tissue fragment;

b) providing a culture medium according to the imi@n;

C) contacting the isolated tissue fragment withdiéure medium; and
d) culturing the cells under appropriate conditions

A method for ‘expanding’ a population of cells solated tissue fragments is one that involves
maintaining or increasing the number of stem aelkn initial population to generate an
expanded population of stem cells which retainrthedifferentiated phenotype and self-
renewing properties. However, it may also inclute production of differentiating progeny,
which may, for example, form tissue-like structucestributing to organoid formation. Hence,
there are herein provided methods for obtainingrganoid, such as a small intestinal (crypt-
villus) organoid, a colon organoid, a pancreatgaooid, a gastric organoid, a prostatic
organoid, a liver organoid, an adenocarcinoma argiia carcinoma organoid or a Barrett's
Esophagus organoid, comprising culturing stem egltissue fragments comprising said stem
cells in a culture medium of the invention. Thedntion provides a method for expanding a
single stem cell or a population of stem cellsfemably to generate an organoid, wherein the
method comprises culturing the single stem cefputation of stem cells or tissue fragment in a
culture medium according to the invention. In s@mébodiments, the method for obtaining an
organoid comprises culturing the stem cells ougssagments with a first “expansion” medium,
followed by culturing the stem cells or tissue framts with a second “differentiation” medium.
In some embodiments, the differentiation mediunmsdo@ comprise certain components of the
expansion medium, for example, the differentiatisedium does not comprise Wnt, Rspondin,

nicotinamide, a TGF-beta inhibitor and/or a p38hitbr.

In some embodiments, the method for expandinggiesstem cell or a population of stem cells,
preferably to generate an organoid, comprises akpgrthe single stem cell, population of stem
cells or tissue fragment in a first culture mediaocording to the invention, and optionally,
differentiating the expanded cells or tissue fragimén a second culture medium according to

the invention.

Thus the invention provides a method for expandisghgle stem cell or a population of stem

cells, preferably to generate an organoid, whette@ermethod comprises:
providing a stem cell, a population of stem cetlsuo isolated tissue fragment;
providing a culture medium according to the inventi
contacting the stem cells with the culture medium;

culturing the cells under appropriate conditions.
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In some embodiments, the method comprises brinbiegtem cell, the population of stem cells
or the isolated tissue fragment and the cultureiumedhto contact with an extracellular matrix
or a 3D matrix that mimics the extracellular matmkits interaction with the cellular membrane
proteins such as integrins, for example a lamimintagining extracellular matrix such as
Matrigel™ (BD Biosciences). In some embodiments, the cultuedium is diffused into the

extracellular matrix.

In some embodiments, the invention provides a ntetboexpanding a single stem cell or a
population of stem cellsr tissue fragment, preferably to generate an aigamwherein the

method comprises:

culturing the stem cell, population of stem celisissue fragment in a first
expansion medium;

continuing to culture the stem cell, populatiorstefm cells or tissue fragment and
replenishing the medium with a differentiation madj wherein the differentiation
medium does not comprise one or more of, preferalblyf the factors selected
from: a TGF-beta inhibitor, a p38 inhibitor, nicmimide and Wnt.

In some embodiments, the invention provides a ntetboexpanding a single stem cell or a

population of stem cells, preferably to generaterganoid of a tissue of interest, comprising:

expanding stem cells or tissue fragments from séde of interest in a culture
medium of the invention that is suitable for sasgue of interest; and optionally
differentiating the expanded stem cells or tissagrhents in a culture medium of

the invention that is suitable for said tissuenbérest.

Isolated stem cells are preferably cultured in ero@nvironment that mimics at least in part a
cellular niche in which said stem cells naturadigide. Said cellular niche is mimicked by
culturing said stem cells in the presence of biemalls, such as matrices, scaffolds, and culture
substrates that represent key regulatory signalsabng stem cell fate. Said biomaterials
comprise natural, semi-synthetic and synthetic biemals, and/or mixtures thereof. A scaffold
provides a two-dimensional or three dimensionalvpgt. Suitable synthetic materials for said
scaffold comprise polymers selected from porouglsphanofibers, and hydrogels such as, for
example, peptides including self-assembling peptibdgdrogels composed of polyethylene
glycol phosphate, polyethylene glycol fumarateypotylamide, polyhydroxyethyl
methacrylate, polycellulose acetate, and/or cofpehg thereof (see, for example, Saha et al ,
2007 Curr Opin Chem Biol 1 1(4) 381-387, Saha e2@l08 Biophysical Journal 95 4426-4438,
Little et al , 2008 Chem Rev 108, 1787-1796). Akriswn to a skilled person, the mechanical
properties such as, for example, the elasticithefscaffold influences proliferation,

differentiation and migration of stem cells. A metd scaffold comprises biodegradable
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(co)polymers that are replaced by natural occurcimmgponents after transplantation in a subject,
for example to promote tissue regeneration andéama healing. It is furthermore preferred that
said scaffold does not substantially induce an imogenic response after transplantation in a
subject. Said scaffold is supplemented with nafwehi-synthetic or synthetic ligands, which
provide the signals that are required for prolifieraand/or differentiation, and/or migration of
stem cells. In a preferred embodiment, said ligamsprise defined amino acid fragments.
Examples of said synthetic polymers comprise Plg®i 127 block copolymer surfactant
(BASF), and Ethisorb® (Johnson and Johnson).

A cellular niche is in part determined by the stggtis and surrounding cells, and the
extracellular matrix (ECM) that is produced by ta&dls in said niche. In one method of the
invention, isolated crypts or epithelial stem cells attached to an ECM. ECM is composed of a
variety of polysaccharides (mostly heparin sulplpsitdeoglycans), water, elastin, and
glycoproteins, wherein the glycoproteins compriskagen, entactin (nidogen), fibronectin, and
laminin. ECM is secreted by connective tissue c8lifferent types of ECM are known,
comprising different compositions including diffatdypes of glycoproteins and/or different
combination of glycoproteins. Said ECM can be paedi by culturing ECM-producing cells,
such as for example fibroblast cells, in a recdptqarior to the removal of these cells and the
addition of isolated crypts or epithelial stem selixamples of extracellular matrix-producing
cells are chondrocytes, producing mainly collagash proteoglycans, fibroblast cells, producing
mainly type IV collagen, laminin, interstitial praltagens, and fibronectin, and colonic
myofibroblasts producing mainly collagens (typ#l],and V), chondroitin sulfate proteoglycan,
hyaluronic acid, fibronectin, and tenascin-C. Afi@ively, said ECM is commercially provided.
Commercially provided ECMs are typically synthéeiCMs. Examples of commercially
available extracellular matrices are extracellatatrix proteins (Invitrogen) and Matrigel™ (BD
Biosciences). The use of an ECM for culturing staits enhanced long-term survival of the

stem cells and the continued presence of undiffexted stem cells.

An example of an ECM for use in a method of theemtion comprises at least two distinct
glycoproteins, such as two different types of agmliaor a collagen and laminin. Said ECM can
be a synthetic hydrogel extracellular matrix om#unally occurring ECM. A most preferred
ECM is provided by Matrigel™ (BD Biosciences), wihicomprises laminin, entactin, and
collagen IV. Therefore, in some embodiments, th&EQ use in a method of the invention is a
3D matrix that mimics the extracellular matrix Ity interaction with the cellular membrane

proteins such as integrins.

Thus in some embodiments, a method of the invertiomprises bringing the stem cell, the

population of stem cells or the isolated tissugrfrant and the culture medium into contact with
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an extracellular matrix, for example a laminin-aning extracellular matrix such as
MatrigelTM (BD Biosciences). In some embodimentg, tulture medium is diffused into the

extracellular matrix.
Compositions and other forms of the invention

The invention provides a composition comprisingibure medium according to the invention
and stem cells. The invention also provides a caitipa comprising a culture medium
according to the invention and organoids. Furtheeyiime invention provides a compaosition

comprising a culture medium according to the inl@nand an extracellular matrix.

The invention also provides a composition compggrculture medium of the invention, an
extracellular matrix and stem cells of the inventibhe invention also provides a composition
comprising a culture medium of the invention, atrawellular matrix and one or more organoids
of the invention. The invention also provides aund medium supplement that can be used to
produce a culture medium as disclosed herein. Auimedium supplement’ is a mixture of
ingredients that cannot itself support stem célls,which enables or improves stem cell culture
when combined with other cell culture ingrediefitse supplement can therefore be used to
produce a functional cell culture medium of theeintion by combining it with other cell culture
ingredients to produce an appropriate medium foatiar. The use of culture medium

supplements is well known in the art.

The invention provides a culture medium supplentiesit comprises an inhibitor according to
the invention. The supplement may contain any itdviljor combination of inhibitors) disclosed
herein. The supplement may also contain one or axdéional cell culture ingredients as
disclosed hereire.g. one or more cell culture ingredients selected ftioengroup consisting of

amino acids, vitamins, inorganic salts, carbon gnseources and buffers.

A culture medium or culture medium supplement maylzoncentrated liquid culture medium
or supplementgg. a 2x to 250x concentrated liquid culture mediursupplement) or may be a
dry culture medium or supplement. Both liquid amg cllture media or supplements are well

known in the art. A culture medium or supplemeny e lyophilised.

A culture medium or supplement of the invention tyipically be sterilized prior to use to
prevent contaminatiore.g. by ultraviolet light, heating, irradiation or fitttion. A culture
medium or culture medium supplement may be froean &t -20°C or -80°C) for storage or
transport. In some embodiments, the culture mediay be stored as a liquid (e.g. at
approximately 2C). In some embodiments, the culture medium masptieand stored as two
components: a frozen component (e.g. at betweetvxippately -20°C and approximately -

80°C) and a liquid component (e.g. at approxima4&G). In particular, temperature-sensitive or
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time-sensitive degradable material is preferabtjuided in the frozen component, whereas less
sensitive material (for example DMEM or FCS) carstigred in the liquid form and thus

included in the liquid component for storage angsng.

The invention also provides a hermetically-sealeskel containing a culture medium or culture
medium supplement of the invention. Hermeticallged vessels may be preferred for transport
or storage of the culture media or culture med@plments disclosed herein, to prevent
contamination. The vessel may be any suitable Yesseh as a flask, a plate, a bottle, a jar, a

vial or a bag.

The invention also provides a kit comprising aw@tmedium, culture medium supplement
and/or a composition of the invention. In some ediipents, the kit further comprises at least
one other additional component, for example setefrtan the list comprising: an ECM (for

example, Matrig€l"), a population of cells and an organoid.
General

“GI” numbering is used above. A Gl number, or “GdolIdentifier”, is a series of digits

assigned consecutively to each sequence recordgz®d by NCBI when sequences are added to
its databases. The Gl number bears no resemblarice accession number of the sequence
record. When a sequence is updategl {or correction, or to add more annotation or

information) then it receives a new Gl number. Tthgssequence associated with a given Gl

number is never changed.

The term “comprising” encompasses “including” adl&s “consisting’e.g. a composition

“comprising” X may consist exclusively of X or mayclude something additionalg. X + Y.

The word “substantially” does not exclude “complgtee.g. a composition which is
“substantially free” from Y may be completely frisem Y. Where necessary, the word

“substantially” may be omitted from the definitiohthe invention.
The term “about” in relation to a numerical vabuis optional and means, for exampte 10%.

Unless specifically stated, a process comprisistgp of mixing two or more components does
not require any specific order of mixing. Thus caments can be mixed in any order. Where
there are three components then two componentsecaombined with each other, and then the

combination may be combined with the third compaonein.

Various aspects and embodiments of the inventierdascribed below in more detail by way of
example. It will be appreciated that modificatidrdetail may be made without departing from

the scope of the invention.
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DESCRIPTION OF THE DRAWINGS

Figure 1 Mouse colon culture

a. left: Axin2 expression is under the control of iNat signaling pathway. Colon crypt
organoids of Axin2-LacZ reporter mice cultured wisF, Noggin, and R-spondin (ENR) for 3
days. Absence of LacZ stain indicates that no adfint signal is present in the colon organoids
under ENR growth condition. Inset shows active Wighalling visualized by LacZ expression
(dark stain) in freshly isolated colon crypts frtime Axin2-LacZ reporter mice. right: Axin2-
LacZ mice derived colon crypts cultured with ENRVAt3A (WENR) for 10 days. Dark stain
indicates LacZ expression in these organoids.

b. left: Lgr5-GFP-ires-CreER colon crypts culturedmENR for 3 days. Absence of GFP
fluorescence indicates loss of Lgr5 expressioméncolon organoids under ENR growth
condition. Inset shows Lgr5-GFP expression in fiseiwolated colon crypts from Lgr5-GFP-
ires-CreER mice. right: Lgr5-GFP-ires-CreER coloypt cultured with WENR for 10 days
demonstrates the presence of Lgrb stem cells.

c. Culture efficiency is determined under three défdrconditions: ENR, WENR full crypts,
and WENR crypts after mild enzymatic digestion (WRENigested). Colon crypts were isolated
from proximal colon (black columns) or distal col@vhite columns). *:p<0.05.

d, e: 4 days after removal of Wnt3A from the WENR cultaredium results in organoid
differentiation.d. Chromogranin A (ChA) in enteroendocrine cells;M@&{muc?2) in Goblet
cells and the counter stain with DAPI can be seellature enterocytes are visualized by
Alkaline phosphatase staining.

f. Relative mRNA expression of mature epithelial cedirkers (Vill (Villin1), Alpi (Alkalin
phosphatase), Chga (Chromogranin A), Muc2 (Muciaf@)shown. WENR cultured colon crypt
organoids are cultured for 4 days in WENR (hatgbeitern) or ENR (black) condition. Freshly
isolated colon crypts (white) are used for contBalale bar in a, b, d, e: fn. Error bars
indicate s.e.m. n=3.

Figure 2 Human colon culture

a. The effect of nicotinamide on human colon cryptaorgjds. The majority of human colon
crypt organoids die within a few days in WENR+gas{tWVENRg) condition (left panel).
Addition of nicotinamide (middle panel: WENRg-+nig)proves culture efficiency and lifespan
of human colon organoids. * p<0.001. nic: nicotifden

b. The effect of small molecule inhibitor for Alk4/5(A83-01) and for the MAP kinase p38
(SB202190) on human colon crypt organoids. Leftghaduman colon organoids cultured in
WENRg + nicotinamide containing medium form cysicictures 3-4 weeks after culture.
Middle panel: Human colon organoids retain thearelgteristic budding structure under the
Human Intestinal Stem Cell Culture (“HISC”) conditi(WENRg+nicotinamide+A83-
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01+SB202190). Right panel: A83-01 and SB202190 rgysiécally increase number of passages
of the human colon organoids. * p<0.001. N.S.=stigtlly not significant. Error bars indicate
s.e.m. n=5.

c. Proliferating cells visualized by the incorporatimnEdU are confined to the

budding structures. DAPI is used as a counterstain

d. Representative picture of a karyotype from a 3-anitl human colon crypt organoid. Scale:
100pm.

e.Heat-map of the expression profile of cultured haornmiestinal organoids. The heat-map is a
comparison of human small intestinal crypts and d&usmall intestinal villi. Genes more highly
expressed in the crypt are dark grey (top-halfezftimap), genes more highly expressed in the
villus are light grey (bottom-half of the heat-ma@yganoids cultured in-vitro clearly exhibit a
similar expression profile to freshly isolated shiatiestinal crypts and express known stem cell
markers. (lane 1: human small intestinal organ#iddane 2: human small intestinal organoids
#2, lane 3: human colon organoids, lane 4: freidlated human small intestinal crypts. The
four samples are compared to human smallintestithas).

Figure 3 Human intestinal organoid cell type compason

(a-c) Human organoids differentiate into the differenit tygoes of the intestine after

withdrawal of Nicotinamide and SB202190. Markershef different cell types were used

to demonstrate differentiatio(a) Top panel: Alkaline phosphatase staining for mature
enterocytes, Middle panel: PAS staining for gobhdts, Bottom panel: Synaptophysin staining
for enteroendocrine cellfh) In each case, the light areas indicate stairvhurin2 (Muc?2)
staining in the middle panel represents gobles@eild Chromogranin A (ChgA) in the left-hand
panel represents enteroendocrine cells (see amdwnaet). DAPI is used as a counterstain
(right panel). ¢) Lysozyme (Lysz) is stained in the left-hand panahiow Paneth cells. DAPI is
used as a counterstain (right panel).

(d-f) Goblet cell differentiation (Muc?2) is blocked by 3B®190 treatment of organoift),

while the Notch inhibitor DBZ increases goblet calimber in the human organoids
Proliferating cells are represented by EdU incarion (middle panel) are increased in
SB202190 treated organoify) or decreased in DBZ treated organdiiis

Organoids are cultured under the following condisidor 5 days: a) top: ENRg+A83-
01+SB202190+Nicotinamide, a) middle and bottomchWENRg+A83-01, d)WENRg+A83-
01+SB202190, ) WENRg+A83-01, f) WENRg+A83-01+DBZ.

Scale bar:2@um (a), 50um (b-f). a, b, d-f: human colon crypt organoidsheman small
intestinal organoids.

Figure 4 Adeno(carcino)ma cultures

a. Lgr5-GFP-ires-CreER/APCIHI/fl crypts cultured witlGE (E) (top) or EGF+Noggin



10

15

20

25

30

35

108

(EN) (bottom) for 10 dayd. Relative mRNA expression of Lgr5 and Axin2. Freshly
isolated adenoma cells (white) were cultured wiBFEhatched) or EGF+Noggin (black).

c. Culture efficiency of organoids from sorted Lgrs@hi, Lgr5-GFPlo, Lgr5-GFP-ve cells.
*p<0.01. one way ANOVA. Error bars indicate s.erm3

d. Time course culture of human colon adenocarcinogiia.c

Figure 5 Culture of Barrett’'s esophagus and treatmet with Notch inhibitor.

a. Isolated epithelium from Barrett's esophagus (Bijured with HISC condition for 7 days
forms cystic structure$. Addition of FGF10 significantly increases the numbkpassages for
BE organoids. Error bars indicate s.e.m. o=Representative time course of a BE organaid.
Paraffin sections from BE organoids. Nicotinamide £B202190 are withdrawn for 4 days
with (right) or without {eft) the Notch inhibitor DBZ added to the medium. Reohting cells
(Ki67 stain) disappear and PAS+ goblet cells ingeamith DBZ treatment.

Figure 6 Axin2 mRNA expression is recovered in mow@scolon

organoids under the presence of Wnt-3A

Isolated colonic crypts are analysed for Axin2 mRélpression after 3 days or 7 days culture
with ENR (hatched) or WENR (black). Freshly isotht®lon crypts were used as control. Error
bars indicate s.e.m. n=3

Figure 7 Relative mRNA expression of mature epithél cell markers

Freshly isolated small intestinal crypts (whited anltured in HISC condition for 14 days,
followed by a culture with the indicated culturenddion for 4 days. mRNA expression

of ALPI (Alkaline phosphatase), VIL1 (Villin 1), LX (Lysozyme), CHGB (Chromogranin

B) and MUC2 (Mucin2) was analysed. Culture conditiblISC (black), ENRg+A83-
01+SB202190+Nicotinamide, WENRg+A83-01, ENRg+A83-BNRg. Freshly isolated small
intestinal crypts were used as control (set a$dt.BLPI, VIL1 and LYZ, as 5.0 for CHGB and
MUC2. Error bars indicate s.e.m. n=3.

Figure 8 Sorted Lgr5-GFP- cells form Lgr5-GFP+ organoids

Single sorted Lgr5-GFP- APCfl/fl adenoma cells entured with EGF+Noggin (EN) or

EGF (E) for 7 days. Adenoma organoids derived ftgmrb-GFP- cells recovered Lgr5-

GFP expression under EN condition but not undeoriglition (a, c: bright, b, d: GFP
autofluorescence).

Figure 9 Histochemical analysis of adenoma/colon neer organoids

Mouse small intestinal adenoma organoids (Left paame human colon cancer organoids
(Right panel) were analyzed with indicated histooival (HE, PAS and Alkaline phosphatase)
or immunohistochemical (Chromogaranin A, Ki67 arasfase3) stainings.

Figure 10 Paneth cells in BE organoids

Lysozyme+ Paneth cells were observed in differesdi8E organoids.
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Figure 11 List of reagents used for organoid cultug

Figure 12 List of reagents used for optimization ohuman intestinal

organoid culture

Figure 13 List of small molecule inhibitors used fooptimization of

human intestinal organoids culture

Figure 14 List of the 25 most up- and down-regulat&genes

MRNA from human small intestinal organoids or coboganoids are compared with that

from freshly isolated small intestinal villi by mm@array. The 25 most upregulated and
downregulated genes are shown. Hatched lines bigidienes which were in the top 70

most upregulated and downregulated genes in frésbligted human small intestinal crypts vs.
villi.

Figure 15. Summary of proliferation, differentiation and apoptosis status of each organoid
culture condition

Figure 16: Microarray comparison of mouse pancreati organoids

A — Microarray clustering analysis, comparing RNArh the pancreas organoids (cultured in
the conditions described in Example 2) with adaligreas, adult liver and newborn liver. From
left to right: i) pancreas organoid; ii) adult pagas; iii) adult liver (sample 1 [S1] and sample 2
[2]); iv) adult liver S2; and v) newborn liver.

B — Raw signal data from the microarray analysisygaring the expression levels of selected
ductal markers, transcription factors necessariNfm3 expression and endocrine markers in
adult liver, adult pancreas, pancreas organoiddiemdorganoids in expansion media.

Figure 17: The effect of Noggin on the expansion glncreatic organoids

A — Bar charts showing gene expression analygmntreatic organoids cultured in EGFRA so,
that have never been cultured with Noggin (blacihwrganoids cultured in EGFRAN , so have
always been cultured with Noggin (white). The effef culturing the pancreatic organoids in
EGFRA for 2 days and then withdrawing Noggin anlfiucing for a further 2 or 4 days (light
grey) and the effect of culturing the pancreatgamoids in EGFRA for 2 days and then adding
Noggin and culturing for a further 2 or 4 days (dgrey) on gene expression is also shown.
MRNA levels (arbitrary units) are presented on¥Yrexis. mMRNA of the following early
endocrine markers is analysed in the main figuox9SHnNf1lb, Hnf6, Hnfla, Nkx2.2, Nkx6.1
and Pdx1. mRNA of the following ductal markers imalysed in the inset part: keratin 7 (Krt7)
and keratin 19 (Krt19).

B — Bar chart showing the effect of Noggin on the egpi@n of Lgr5 in pancreatic organoids in
the expansion culture medium. Data are providegdmicreatic organoids cultured in EGFRA
that have never been cultured with Noggin (blackh wrganoids cultured in EGFRAN and so

have always been cultured with Noggin (white). €fect of culturing the pancreatic organoids
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in EGFRAN and then withdrawing Noggin and culturfog a further 6 days (light grey) and the
effect of culturing the pancreatic organoids in R&Fand then adding Noggin and culturing for
a further 6 days (dark grey) on Lgr5 gene expressi@lso shown. mRNA levels (arbitrary
units) are presented on the Y axis.

Figure 18: Human insulin producing cells develop fom ex vivoexpanded,in vivo

transplanted progenitor cells

A — Growth of human pancreas tissue from progemtls (pancreas stem cells) at PO: (Day 1);
PO: (Day 5); P1: (Day 12) and P3: (Day 24), whétérefers to the number of passages.
Figures 18B and C show transplantation of humamneatic organoids under the murine peri-
renal capsule.

B — 3 hours after transplantation of the pancreatji@anoid cells into the recipient mice: DAPI
(nuclear marker) staining in the upper pictureéatis all cells; K19 (ductal marker) staining in
the lower picture shows all transplanted cellsiasdlin (beta cell marker) in the lower picture
indicates insulin-producing cells.

C — 1 month after transplantation of the pancreai@anoid cells into the recipient mice: DAPI
(nuclear marker) staining in the upper pictureb(iire) indicates all cells; CK19 (ductal marker)
expression in the middle picture (in green) indésadll transplanted cells and insulin (beta cell
marker) in the lower picture (in red) indicatesuiirs-producing cells. A selection of the insulin-
producing cells are encircled but all clearly staicells are thought to be insulin positive.
Figure 19: Pancreatic organoid gene expression

This table shows the pancreatic gene expressitdreahost upregulated genes when compared
to liver organoids.

Figure 20: Mouse liver organoid culture shows stalel karyotyping after long-term culture.

A — DIC images of liver organoids maintained in EGE) and R-spondin 1 (R),
supplemented with FGF10, HGF and Nicotinamide (igiire, ER) or maintained in the same
combination supplemented with Noggin (N) and Wnt8Aditioned media (W) (right figure,
ENRW) for a period of 24 months.

B — Karyotype analysis of mouse liver organoidsera® months in culture. Normal
chromosomal counts (n=40, left panel figure) anlygdoidy, a typical hepatocyte feature, were
found (n=80, right panel figure)

Figure 21: Supplemental factors FGF10, HGF and Nidinamide; effect on liver organoid
growth and differentiation.

A — Diagram depicting the genes differentially eegeed during the 3 stages of liver
development, from hepatoblast to mature hepatocyte.

B — Scheme showing the protocol used. Cultures vgeretled in expansion medium
(ERFHNic: EGF (E) and R-spondin 1 (R), supplemem@t FGF10, HGF and Nicotinamide;
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ERFHNic is indicated as ‘ER’ in Figure 8B) 2 daysopthe experiment. Two days later, culture
media was changed to either EGF (E) alone or E@Blemented with R-spondin 1 (ER) with
or without additional supplements chosen from FGE) or HGF (H) or Nicotinamide (Nic) or
a combination of these at the concentrations statéte text. Five days later cultures were split
and replated at 1:4 ratio for each condition. Urttlese conditions, cultures have been split and
replated every 7 days for a total period of 10 vgeek

C — First day after first split in each of the cwét conditions tested. Results shows that
EGF and Rspondin 1 combined with FGF10 or HGF @ohihamide or a combination of these
are essential to achieve at least 1 passage.

D — After long-term culture, the combination of ERpplemented with FNic or ER
supplemented with FHNic, both result in high passagmbers. After passage 10, the growth
rate is better for the culture condition includihg 3 supplemental factors; ERFHNic.

E — RT-PCR analysis showing the expression of iffehepatocyte markers (CYP3AL11,
Alb, FAH) and cholangiocyte marker (K19) 5 dayseafthe withdrawal of certain factors
(starting point was ERFHNic). Note that only thendition EF showed expression of all
hepatocyte markers tested. HPRT was used as aWempseg gene to normalize for gene
expression.

Figure 22: Table showing the quantification of diferent hepatocyte and cholangiocyte
specific transcription factors in cells from threedifferent liver culture conditions and in
adult liver tissue. Also shown is the expression of the key componehtie Notch and TGF-
beta signalling pathways. E=EFHNic, ER=ERFHNic, BMEENRWFHNIic.

Figure 23: Differentiation protocol

A — Scheme showing the protocol used. Cultures veexded in expansion medium
(ERFHNic: EGF (E) and R-spondin 1 (R), supplement&ti FGF10, HGF and Nicotinamide;
ERFHNic is indicated as ‘ER’ in Figure 10A) 2 dgysor to the experiment. Two days later,
culture media was changed to EGF (E) supplementédeither A8301 (A), or DAPT (D), or
FGF10 (F) or HGF (H) or Nicotinamide (Nic) or R-gmtn 1 (R) or Wnt3A or Noggin (N) or a
combination of these at the concentrations showsA Rvas isolated at several time points.
Mouse liver tissue was taken as positive contrpMhiereas water was taken as negative control
()

B — RT-PCR analysis showing the expression of gygatocyte markers CYP3A11, Alb,
FAH, tbx3, TAT and Gck 7 days after differentiatioonditions. Note that only the condition
EADF showed an expression of all hepatocyte markested. HPRT was used as a
housekeeping gene to normalize for gene expression.

C — Time course expression analysis after difféméion conditions. At days 2, 5 and 8
days after differentiation, the expression of tlegpdtocyte markers CYP3Al1l, Alb, FAH, and
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the cholangyocyte marker K19, was analysed by RTRGRe that the expression of the liver
markers CYP3A11 and FAH starts at day 5 and pealday 8 after. HPRT was used as a
housekeeping gene to normalize for gene expresaioA8301, D; DAPT, F; FGF10, H; HGF,
De; Dexamethasone
D — Titration experiment showing the expressiorthe hepatocyte markers CYP3A11,
Alb, FAH, tbx3, TAT, G6P and Gck 7 days after diffat concentrations of the differentiation
compounds A and D. HPRT was used as a housekegpmggto normalize for gene expression.
E — Immunofluorescent staining for the liver maské€19, Albumin and hepatocyte
surface marker
F — Xgal staining on Albcreert2LacZ mice liver-dexil organoids. Albumin positive cells
(arrows) were detected after EADF differentiatinrtamoxifen induced Albcreert2LacZ derived
cultures.
Figure 24: Prostaglandin signalling pathway(Antagonism of the prostaglandin Beceptors
DP, and CRTH2 as an approach to treat allergic dise&my Pettipher, Trevor T. Hansel &
Richard Armemature Reviews Drug Discovery 6, 313-325 (April 2007)).
Figure 25: Liver organoids cultured in (A) basal medium comprising hEGF (1g@n,
Invitrogen); human noggin (hnoggin) (25ng/ml, pgpof); gastrin (10nM, sigma); hFGF10
(peprotech); nicotinamide (10mM, sigma); A8301 (&I Tocris); hHGF (50ng/ml, peprotech);
Rspo conditioned media (10%); (B) basal medium EP®0OnM); (C) basal medium +
CHIR99021 (3uM); (D) basal medium + CHIR99021 (SUMPGE2 (50 nM).
Figure 26: Liver organoids cultured in basal medium (as described for Fi@ewith and
without Arachidonic acid.
Figure 27: Gene expression profile of mouse liver rganoids under differentiation
conditions resemble the adult and newborn liver préle
A — Gene clusters showing the genes similarly esqeé (a) or similarly shut down (b) between
the differentiation condition EADF and adult or riewn liver.
B — Gene clusters showing the genes differentiedgressed between the liver organoids and
adult or newborn liver (a) and the genes similastpressed between EADF and newborn liver
(b).
C - Raw signal data from a microarray analysis, ganimg the expression levels of selected
ductal markers, transcription factors necessaryNon3 expression and endocrine markers in
adult liver, adult pancreas, pancreas organoiddiegdorganoids in expansion media.
Figure 28: Mouse liver signature genes
Table showing a) markers expressed in mouse litean <ells; b) markers not expressed in
mouse liver stem cells; ¢) hepatocyte and cholaytgomarkers expressed in mouse liver stem

cell signature for mouse liver organoids in expanginedia; d) hepatocyte and cholangiocyte
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markers not expressed in mouse liver stem celbsiga for mouse liver organoids in expansion
media; e) reprogramming genes expressed in moreediganoids; f) reprogramming genes not
expressed in mouse liver organoids. The resulte wigtained using a liver microarray using the
Universal Mouse Reference RNA (Strategene, Cat#lot0100) as a reference RNA. If the
absolute figures detected were less than 100,&he yas consider as undetected.

Figure 29: Human liver signature genes

Table showing results of liver mircroarray of hunmganoids. From left to right, the results are
shown for a) expansion medium EM1, b) expansioninmedEM2, c) differentiation medium, d)
adult liver.

The numbers (log2) in the left four columns are bgult of a comparison between the sample
and a reference (commercial) RNA sample which &dusr all arrays. The relative expression
of MRNA in each sample compared to the RNA prebettie reference sample is shown. . The
reference RNA used was Universal Human Referencé RBtratagene, Catalog #740000).
Thus, negative numbers in these columns do noterétareal expression levels it just means
there is less of that RNA then in the ReferencepdanThe 4 columns on the right are absolute
figures. If they are below 100, they are consider®dndetected.

Figure 30: Morphology of liver organoids (A) Upper panels: paraffin section of a mouseriv
showing the different domains (PT= portal triad, <¥entral vein). Lower panels: Paraffin
section of a liver organoid showing different donwib (single layered epithelia) and h
(stratified epithelia) (B) Right pannel: Ecadhestaining in the liver organoids. Two different
domains can be identified. Domain b, formed bynalsi layered epithelia that resembles the bile
duct structures in the liver. This bile duct domeifiormed by highly polarized cells that shows
positive staining for pancytokeratin (PCK) (loweaingl). Left panels show the presence of a
second domain within the liver organoids. This Imdm is formed by a stratified epithelia with
non-polarized cells. The cells are organized arcuméntral lumen and express the hepatocyte
marker Alb. Magnification 10 x.

Figure 31: H&E staining of pancreas organoids

Mouse pancreas organoids were cultured in expacsinditions EGFNRA83-01

[(EGF(50ng/ml), Gastrin (50nM), Noggin (10%), Rsdon(5%), FGF10 (100ng/ml) and A8301
(50nM)] during 8 passages (~10 weeks). The organe&te removed from the matrigel using
BD Cell Recovery Solution following manufactureinstructions and fixed with 4%
paraformaldehyde at room temperature during 1hn;Tthe organoids were washed three times
with cold PBS, dehydrated with increased conceotiaif alcohol and embedded in paraffin.
3um parafine sections were stained with Hematogytinsine to analyze the histology of the

pancreas organoids.
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A strong variability in the shape and structur¢hef organoids was observed. Some of the
organoids are cystic structures formed by a momolaypolarized epithelial cells. Other
organoids show the same monolayer of epithelid$ eeld some stratified areas where cells are
smaller in size and with a round shape. In somarwgls invaginations occupying the inner
space of the cystic structure were observed.

The stainings show that some organoids comprisélymasnolayers of epithelial cells (left
bottom), whereas other organoids comprise strdtiégions and/or pseudo stratified regions
and/or folded monolayers (right bottom). Most paatic organoids comprise regions of
stratified cells and monolayers (sometimes folded).

Figure 32. Quantification of forskolin-induced murine small intestine organoid swelling(a)
Light microscopy analysis of organoids stimulatathviorskolin or DMSO. Representative
examples for the indicated time points after sthdtimulation are shown. The red line indicates
the internal organoid lumerb) Fluorescence confocal image of a calcein-grebaléal

organoid with object recognition (green line) byaigpe analysis softwaré) Representative
example of a forskolin-stimulated calcein-greerelald organoid. Differential interference
contrast (DIC) and fluorescence was imaged usiregdell confocal microscopy. Surface area
relative to t=0 is indicated in the top-left corn@l) The surface area relative to t=0 (normalized
area) of 11 individual organoids in a single whe average is indicated in black (mean +
s.e.m.)(e) Dose-dependent increase of surface area by famsfpiM (n=4 number of
organoids analyzed), 5x¥M (n=11), 5x1¢uM (n=10), DMSO n=9)). Scale bars (a-c).30.

All results are representative for at least threkependent experiments.

Figure 33. Forskolin-induced swelling of murine orgnoids is CFTR dependent. (a)
Normalized swelling curves of forskolin-stimulatealcein-green-labeled organoids pre-
incubated with DMSO (n=8), CFTR172 (n=7), GlyH-101 (n=9) or both CFTR172 and
GlyH-101 (n=11) (mean + s.e.m(}h) Representative confocal microscopy images of aalce
green labeled wild type or CFTR-deficient organaideesponse to forskolin. Scale barss0

(c) Quantification of forskolin-induced swelling in Mitype (n=6) or CFTR-deficient (n=11)
organoids (mean * s.e.nfd,e) Similar to b,c but for wild type (n=8) and CFTR&gglel (n=12)
organoids. Scale bars 3. (f) Absolute size of wild type or CFTR-deficient orgéis

guantified in (c) at t=0 (mean + s.e.n{g) Forskolin-stimulated swelling of calcein-green
labeled CFTR-F508del organoids cultured at 37°® \wit=20) or without (n=15) CFTR
inhibition or cultured at 27°C for 24 hours with=@1) or without (n=27) CFTR inhibition (mean
+ s.e.m.)(h) Forskolin-induced swelling of calcein-green lalbe@®-TR-F508del organoids pre-
incubated for 24 hours with DMSO with (n=15) orhwatit (h=18) CFTR inhibition or pre-
incubated with the CFTR corrector compound VRT-82h (n=14) or without (n=26) CFTR

inhibition (mean * s.e.m.}i) Normalized forskolin-induced swelling of CFTR-F5{e8
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organoids pre-treated for 24 hours with DMSO (n7M8T-325 (n=18), Corr-4a (n=20) or both
correctors (n=20) (mean £ s.e.m.). All resultsrefresentative for at least three independent
experiments.

Figure 34. Forskolin-induced swelling in human hedhy control or cystic fibrosis
organoids. (a) Quantification of forskolin-induced organoid swedji pre-incubated with

DMSO, CFTR-172, GlyH-101 or both CFTR-172 and GlyH-101 (n=5, n=7, n=8, n=10)
(mean % s.e.m.Yb) Forskolin-stimulated swelling of organoids deriesim 4 individual

healthy controls (1-4: n=30, n=18, n=13, n=42) ar@F CFTR-F508del homozygous patient
(n=30) (mean =+ s.e.mJc) Normalized swelling of forskolin-induced calceiregn labeled
CFTR-F508del organoids cultured for 24 at 37°Catd@27°C with or without CFTR inhibition
(n=10 for all conditions) (mean + s.e.nm(d) Representative confocal microscopy images of
calcein-green labeled HC-derived or CF patientwéeriorganoids in response to forskolin upon
pharmalogical manipulation of CFTR. Scale bargr60(e) Normalized forskolin-induced
swelling of CFTR-F508del organoids pre-treated®hours with DMSO, VRT-325, Corr-4a,
or both correctors (n=10 for all conditions) (meaasie.m.)(f) CF patient-derived organoid
swelling in response to forskolin with or without Bour pre-treatment of corrector VX-809,
VX-770 stimulation (simultaneous with forskolin) combined VX-809 and VX-770 treatment
(n=10 for all conditions) (mean = s.e.n{g) Forskolin-induced swelling of organoids upon
DMSO treatment (control) or combined compound tresrit from e and f, compared to HC
organoids (n=10 for all conditions) (mean % s.e.f@gch line in (d) represents organoid swelling
averaged form at least three independent expergnpamtindividual. Results from all other
figures are representative for at least three iaddpnt experiments.

Figure 35.Light microscopy analysis of wild type murine orgais stimulated with forskolin or
DMSO. Representative examples for the indicatedgiomts after start of stimulation are
shown. The forskolin-induced swelling (FIS) of angéds was reversed upon removal of
forskolin by washing.

Figure 36.CFTR mRNA is expressed in mouse and human organ®fte bars show real-time
PCR cycle threshold (CT) values representing mR&l&ls of CFTR32m or GAPDH isolated
from CFTR-F508del (left graph) or CFTR-/- (middleagh) organoids and their corresponding
wild types, or human organoids.

Figure 37.Gradual forskolin-induced swelling prevents orgdramllapse. Normalized surface
area increase of individual forskolin-stimulat@)l wild type, (b) CFTR-F508del (temperature-
rescued) an¢c) human (5% Wnt3a-conditioned medium, WCM) organoide averaged
forskolin-induced swelling of different organoidpgs was analyzed up to 10 (Fig. 1d,e + 2a,c,e),
20 (Fig. 2g) or 40 (Fig. 2h,i + 2a-c) minutes (datine).
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Figure 38.Increased FIS by treatment of corrector compoim@-TR dependent. Forskolin-
induced swelling of calcein-green labeled human Rfb08del organoids pre-incubated for 24
hours with DMSO, or with both VRT-325 and Corr-4ahaor without CFTR inhibition (n=10

for all conditions) (mean * s.e.m.). Results apresentative for at least three different
experiments.

Figure 39. Cholera toxin-induced organoid swelling in humagamoids is CFTR dependent.
Forskolin and cholera toxin induce swelling of Hexgted organoids, but not of CFTR-F508del
organoids. The cholera toxin response is delayetpaced to forskolin because of its apical
extracellular function. (n=10 for all conditiongh€éan £ s.e.m.). Results are representative for at
least three different experiments.

Figure 40.Human organoids in normal or reduced Wnt3a cultoraitions.(a) Light

microscopy images of human organoids cultured ahab(50%, left panel) or reduced (5%,
right panel) Wnt3a conditioned medium (WCM) concations. Scale bars 4Q0n. (b)
Representative examples of forskolin-induced swelit normal or reduced Wnt3a conditions.
Scale bars 5m. The dashed line depicts the internal organaitein(c) Quantification of
forskolin-induced organoid swelling at normal Wnt8eels pre-incubated with DMSO,
CFTRn-172, GlyH-101 or both CFT-172 and GlyH-101 (n=29, n=41, n=26, n=15) (mean %
s.e.m.). (d) Quantification of forskolin-inducedediing of low-passage budding organoids
cultured at 50% (n=9) or 5% (n=12) Wnt3a conditbneedium (WCM) concentrations
averaged from two independent experiments (meae.mg. All results are representative for at
least three independent experiments.

Figure 41. H&E stains of prostate organoids

Tissue fragments of mouse prostate epithelium watgedded in matrigel. The expanding cells
were split weekly. The culture can be maintainedefdended period of time without loosing
genetic stability or proliferation capacity. Figute shows a comparison of the prostate
epithelium of the prostate itself and the orgarmitiures after periods of three months. The
mouse prostate organoids grow in media containB EEGF, Noggin and Rspondin) in the
presence or absence of testosterone. Human cudtgyuées the addition of a TGF-beta inhibitor.
The H&E of fixation and embedding in paraffin deratrates the different levels of stratification
and folding of the epithelium in vivo. The culturpobstate organoids show similar diversity in
folding and stratification.

Figure 42. CK8 (a differentiation marker) stains ofprostate organoids

Tissue fragments of mouse prostate epithelium wereedded in matrigel. The expanding cells
expand were split weekly. The culture can be maiathfor extended period of time without
loosing genetic stability or proliferation capacifygure 42 shows the presence of CK8

expressing luminal cells. The cultures are growmedia containing ENR (EGF, Noggin and
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Rspondin) in the presence or absence of testogteFauman culture requires the addition of a
TGF-beta inhibitor. The addition of testosterotieves for the differentiation into CK8 positive
luminal cells while at the same time stimulatingnstcell maintenance and expansion.
Testosterone also increases the stratificatiorf@dahg of the epithelium.
Figure 43. Mouse prostate after 25 weeks in culture
Prostate organoids grown in tB&€sF, Noggin, Rspondin, NAC, B27, Glutamin/max, [sémep,
Ad-DMEM/F12 + testosterone. The shape of the orghisodetermined by origin of tissue
(position in the prostate before isolation). Thegpate consists of different lobes or regions. The
different regions display specific epithelial stiwes (stratification and folding), Aftén vitro
culturing the organoids appear to maintain theedéfiit macroscopic structure (stratified or
folded) of the part of the prostate from whichrigmated.
Figure 44. PCR of 3 week human prostate culture
Normal and cancerous prostatic epithelium was isdland grown for three weeks in ENR
FGF10, ENRF+DHT, WENRF, WENRF + DHT, ENR, ENR + DHdulture conditions. All
culture conditions contained A83, P38i and Nicatiide.
Fig 44(a): RNA was isolated and RT-PCR was perfarfioe markers of prostatic epithelium. In
both normal and tumor tissue the luminal markerd &KCK8 and B-MSP are expressed. All
culture conditions express the AR. In normal tisaddition of DHT increases AR expression in
all culture conditions. In tumor tissue AR expresss not influenced by DHT addition. In all
culture conditions basal epithelial markers CK1K5@nd p63 are expressed. Putative stem cell
marker LGRS is expressed under ENRF condition®mmal tissue. In tumor tissue LGR5
expression is induced with the addition of DHT lincalture conditions. TNFRSF19, also a
putative stem cell marker, is expressed in all @@ in normal and tumor tissue. The prostate
specific transcription factor NKX3.1 is expressedil conditions. Addition of testosterone
increases growth/ doublings while maintaining mesKer the different cell type of the prostate
(basal and luminal).
Fig 44(b): Two representative pictures of humaranoyds grown under ENRF+ 1nM DHT
conditions

Lane 1: Line 1 ENRF Normal tissue

Lane 2: Line 1 ENRF + 1 nM DHT Normal tissue

Lane 3: Line 2 WENRF Normal tissue

Lane 4: Line 2 WENRF + 1 nM DHT Normal tissue

Lane 5: Line 3 ENR Normal tissue

Lane 6: Line 3 ENR + 1 nM DHT Normal tissue

Lane 7: Whole prostate Normal tissue

Lane 8: HO
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Lane 9: Line 1 ENRF Tumor tissue

Lane 10: Line 1 ENRF + 1 nM DHT Tumor tissue

Lane 11: Line 2 WENRF Tumor tissue

Lane 12: Line 2 WENRF + 1 nM DHT Tumor tissue

Lane 13: Line 3 ENR Tumor tissue

Lane 14: Line 3 ENR + 1 nM DHT Tumor tissue

Lane 15: Whole prostate Tumor tissue

Lane 16: HO
Figure 45. PCR of mouse prostate organoid
Three biologically independent lines were cultuweder ENR or ENR + 1 nM DHT conditions.
RNA was isolated and RT-PCR was performed for marképrostatic epithelium. In both
culture conditions luminal prostate markers Cytakier18 (CK18) and Cytokeratin 8 (CK8) are
broadly expressed. Androgen Receptor (AR) is e both conditions. Basal markers p63
and Cytokeratin 5 (CK5) are expressed in both celtwnditions, but upon addition of DHT
basal markers are downregulated. Putative stenmaghers Lgr5 and Tnfrsf19 are
downregulated upon addition DHT. However underatmmditions stemness is maintained
while differentiated cells are also present. Trasalitions allow unlimited cell expansion (for
now 9 months at population doublings 2,5 a wee!) cultures are positive for the prostate
specific marker Nkx3.1. Addition of testosteronergase growth/ doublings up to 3 fold while
maintain markers for the different cell type of firestate (basal and luminal).

Lane 1: Line 1 ENR

Lane 2: Line 1 ENR + 1 nM DHT

Lane 3: Line 2 ENR

Lane 4: Line 2 ENR + 1 nM DHT

Lane 5: Line 3 ENR

Lane 6: Line 3 ENR + 1 nM DHT

Lane 7: Whole mouse prostate

Lane 8: HO
Figure 46: Stomach (gastric) organoids
Human stomach organoids. Tissue was isolated ftacorpus. The cells were culture in the
stomach organoid medium (EGF, Noggin, Rspondin,,\Witotinamide, FGF10, Gastrin, TGF-
beta inhibitor (A8301). Cells are split weekly.
Fig 46(a): This picture was taken after 2 monthsutfuring.
Fig 46(b): H&E and different antibody staining affexation and paraffin sectioning of a culture

after 2 weeks of culturing. It shows the presenéehe following cells: PAS for Mucin
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producing cells; Muc5Ac for Surface mucous pit &eMuc6 for mucous neck cells. The H&E
stain shows a single layer of polarized epithelium.

Figure 47: Isolation of prostatic tissue

See example 8 (Photos from UCSF)

Figure 48 A) Mouse organoids were cultured in the presewfcdifferent doses recombinant
mouse RANKL for 72h. mRNA expression levels for RANhe transciption factor SpiB and
the M cell-specific markers GP2 and AnnexinV weegednined by gPCR. B) Confocal analysis
of GP2 (see arrow) and AnnexinV (see arrow) expoass) mouse organoids cultured with
100ng/ml RANKL for 72h.

Figure 49: Human organoids were cultured in the presencdéfeireint doses of recombinant
human RANKL for 7 days. mRNA expression levelsR&NK, SipB and the M cell-specific
marker GP2 were determined by gPCR. EM: Expansiedinm; DM: differentiation medium.

EXAMPLE 1:

To address the need for improved culture medianagttiods for human epithelial stem cells, the
inventors investigated signalling pathways thatiar@wn to be subverted in certain cancers e.g.
colorectal cancer. It was hypothesised that thatflenays, which affect cell fate in cancer, may

also play a role in determining cell fate undevitro cell culture conditions.

In a first screening experiment, a series of vitkmnhormones and growth factors were tested in
combination with standard stem cell culture me@astrin and nicotinamide were identified as
resulting in significantly improved culture conditis. Incorporating these factors into the
standard culture conditions, a second screeningrempnt was performed, in which certain
small molecule inhibitors related to relevant siing pathways, such as ERK, p38, JNK,
PTEN, ROCK, and Hedgehog, were tested. In the ptesate of the art, there would be no
reasonable way to predict what the outcome of eatiese additional compounds would be on

the culture medium properties.

Table 2: List of reagents used for optimization of humargtinal organoids culture

First screening (WENR**)

Description Source Concentration Activity*
Hormones, vitamins etc
Hydrocortison Sigma 500nM 0
Gastrin*** Sigma 1uM 1+
Exendin4 GLP1 analog Sigma 100nM 0
Nicotinamide Vitamin B derivative | Sigma 10mM 3+
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L-Ascorbic acid Vitamin C Sigma 10uM 0
anti-oxidant mixture Sigma 1x 0
Lipid mixture Sigma 1x 0

1+
PGE?2 Sigma 10uM (Cystic)

1+
Cholera Toxin Sigma 100nM (Cystic)
Growth factors
BDNF Peprotech| 100ng/ml 0
GDNF Peprotech| 100ng/mi 0
FGF2 Peprotech| 100ng/ml 0
FGF10 Peprotech| 100ng/mi 0
Follistatin Peprotech| 100ng/ml 0
Cyr61 Peprotech| 1ug/mi 0
LIF Millipore | 1000U/ml 0
Second screening (WENR+gastrin+Nicotinamide)
Small molecule inhibitors
PD98059 ERK inhibitor Sigma 10uM 1-
SB203580 p38 inhibitor Sigma 1-10uM 2+
SB202190 p38 inhibitor Sigma 1-10uM 2+
SP600125 JNK inhibitor Sigma 10uM
PS48 PDKZ1 activator Sigma 5uM

1+

Y27632 ROCK inihibitor Sigma 10uM cystic
Cyclopamine Hedgehog inhibitor Sigma 100nM 1-
5 Azacytidin DNA methylase inhibitor | Stemolecule 1-
Dorsomorphin BMP inhibitor Stemolecule 0
A83-01 ALK4,5,7 inhibitor Tocris 50n-1uM 3+
VO-OHpic trihydrate PTEN inhibitor Sigma 500nM 3-
Pifithrin-o p53 inhibitor Sigma 0
B1X01294 G9a HMTase inhibitor Stemolecule 1-

*Activity scale (plating efficiency was comparedtivcontrol after 4 days culture):




10

15

20

25

30

121

0 = no change; 1+ = <50% increase; 2+ = 50-100%eas®e; 3+ = >100% increase;
1- = 0-50%; 2- = 50-100% decrease; 3- = >100% daere
* WENR comprises EGF+Noggin+R-spondin+Wnt-3a

*** Highlighted in bold are the compounds which sted the greatest improvement to the culture

medium.

In summary, the inventors have established long-tarlture conditions under which single
crypts or stem cells derived from murine small stitee (SI) expand over long periods of time.
Growing crypts undergo multiple crypt fission ev&enwhilst simultaneously generating villus-
like epithelial domains in which all differentiatedll types are present. The inventors have now
adapted the culture conditions to grow similarleglial organoids from mouse colon and human
Sl and colon. Based on the murine small intestnfilire system, the inventors optimized the
murine and human colon culture system. They foaataddition of Wnt3A to the growth factor
cocktail allowed mouse colon crypts to expand imdefly. Further addition of nicotinamide, a
small molecule Alk inhibitor and a p38 inhibitor svpreferable for long-term human Sl and
colon culture. The culture system also allowed ghoof murineApc™ adenomas, human
colorectal cancer and human esophageal metapBestiett's epithelium. The culture

technology should be widely applicable as a re$etaa for infectious, inflammatory and
neoplastic pathologies of the human gastrointdstiaet. Moreover, regenerative applications
may become feasible witkx vivo expanded intestinal epithelia.Self-renewal ofghell

intestinal and colonic epithelium is driven by fireliferation of stem cells and their progenitors
located in crypts. Although multiple culture systehave been described (Evans GS et al. J Cell
Sci 1992;101 ( Pt 1):219-31; Fukamachi H. J Ceil1982;103 ( Pt 2):511-9; Perreault N &
Jean-Francois B. Exp Cell Res 1996;224:354-64; §iikiid RH et al. Gastroenterology
1999;117:858-65), only recently have long-termun@tsystems become available that maintain
basic crypt physiology. Two different protocols wgublished which allow long-term

expansion of murine small intestinal epithelium.okand colleagues demonstrated long-term
growth of small fragments containing epitheliakhasl as stromal elements in a growth factor-
independent fashion (Ootani A et al. Nat Med 2089,21-6). The inventors designed a culture
system for single stem cells by combining previgusfined insights in the growth
requirements of intestinal epithelium. Wnt sigmadlis a pivotal requirement for crypt
proliferation (Korinek V et al. Nat Genet 1998;189383; Pinto D et al. Genes Dev
2003;17:1709-13; Kuhnert F et al. Proc Natl Acadls8 A 2004;101:266-71) and the Wnt
agonist R-spondinl induces dramatic crypt hypeiplasivo (Kim KA et al. Science
2005;309:1256-9). Second, EGF signalling is assediaith intestinal proliferation (Dignass
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AU & Sturm A. Eur J Gastroenterol Hepatol 2001;83-70). Third, transgenic expression of
Noggin induces expansion of crypt numbers (Harak®st al. Science 2004,;303:1684-6).
Fourth, isolated intestinal cells undergo anoikitsmle the normal tissue context (Hofmann C et
al. Gastroenterology 2007;132:587-600). Since lam(ml anda?) is enriched at the crypt base
(Sasaki T et al. Exp Cell Res 2002;275:185-), tivemtors explored laminin-rich Matrigel to
support intestinal epithelial growth. Matrigel-bdswmiltures have successfully been used for
growth of mammary epithelium (Stingl J et al. Btd@ancer Res Treat 2001;67:93-109). Under
this culture condition (R-spondinl, EGF, and NoggiMatrigel), the inventors obtained ever-
expanding small intestinal organoids, which dispthgll hallmarks of the small intestinal

epithelium in terms of architecture, cell type casition and self-renewal dynamics.

Despite extensive efforts, long-term adult humaesitinal epithelial cell culture has remained
difficult. There have been some long-term cultueasis, but these technigues and cell lines
have not gained wide acceptance, possibly as # ofsaherent technical difficulties in
extracting and maintaining viable cells (Roglert@le Scandinavian journal of gastroenterology
2001;36:389-98; Buset M et al. In vitro cellulard&velopmental biology: journal of the Tissue
Culture Association 1987;23:403-12; Whitehead Rl eln vitro cellular & developmental
biology: journal of the Tissue Culture Associati®#B87;23:436-42; Deveney CW et al. The
Journal of surgical research 1996;64:161-9; Pary &. Gastroenterology 1996;111:8-18;
Latella G et al. International journal of colordalesease 1996;11:76-83; Panja A. Laboratory
investigation; a journal of technical methods aathplogy 2000;80:1473-5; Grossmann J et al.
European journal of cell biology 2003;82:262-70)c&uraged by the establishment of murine
small intestinal culture, the inventors aimed tagtdhe culture condition to mouse and human
colonic epithelium. The inventors now report theabkshment of long-term culture protocols
for murine and human colonic epithelium, which b@nadapted to primary colonic

adenoma/adenocarcinoma and Barrett's esophagus.
Results

Establishment of a mouse colon culture system

In an attempt to establish a mouse colon cultuséesy, the inventors explored our small
intestinal culture condition (here termed ENR: EGBggin+R-spondin). In our experience,
initial growth of colon epithelium is often obsedvender the ENR culture condition, but is
invariably abortive. Organoid formation was studiesihg epithelium isolated from the distal
part of the mouse colon. Under ENR conditions,pla¢éing efficiency of single distal colonic
crypts was much lower than that of small intes{ih8% vs >90%) and these organoids could
not be passaged. Recently, the inventors have stiav®aneth cells produce several Wnt
ligands (Gregorieff A et al. Gastroenterology 20@%;:626-38), and that the production of Wnt
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by these Paneth cells is essential to maintaistingd stem cells (Sato T et al. Nature;469:415-
8). To determine the Wnt signalling status in caboganoids, the inventors cultured colon crypts
from Axin2-lacZ mice, (a faithful Wnt reporter) (Lustig B et al.oMCell Biol 2002;22:1184-93)

or Lgr5-GFP knock-in mice (Lgr5 being a Wnt-dependent sterhroarker)(Barker N et al.
Nature 2007;449:1003-7).

Freshly isolated colon crypts readily expressech2xiacZ or Lgr5-GFP at their bottoms, but
they lost expression of the Wnt reporters shofftigranitiation of culture Figure 1a,band

Fig. 6). By contrast, small intestinal organoids constitly expressed the Wnt reporters at
their budding structures (Sato T et al. Nature;4869:8; Sato T et al. Nature 2009;459:262-5).
These findings suggested that colon organoids pethsufficient amounts of Wnt ligands to
maintain colon stem cells. To overcome this, thveiriors added recombinant Wnt3a or Wnt3a-
conditioned medium to ENR culture medium (WENR roedi. This increased plating
efficiency of crypts in the order of 10-fold. Colorypts formed organoids structures with
numerous Axin2-LacZKigure 1a) or Lgr5-GFP+ Eigure 1b) buds, implying that Wnt
activation was restored. Freshly isolated coloptsrgontain fully mature cells in their upper
parts, and the inventors reasoned that these magiisamay interfere with organoid growth.
When the inventors mildly digested colon crypteistall clusters of cells, thus physically
separating proliferative crypt bottoms from diffietiated upper crypt regions, most of fragments
derived from crypt top died, yet cell clusters froolon crypt base efficiently formed organoids
(Figure 19.

Mouse small intestinal epithelium grown under ENfRditions generates all differentiated
epithelial cell types concomitant with stem celfsenewal. The inventors have shown
previously that the addition of Wnt3A to these ortds interferes with intestinal differentiation
and yields organoids that largely consist of umdédhtiated progenitors (Sato T et al.
Nature;469:415-8). This is not unexpected givencergral role of Wnt signalling in the
maintenance of the undifferentiated crypt progerstate (van de Wetering M et al. Cell
2002;111:241-50). Consistent with this observatamhonic organoids in WENR condition
failed to differentiate properly. Upon withdrawdl\Wnt-3A, the inventors observed
differentiation along all epithelial lineagdsigure 1d-f). Of note, single sorted Lgr5+ colonic
epithelial stem cells can form organoids when caliun the presence of Y-27632 for the first

two days.

Establishment of human colon culture system

Encouraged by the success of the improved mousa coypt culture, the inventors applied the
culture condition to human colon crypts. Althoubkge crypts initially survived, most
subsequently disintegrated within 7 days. To ireedhe plating efficiency of human colon

crypts, the inventors screened candidate growtiorfschormones and vitamins (listhig 12).
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Among these, the inventors found that gastrin doadtimamide (Precursor of NADand found

to suppress Sirtuin activity (Denu JM. Trends BmwhSci 2005;30:479-83)) improved culture
efficiency Fig 12). The effect of gastrin on plating efficiency waarginal. However, the
hormone did not interfere with intestinal differietiobn and we decided to include gastrin
(hereafter shortened to ‘g’) in all human intedtimdture conditionsimportantly, nicotinamide
(10 mM) was essential for prolongation of cultuezipd beyond the initial 7 dayEifure 2 a).
Under this culture condition, human colonic orgaisatould be expanded for at least 1 month.
From 1 month onward, the colonic organoids charigenl morphology from budding organoids
structure into cystic structureSigure 2b left). Coinciding with the morphological conversion,
proliferation progressively decreased. Occasionalifgtic organoids regained their proliferative
potential. However, all organoids eventually agdsgrowth within 3 months. A two-phase
growth arrest has been observed in other primdtyreusystems, such as mammary epithelial
cells or keratinocytes, and has been referred matality stage 1 (M1; senescence) and
mortality stage 2 (M2; crisis) (Shay et al., 200@)lti-lineage differentiation was not observed
in the human intestinal organoids cultured in duedition even after the withdrawal of Wnt
(data not shown).

The inventors assumed that growth arrest occureeduse of inadequate culture conditions
rather than a cell-intrinsic property of senescéepdicative aging. The inventors therefore
extended our attempts to optimized the culture itmmd The inventors screened various small
molecule modulators of MAP kinases, of signalingeunales mutated in colon cancer, and of
histone modifiersKig 12) under the WENR+gastrin+nicotinamide culture ctindi The
inventors found that two small molecule inhibito#83-01 (Alk4/5/7 inhibitor; nM) and
SB202190 (p38 inhibitor; 10 uM) significantly immed the plating efficiency. Other TGF-beta
receptor 1 (ALK 5) inhibitors that were also testedl showed the same results as A83-01 were
LY364947, SB431542, SB505124. It would be expetthad other ALK inhibitors would also
work in the same way. Furthermore, the combinatiothe two compounds synergistically
prolonged the culture period. The inventors demratest that all of ten tested samples expanded
for at least 6 months with weekly 1:5 split. Untlgs culture condition, the human colonic
organoids displayed budding organoid structuréberghan the cystic structures seen under the
previous culture conditior-{gure 2b). The proliferating cells were confined to the bgigure
20). Metaphase spreads of organoids more than 3 mafdhconsistently revealed 46
chromosomes in each cell (20 cells each from thiféerent donorsFigure 2d). The inventors
sequenced the whole exome (all exons) of the amiganoids after two months in culture. The
number of mutations in the organoids was extrermely In fact in four parallel organoid
cultures originating from one clone, only one migtatvas found which was present in all

cultures and therefore likely originated from tlazgmntal tissue.
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These results implied that Alk receptor and p3&aligng negatively regulate long-term
maintenance of human intestinal epithelial celtse ihventors refer to the optimized culture

condition as the HISC (Human intestinal stem celliure) condition.

Human intestinal organoids mimicin vivo differentiation

Under the HISC condition, the inventors failed bserve differentiated cells. As was seen in the
mouse colon organoids, withdrawal of Wnt was resflifior mature enterocyte differentiation in
human organoidd-{gure 3a top paneland Fig.7). However, goblet and enteroendocrine cell
differentiation remained blocked. We found thatdicamide and SB202190 strongly inhibited
this differentiation, while withdrawal of the tweagents enabled the organoids to produce
mature goblet and enteroendocrine cdligre 3a (middle and bottom panel), 3b and Fig..7
The same differentiation inhibitory effects of WNigcotinamide and SB202190 were observed
in human small intestinal organoids. Lysozyme+ Banells were observed in small intestinal
organoids, but not in colonic organoid&dgure 3d). It has been reported that p38 inhibitor
treatmenin vivo inhibits goblet cell differentiation and increaget®stinal epithelial

proliferation (Otsuka M. Gastroenterology 2010;1255-65, 1265 e1-9). Indeed, the inventors
observed the same phenotype in the p38 inhibikatéd intestinal organoidsigure 3d vs. ¢.

The inventors further examined the response of numtastinal organoids to Notch-inhibition.
The inventors have previously shown that Notchhitinn with eithery-secretase inhibitors
(dibenzazepine; DBZ) or by conditional targetingla# Notch pathway transcription factor CSL
depleted intestinal stem cells, terminated intes®pithelial proliferation and induced goblet

cell hyperplasian vivo (van Es JH et al. Nature 2005;435:959-63). Indepdn treatment with
DBZ, the intestinal organoids ceased their pradifien and most cells converted into goblet cells

within 3 days Figure 3gvsf).

Establishment of APC-deficient adenoma and colon ashocarcinoma

Recently, the inventors reported efficient mougestinal adenoma formation from Lgr5 stem
cells inLgr5-GFP-ires-CreERT2 x APC"™ mice upon Tamoxifen-induced Cre activation
(Barker N et al. Genes Dev 2008;22:1856-64). Tkerntors isolated the intestinal adenomas 10
days after induction and optimized the culture éonl The adenomas efficiently formed cystic
organoid structure without budding. Since APC lossstitutively activates the Wnt pathway,
the inventors expected that R-spondinl would beadisgensable for adenoma organoid
growth. This was indeed observed. Furthermore, Mogghich is essential for long-term culture
of normal small intestine, was dispensable in adenorganoids. Interestingly, the inventors
observed a loss of Lgr5-GFP but not Axin2-LacZdem@omatous organoids 7 days after

withdrawal of Noggin Figure 4a,band data not shown). Similar observations wereenfiad
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normal intestinal organoids when grown in ER-medi(@ato T et al. Nature 2009;459:262-5).
This indicated that Noggin, most likely throughiisition of BMP signals, is required to
maintain Lgr5 expression, but is not required fgpansion of adenoma organoids. Freshly
isolated Lgr8' (but not Lgr$™) cells isolated from intestinal crypts can ingiarganoid growth
invitro (Sato T et al. Nature 2009;459:262-5). To deteentire existence of a similar Lgr5-
hierarchy within adenomas, the inventors isolatgcstGFP', GFP™" and GFP® cells from EN-
cultured organoids and examined their organoid &bion ability. After a 7 day culture, Lgr5-

-ve

GFP" showed the highest organoid-forming efficiencyet Y.gr5-GF¥" or ™ also formed
organoids with considerable efficiendyigure 4c). Of note, sorted GFf adenoma cells could

give rise to Lgr5-GFPorganoids (Fig. 8)).

Many colorectal cancer cell lines have been isdlateer the past four decades. Typically, such
cell lines emerge as rare, clonal outgrowths giftenary cultures of colon tumors enter tissue-
culture crisis. Currently, no robust culture sysexists which allows the consistent culture of
primary human colon cancer samples without cultnisds and the consequent clonal outgrowth
of culture-adapted cells. As a next step, the itarsrapplied intestinal adenoma culture
conditions to human colorectal cancer samples.xfaig@ed, colon cancer cells required neither
R-spondin nor Noggin. EGF was dispensable in malsinccancer organoids, while some colon
cancer organoids decelerated their proliferatioerafithdrawal of EGF. Distinct from mouse
intestinal adenoma, colorectal cancer organoidisarculture condition grew as irregular

compact structures rather than as simple cystictstres Figure 4d).

The inventors examined the proliferation/differation status of adenoma and colon cancer
organoids. As expected, most of cells were Ki67angistent with the strong inhibitory effect of
Wnt on enterocyte differentiatiofrigure 1f and Fig. 7, alkaline phosphatase staining was not
observed in both types of organoi#sg. 9). In contrast, we occasionally observed PAS+ goblet
cells and chromogranin A+ endocrine cells in ademonganoids and in some colon cancer

organoids Fig. 9).

Culturing human metaplastic Barrett's epithelium

Barrett's Esophagus is marked by the presencelofrec@r epithelium in the lower esophagus,
replacing the normal squamous cell epithelium eesalt of metaplasia (Odze RD. Nat Rev
Gastroenterol Hepatol 2009;6:478-90). The histaalghallmark of Barrett's Esophagus is the
presence of intestinal goblet cells in the esopbaguploiting the similarity between Barrett and
intestinal epithelium, the inventors subjected $Malrett’s epithelium (BE) biopsies to the
human colon culture condition. Under these cultmeditions, normal esophageal squamous
cells transiently proliferated for 1 week, but tirganoids could not be passaged. Barrett's

Esophagus epithelium could be maintained for upriwonth under HISC conditionBigure
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5a). The BE organoids formed cystic organoid struesgundistinguishable from that of senescent
human colon organoids, and typically underwent ghoavrest 1 month after the culture.
Addition of FGF10 to the HISC condition enabled Bte organoids to form budding structures
and significantly prolonged the culture duratior3(months) Figure 5 b, 9. In contrast to

human intestinal organoids, BE organoids remain@éd-Kwith a minimal number of PAS+ and
Mucin+ cells 4 days after withdrawal of Nicotinamidnd SB202190. Treatment with the
secretase inhibitor DBZ (10 uM) for 4 days aftex Withdrawal blocked proliferation and
induced goblet cell differentiatiofrig.5 d-g). This supported our previous suggestion thatlloca
delivery of such inhibitors may represent a us#farapeutic strategy for the removal of
Barrett's Esophagus lesions by differentiation dpgr(Menke V et al. Disease models &
mechanisms 2010;3:104-10). Of note, we occasiondiberved Lysozyme+ Paneth celsy(

10), which indicates that BE organoids preserve rinudtage differentiation.

Discussion

The protocols developed here allow robust and tengr culture of primary human epithelial

cells isolated from small intestine, colon, adeaogmo)mas and Barrett's Esophagus (table 3).

Table 3: List of components of the organoid culture systems

Reagent name Supplier Cat No. Solvent  Stock solution Final conc.
Matrigel, GFR, phenol
free BD bioscience 356231
Advanced DMEM/F12] Invitrogen 12634-028
GlutaMAX-I Invitrogen 35050-079 200 mM 2mM
HEPES 1M Invitrogen 15630-056 10 mM
10000/10000 100/100
Penicillin/Streptomycin Invitrogen 15140-122 U/ml u/ml
N2 supplement Invitrogen 17502-048 100x 1x
B27 supplement Invitrogen 17504-044 50x 1x
500 mM=81.5
N-Acetylcysteine Sigma-Aldrich  A9165-5G DW mg/ml 1 mM
500
EDTA Sigma-Aldrich  431788-25g DW mM=14.69/100ml 2 mM
Mouse recombinant
noggin Peprotech 250-38 100ug PBS/BSA 100 mg/ml 100ng/mli
mouse recombinant
EGF Invitrogen PMG8043 PBS/BSA 500 mg/ml 50 ng/ml
human recombinant R
spondin Nuvelo PBS/BSA 1 mg/ml 1 mg/mi
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human recombinant

FGF10 Peprotech 100-26 PBS/BSA 100 mg/ml 100 ng/ml

mouse recombinant

Wnt-3A Millipore GF-160 PBS 10 mg/ml 100 ng/ml
10 mM=19g/338

Y-27632 Sigma-Aldrich Y0503 PBS mi 10 mM

A-83-01 Tocris 2939 DMSO 500 mM 500 nM

SB202190 Sigma-Aldrich  S7067 DMSO 30 mM 10 mM

Nicotinamide Sigma-Aldrich DW M 10 mM

[Leul5]-Gastrin | Sigma-Aldrich  G9145 PBS/BSA 100 mM 10 nM

DNase Sigma-Aldrich  DN25-1¢g PBS 200000 U/ml 2000 U/ml

TrypLE express Invitrogen 12605-036

Collagenase type XI [ Sigma-Aldrich  C9407

Dispase Invitrogen 17105-041

70um Cell strainer BD falcon 352350

Al stock solutions and aliquoted Matrigel are stbin -20C

In contrast to murine small intestine, murine catapithelial cells require Wnt ligand in the

culture medium. The inventors have previously reggbthat CD22% Paneth cells produce Wnt-

3/11, which are essential for stem cell maintenameenall intestine (Sato T, et al. Nature

2011;469:415-8). Wnt-6 and -9b mRNA are expresséseabottom of colon crypts (Gregorieff

A, et al. Gastroenterology 2005;129:626-38.). mhaens undetermined whether this local Wnt

production by colon crypt base cells is sufficienactivate canonical Wnt signial vivo or there

is another source of Wnt ligand in colon mucosa difference between human and mouse

intestinal organoid culture conditions was unexpeigtlarge. A83-01 inhibits ALK4/5/7,

10

15

20

receptors that are detected in both murine and huamaots by microarray. The inventors are
currently investigating the mechanism by which Asignal regulates human organoid growth.
The inventors have not observed cellular transftionan long-term cultures and no
chromosomal changes become obvious under the aptinculture conditions. Furthermore, the
organoids can undergo a considerably higher nuwioezll division than reported for other
adult human epithelial culture system (Dey D eP&S one 2009;4:e5329; Garraway IP et al.
The Prostate 2010;70:491-501). It is generallydyelil that somatic cells are inherently limited
in their proliferative capacity, a phenomenon ahlieplicative aging (Walen KH. In vitro
cellular & developmental biology. Animal 2004;400t8). Most normal human cells are
believed to count the number of times they havaldil, eventually undergoing a growth arrest

termed cellular senescence. This process maydgetad by the shortening of telomeres, and
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the consequent activation of DNA damage signals)(Miltelomere attrition (M2). In the
absence of the two small molecule kinase inhibjtousnan intestinal organoids underwent
growth arrest after 10-20 population doublings.c@wptrast, the replicative capacity in the
optimized culture condition was extended at leasioul 00 population doublings upon addition
of the inhibitors, which exceeded the Hayflick lirffHayflick L. The Journal of investigative
dermatology 1979;73:8-14). This result clearly cades that the senescent phenotype seen in the

first culture system reflects inadequate growthdttoms, rather than inherent replicative aging.

The culture techniques can be used to study bapecss of stem cell biology and the control of
differentiation, exemplified by depletion of sterills and goblet cell differentiation upon Notch
inhibitor treatment. Moreover, the organoid cultptatform may be used for pharmacological,
toxicological or microbiological studies on pathgiles of the intestinal tract, as the organoids
represent more closely the intestinal epitheliuamtbften-used colon cancer cell lines such as
CaCo2 or DLD1. Lastly, since small biopsies takemfadult donors can be expanded without
any apparent limit or genetic harm, the technology serve to generate transplantable

epithelium for regenerative purposes.
EXAMPLE 2 — Culturing mouse pancreatic organoids

The use of a TGF-beta inhibitor was also testeald¢alture medium for mouse pancreatic
organoids. The expansion medium that was used WHSNDF12 media (supplemented with
P/S, Glutamax, 10mM Hepes, B27, N2 and N-Acetykiyst), EGF (50ng/ml), R-spondin
(10%), Noggin (100ng/ml), FGF10 (100ng/ml), A830GH-beta inhibitor, 500nM) and Gastrin
(10pM). This differs slightly from that of the aledescribed HISC culture used in Example 2
in that there is no Wnt agonist (other than Rspondi Nicotinamide and FGF10 is added.
However, these culture media share a number ot&mponents (ENR + gastrin + TGF-beta
inhibitor), the addition of the TGF-beta inhibitoeing advantageous in both cases. Pancreas
organoids grown in these conditions could be exedridr > 3months and passaged at least 5

times.

Microarray experiments were carried out for thegoaas organoids grown in the above-
described expansion medium and the results werpaied to the adult pancreas, adult liver and
newborn liver (see figure 16A). The pancreas orghakearly clusters with the adult pancreas,
rather than with the liver samples, demonstratigg@d phenotypic similarity with the adult

pancreas.

Figure 16B shows the raw signal from the microamggeriment comparing expression levels in
pancreas organoids, adult pancreas, adult livetiegdorganoids for ductal markers, endocrine
markers and transcription factors necessary for3Ngxpression (Ngn3 is a transcription factor

that is associated with the specification of enthaclineages). The high levels of expression of
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Krt19, Krt7 and other ductal markers in the pansm@@anoids, show that the pancreas
organoids clearly have a ductal phenotype. Theserpatic organoids were originally grown
from ductal preparations. The essential transcmptactors for Ngn3 expression (Foxa2, Hnf6,
Hnflb, Sox9) were all also expressed in the pasaveganoids, although expression of Ngn3

itself was not detected under expansion conditions.

The expression levels of genes important for theegaion of insulin-producing cells are low.
However, it is clear that in the expansion mediproliferation and expression patterns of the

pancreatic organoids closely resemble those seesriy progenitor endocrine cells.

The pancreas is mainly formed by three differefittgpes: acinar cells, ductal cells and
endocrine cells. In a total RNA sample of adultgraas, 90% of the RNA comes from acinar
cells, so the expression levels of endocrine maréies very diluted in a total pancreas sample.
Therefore, further experiments are planned for epeltific cell type. For example, the inventors
plan to carry out a microarray comparison betwescpeas organoids, enriched acinar cell
preparation, enriched ductal cell preparation anwitked endocrine cell preparation, to have a
better estimation of the mRNA levels of the impottgenes in our pancreas organoids compared
with the levels present in insulin producing ceier example, in an enriched endocrine cell

sample, 75-85% of the cells present would be inssgicreting cells).
EXAMPLE 3 — The effect of Noggin on the Expansion Mdium

To investigate the role of the BMP inhibitor, Noggin the expansion medium, the inventors
compared mRNA levels of early endocrine markersdaraal markers in pancreatic organoids
that have always been cultured in EGFRA mediumas@ mever been cultured in the presence
of Noggin with the level of expression of the samekers in organoids that have always been
cultured in EGFRAN medium (i.e. always in the preeseof Noggin). The inventors also
compared mRNA levels of these markers in pancreagianoids from which Noggin was added
or removed from the cultures respectively. Speally, one sample of pancreatic organoids was
cultured in EGFRA medium and then Noggin was aduetithe organoids were cultured for a
further 2 or 4 days. Another sample of pancreatyanoids was cultured in EGFRAN medium
and then Noggin was removed and the organoids euhered for a further 2 or 4 days. The
gene expression was compared and the results@na sh Figure 17A. It was found that
Noggin reduces the expression of keratin 7 andtiket8 (ductal markers) showing that Noggin
blocks the differentiation towards the ductal phgpe (the keratin levels in white and dark grey
samples are lower than in the black samples). Esfe levels of some transcription factors
essential for the generation of insulin producietisc(i.e. Sox9, Hnf6, Hnfla, Pdx1, Nkx2.2,
Nkx6.1 and Hnflb) were unaffected by Noggin. AltgbuNoggin prevents the cultures from

acquiring a full ductal phenotype, which will likgbrevent future differentiation to insulin
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producing cells, the inventors include Noggin ia #xpansion medium because it allows the
cells to expand whilst maintaining some ductaldesg in combination with features of insulin-

producing precursor cells.

The effect of the presence or absence of Noggiits addition or withdrawal to EGFRA

medium on Lgr5 gene expression was assessed usieggatic organoids obtained from
pancreatic ducts. The results in Figure 17B sh@w pancreas organoids cultured with Noggin
express 2 fold more Lgr5 than pancreas organoidisred without Noggin (compare white bar
second from left with black bar on left). Additi¢dark grey) or withdrawal (light grey) of
Noggin was also shown to affect Lgr5 levels. liglear whether the increase in Lgr5 gene
expression in the presence of Noggin is due tmareased number of Lgr5+ cells or due to an
increased level of Lgr5 expression per cell. Hosvethe present inventors show here that BMP
inhibitors, such as Noggin, promote expressiongrbland, therefore, result in more
proliferative organoids. Thus, BMP inhibitors ah®&n to be an advantageous component of

the expansion media.

This is surprising, because in the literature déscribed that BMP activity is useful for
differentiation culture of pancreatic cells. Thanclusion is based on the observations that BMP
signalling is required for the differentiation inboth the ductal (see keratin7 and 19 expression)
and endocrine cells. Thus, the skilled person wedfgkbct the inclusion of a BMP inhibitor, such
as Noggin, to be disadvantageous in an expansidiumeHowever, the inventors surprisingly
found that the use of a BMP inhibitor was advantagebecause it resulted in more proliferative

organoids and higher expression of Lgr5.

EXAMPLE 4 — Transplantation of Human pancreatic organoids under the kidney capsule
in mice
Pancreatic organoids, that had been expanded t@rotocol described in example 1 (see

Figure 18A), were transplanted under the renaludepsf immunodeficient mice.

Just before transplantation, organoids were treaittdcell recovery solution (BD#354253, BD
Biosciences) to get rid of matrigel residues. Oogds were washed several times with PBS and

pelleted.

Transplantation of these organoids under the reaqadule of immunodeficient recipients was
carried out using an NIH recommended procedurésfer transplantation under the kidney
capsule (“Purified Human Pancreatic Islets, In Visiets Function”, Document No. 3104, A04,
Effective Date 7th July 2008, DAIT, NIAID, NIH). &veek before the transplantation,
hyperglycemia was chemically induced in the recipiaice (NOD/SCID/IL2ZRgammaKO a.k.a.
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NSG) with a high dose 130mg/kg streptozotocin injection. Blood glucose levels were monitored

and mice having a blood glucose above 18mmol/l were considered hyperglycaemic.

For transplantion, the hyperglycemic recipient was anesthetized and a small incision was made
in the left flank to expose the left kidney. Approximately 2.5 — 3.0 pfrorganoids were

collected in a siliconized PES0 transplantation tube and transplanted under the kidney capsule
using a Hamilton syringe. After cauterizing the damaged capsule the kidney was placed back

into the abdominal cavity. The peritoneum and the skin were then closed with 5-0 silk sutures.

One mouse was sacrificed three hours post-transplantation and the graft was analyzed for mature
beta cell and progenitor markers. In this mouse, no insulin-producing cells could be seen in the

murine peri-renal capsule (Figure 18B).

A further mouse was allowed to recover in the cage with a heat pad, under close supervision.
Bodyweights and blood glucose levels of the transplanted mouse were monitored for 1 month.
After one month the mouse was sacrificed and the graft was analyzed for mature beta cell and

progenitor markers.

1 month after transplantation, a number of insulin-producing cells could be identified. These
insulin-producing cells are all the stained cells in Figure 18C, a selection of which are circled for
enhanced clarity. In particular, insulin-positive cells appeared from the ductal lining, whereas no

insulin-positive cells were seen in initial preparations.

The finding that the insulin producing cells are present 1 month after transplantation but are not
present 3 hours after transplantation demonstrates that the insulin producing cells largely or only

arise after transplantation.

These results show that cells taken from pancreatic organoids of the present invention, cultured
with the media and methods of the present invention, can be transplanted into mice and can
promote the growth of insulin-producing cells in the pancreas. Excitingly, human pancreatic
organoids could be transplanted. This opens a number of exciting possibilities for using

transplanted organoid cells to promote insulin production e.g. for treatment of diabetes.
EXAMPLE 5 — Liver organoid culture comprising TGF-beta inhibitor

Under ER or ENRW conditions liver organoid cultures self-renew, and can be maintained and
expanded in a weekly basis, for up to 1 year (figure 20A). The karyotypic analysis after 1 year
shows no evidence of chromosomal aberrations. More than 66% of the cells analysed presented
normal chromosomal counts and 13% of them also showed polyploidy, a characteristic trait of

hepatocytes (Figure 20B).
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The combination of EGF (50 ng/ml) and R-spondiddg{ml) supplemented with FGF10
(200ng/ml), HGF (25-50ng/ml) and Nicotinamide (171@), were preferable for the long term
maintenance of the cultures. Under these conditiwasbtained long-lived cell cultures that
express biliary duct and some hepatoblast or immadtapatocyte markers (Glul, Albumine).
However, the number of cells positive for thesedtegyte markers was very low. Under these
culture conditions, no mature hepatocyte markegs 50 Cytochromes) were detected. These
results suggest that the culture conditions desdritere facilitate the expansion of liver
progenitors able to generate hepatocyte-like calli®it at lower numbers, but not fully mature

hepatocytes (Fig.21A).

To enhance the hepatocytic nature of the cultundsoltain mature hepatocytesvitro, we first
determined whether the three supplemental facks$-10, HGF and Nicotinamide) added to
EGF and Rspondinl were exerting either a positiveegative effect on the hepatocyte
expression, as well as on the self-renewal of thieie. We generated liver organoid cultures
and cultured them either with EGF or EGF and Rspdndlus FGF10 or HGF or Nicotinamide
or the combination of these, and we split the caitwonce a week for a total period of 10 weeks.
At each time-point we also analysed the expressiceveral mature hepatocyte markers (FAH,
CYP3A11) and hepatoblast markers (albumin) (FidquirB).

It was observed that Rspondinl and Nicotinamidebioed with FGF10 are essential for the
growth and self-renewal of the liver cultures (Feg@1C&D). Rspondinl and Nicotinamide both
inhibit the expression of the mature marker CYP3Afhd yet promote the expression of the
hepatoblast marker albumin. The addition of eiff@F10 or HGF to media containing only
EGF (without Rspondinl and without nicotinamideyifitated the expression of the mature
marker CYP3AL11, albeit at very low levels (figureE). To identify additional compounds that
might facilitate hepatocyte differentiation, we d$e/o different approaches, both based upon
base conditions of: EGF + HGF and/or FGF10.

The first approach involved testing a series of poumds in addition to the EGF + FGF10 or

HGF condition. A complete list of the compoundslgsed is shown in table 4.

Table 4
Compounds Signal Concentratio| Result
n
Alb CYP3
All

Exendin4 Glucagon like Sigma E7144 0.1-1uM

peptide 2 analog
Retinoic Acid RAR-RXR receptor Sigma 25nM

ligand
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Retinoic Acid +
Exendin 4

Sonic Hedgehog Invitrogen 500-100ng/ml
C25lI
BMP4 BMP signaling Peprotech 12p- 20ng/ml
05
DAPT Gamma-secretase| Sigma D5942 10 nM
inhibitor
A8301 Alk5/4 /7 inhibitor | Tocris 50 nM
Bioscience
2939
DAPT + A8301 +++ +++
FGF4 FGFR1,2 ligand Peprotech 50ng/ml
FGF1 FGFR1,2,3,4 ligand Peprotech 450- 100ng/mi
33A
Dexamethasone Sigma D4902 10 pM-1mM
25MG
Oncostatin M R&D systems | 10-1000 ng/ml
(OSM) 495-M0O-025
FGF4+OSM+Dexa
IGF peprotech 100ng/ml
Valproic acid histone deacetylageStemgent 04- 250 uM
inhibitor and 0007
regulator of ERK,
PKC wntf-catenin
pathways
Sodium Butyrate histone deacetylas&temgent 04- 250 uM
inhibitor 0005
B1X01294 G9a HMTase Stemgent 04- 1uM
inhibitor 0002
RG 108 DNA Stemgent 04- 1uM
methyltransferase | 0001
inhibitor
TSA 100 nM + -
Hydrocortisone glucocorticoid Sigma H6909 5nM
Oncostatin M R&D systems | 10-1000 ng/mi
(OSM) 495-M0O-025
ARA Sigma A 0937 500 nM
R 59022 Diacylglycerol Sigma D 5919 500nM-50nM + +
kinase inhibitor
Arterenol andrenoreceptor | sigma 500nM-50nM-
bitrartre: ---- agonist A 0937 5nM
LIF 10°
PD 035901 MEKZ1 inhibitor Axon 500nM
Medchem cat
n 1386
CHIR99021 GSK3 inhibitor Axon 3uM
Medchem cat
n 1408
DMSO 1%
L-Ascobic acid Sigma 1mM
077K13021

VEGF

Peprotech
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Matrigel 50%

Matrigel 20%

VEGF+DEXA

The second approach took into account knowledgen fpublished developmental studies
regarding the expression of the transcription fiscessential to achieve biliary and hepatocyte
differentiationin vivo. A comparative analysis of the expression of wepton factors in the
organoids under E or ER or ENRW conditions suppleewe with FGF10, HGF and
Nicotinamide is shown in figure 21. All the tranigtion factors required for Hepatocyte
specification were present, besides tbx3 and prdeivever, we also noticed that the expression
of specific biliary transcription factors was highupregulated in the cultures containing
Rspondinl (R), indicating that the culture generesgion was unbalanced towards a more

biliary cell fate.

Notch and TGF-beta signaling pathways have beefhdatped in biliary cell fatan vivo. In fact,
deletion of Rbpj (essential to achieve active Ndigimalling) results in abnormal tubulogenesis
(Zong Y. Development 2009) and the addition of TG&Wiver explants facilitates the biliary
differentiationin vitro (Clotman F. Genes and Development 2005). Sinde Wotch and TGFb
signalling pathways were highly upregulated in likier cultures (Figure 22) we reasoned that
inhibition of biliary duct cell-fate might triggahe differentiation of the cells towards a more
hepatocytic phenotype. A8301 was selected as @nmtohof TGFb receptor ALKS5, 4, and 7 and
DAPT as inhibitor of the gamma-secretase, the agbnotease essential to activate the Notch
pathway. We first cultured the cells for 2 daysha expansion conditions (ER media) and at day
2 (figure 23A) we started the differentiation cdiatis by adding the combination of the
different compounds. Media was changed every adagr and the expression of differentiated
markers was analysed 8-9 days later. The ER andVENBnditions were used as negative

control.

The combination of EGF + FGF10 with DAPT and A83fskulted in surprisingly large
enhancement of expression of the hepatocyte maekeadysed (CYP3A1l, TAT, Albumin)
(figure 23B). The effect was already detectabledhy 5 and peaked at days 8-9 (figure 23C).
The maximal concentration efficiency was achievedl@M (DAPT) and 50 nM (A8301)
(figure 23D) respectively. The addition of dexanastbne (a known hepatocyte differentiation
molecule) did not result in any improvement in geng@ression. The combination of EGF,
FGF10, A8301 and DAPT not only enhances the exjmredsut also increases the number of
hepatocyte-like cells, as assessed by immunofluergsagainst the hepatocyte markers albumin
and 2F8, and Xgal staining on AlbCreLacZ derivedaooids (figure 23E & F). Therefore, we
can conclude that the aforementioned differentiatprotocol facilitates the generation of

hepatocyte-like cells vitro from liver stem cell cultures.
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METHODS
Reagents

Reagents used in the culture experiments are shroWable 4.

MiceLgr5-EGFP-ires-creERT2 mice (Barker N et al. Nature 2007;449:1003ARC"" (Sansom
0OJ et al. Genes Dev 2004;18:1385-98%n2-lacZ mice (Lustig B et al. Mol Cell Biol
2002;22:1184-93), C57B/6 wild type mice (6-12 we&K) were genotyped as previously
described and were used for experimedngs5-EGFP-ires-creERT2 mice were crossed with
APC" mice. Cre enzyme activity was induced by intrapegal injections of Tamoxifen (2
mg/mouse). The mice were euthanized 4 weeks afti@oXifen induction. Murine small
intestines and colons were opened longitudinalpshed with cold PBS and further processed
for crypt isolation. Regions containing intestiadienomas were identified using a

stereomicroscope, cut out with a scalpel and wasligxdcold PBS.

Human tissue materials

Surgically resected intestinal tissues were obthfram 30 patients from the Diaconessen
Hospital Utrecht or the UMCU Hospital.

Patient material was collected from 20 patientdwilon cancer (9 cecum-ascending colon, 7
sigmoid colon, 4 rectum; 33-86 years old), 5 pasievith screening colonoscopy (33-63 years
old) and 5 patients with Barrett’'s esophagus (4%&d@s old). For normal tissue a distance of
more than 3 cm to the tumors was kept. The intaistissues were washed and stripped of the
underlying muscle layers. The tissue was choppiedaround 5 mm pieces, and further washed
with cold PBS. Endoscopic biopsies (Intestinal svghageal) were obtained from the UMCU
hospital. For each case, at least 5 biopsy sam@es collected and stored in cold PBS. This
study was approved by the ethical committee of Cafld UMCU, and all samples were
obtained with informed consent.

Crypt/adenoma isolation and cell dissociation

Intestinal fragments (murine normal colon, humamra small intestine and colon) were further
washed with cold PBS until the supernatant was chéext, the tissue fragments were incubated
in 2mM EDTA cold chelation buffer (distilled watefith 5.6 mM Na2HPO4, 8.0 mM KH2PO4,
96.2 mM NaCL, 1.6 mM KCI, 43.4 mM Sucrose, 54.9 rBMSorbitiol, 0.5 mM DL-
Dithiothreitol) for 30 min on ice (Gregorieff A Gasenterology 2005(129)626-638). After
removal of the EDTA buffer, tissue fragments weigbrously resuspended in cold chelation
buffer using a 10-ml pipette to isolate intestioalpts. The tissue fragments were allowed to
settle down under normal gravity for 1 min andshpernatant was removed for inspection by
inverted microscopy. The resuspension/sedimentatiocedure was typically 6-8 times, and the

supernatants not containing crypts were discarfleel . supernatants containing crypts were
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collected in 50 ml-falcon tubes coated with bovgeeum albumin. Isolated crypts were pelleted,
washed with cold chelation buffer and centrifuged%0—200g for 3 min to separate crypts

from single cells.

Murine colonic crypts were pelleted and resuspendddTrypLE express (Invitrogen) and
incubated for 15 min at 3. In this dissociation condition, colonic cryptene mildly digested,
thereby physically separating colonic crypt bottdrosn the top of the colon crypts.

Intestinal fragments containing adenomas from Tafeoxnduced_gr5-EGFPires-
creERT2/APCIHl/fl mice were incubated in 2 mM EDTA chelation buffer 60 min on

ice. Following washing with cold chelation buffenpst of the normal intestinal epithelial cells
were detached, while adenoma cells remained atfadolthe mesenchyme. Next, the adenoma
fragments were incubated in digestion buffer (DMiaith 2.5% fetal bovine serum,
Penicillin/Stroptomycin (Invitrogen), 75 U/ml cofjanase type IX (Sigma), 125/ml dispase
type Il (Invitrogen)) for 30 min at 37TC. The adenoma fragments were allowed to settlendow
under normal gravity for 1 min and the supernateas collected in a 50ml-falcon tube, pelleted
and washed with PBS. Isolated adenoma cells wentgiftged at 150-208 for 3 min to

separate adenoma from single cells.

Biopsy samples from Barrett’s epithelium and huroalon cancer samples, chopped into 5 mm
pieces, were washed with PBS several times. Thedifagments were incubated in digestion
buffer for 60 min at 37C. After the digestion, tissue fragments were méypicked under the
microscope.

For sorting experiments, isolated crypts were disded with TrypLE express (Invitrogen)
including 2,000 U/ml DNase (Sigma) for 60 min at°€7 Dissociated cells were passed through
20um cell strainer (CellTrics) and washed with PBSable epithelial single cells were gated by
forward scatter, side scatter and pulse-width,rseghtive staining for propidium iodide or 7-
ADD (eBioscience).

Culture of intestinal crypts, adenomas, Barrett'pithelium and colon cancer

Isolated intestinal crypts, Barrett’s epitheliundaiolon cancer cells were counted using a
hemocytometer. Crypts, fragments of epitheliumingle cells were embedded in matrigel on
ice (growth factor reduced, phenol red-free; BDsbhience) and seeded in 48-well plates (500
crypts/fragments or 1000 single cells pen25f matrigel per well). The matrigel was
polymerized for 10 min at 3™, and 250l /well basal culture medium (Advanced DMEM/F12
supplemented with penicillin/streptomycin, 10mM HER, Glutamax, 1x N2, 1x B27 (all from
Invitrogen) and 1 mMN-acetylcysteine (Sigma)) was overlaid containirgyftillowing

optimized growth factor combinations: murine EGFrarine intestinal adenomas, ENR
(murine EGF, murine noggin, human R-spondin-1)nfiorine small intestinal crypts, WENR

(recombinant human Wnt-3A or Wnt-3A conditioned meat+ENR) for murine colonic crypts,
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HISC (human intestinal stem cells: WENR+gastrin+nicotinamide+A83-01+SB202190) for
human small intestinal/colonic crypts, HISC+human FGF10 for Barrett’'s epithelium. Colon
cancer cells show a heterogenous behaviour and require either no addition of growth factors,
murine EGF and/or A83-01 and/or SB202190. For cell sorting experiments, Y-27632;(10 n
Sigma) was included in the medium for the first 2 days to avoid anoikis. Reagents and
concentrations of each growth factor are indicatdeign12. An overview of the optimized
combinations of growth factors and small molecule inhibitors for each organ is given i?.
Image analysis

The images of organoids were taken by either confocal microscopy with a Leica SP5, an inverted
microscope (Nikon DM-IL) or a stereomicroscope (Leica, MZ16-FA). For
immunohistochemistry, samples were fixed with 4% paraformaldehyde (PFA) for 1h at room
temperature, and paraffin sections were processed with standard techniques.
Immunohistochemistry was performed as described previously. For whole-mount
immunostaining, crypt organoids were isolated from Matrigel using Recovery solution (BD
bioscience), and fixed with 4% PFA, followed by permeabilization with 0.1% Triton X-100. The
primary antibodies were: mouse anti-Ki67 (1:250, Monosan), rabbit anti-Muc?2 (1:100, Santa
Cruz), rabbit anti-lysozyme (1:1,000, Dako), rabbit anti-synaptophysin (1:100, Dako) and anti-
chromogranin A (1:100, Santa Cruz). The secondary antibodies were peroxidase-conjugated
antibodies or Alexa-568-conjugated antibodies.EdU staining followed the manufacturer’s
protocol (Click-IT; Invitrogen). DNA was stained with DAPI (Molecular Probes). Three-
dimensional images were acquired with confocal microscopy and reconstructed with Volocity
Software (Improvision).

Microarray analysis and Real-time PCR analysis

The data was deposited in the GEO database under the accession number GSE28907.

EXAMPLE 6 — Liver organoid culture comprising Prostaglandin-2 or Arachidonic Acid

Invitro survival, growth and expansion of liver organoids was potently enhanced by addition of
prostaglandin E2 (PGEZ2) or Arachidonic acid (AA) to the basal medium.

Figures 25 and 26 show that addition of PGE2 at 50nM (also seen to work in the range 10-
500nM) or addition of AA at 10ug/ml (also works at 100ug/ml, though not so well), results in a
greater number of larger organoids than using the basal medium alone. Importantly, the addition
of PGE2 or AA allows for a longer expansion time. This means that organoids can be expanded
for more population doublings before there growth decreases or slows down. Without PGE2 a
growth reduction is seen after 5 weeks of culturing at 5 fold expansion per week. With PGE2
there is no growth reduction before at least 8 weeks at 5 fold expansion per week. PGE2 was

seen to have a slightly greater effect than AA. The basal medium used was: hEGF (100ng/ml,
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Invitrogen); human noggin (hnoggin) (25ng/ml, pgpof); gastrin (10nM, sigma); hFGF10
(peprotech); nicotinamide (10mM, sigma); A8301 (8%IQ Tocris); hHGF (50ng/ml, peprotech);
Rspo conditioned media (10%).

PGE2 and AA are both in the same prostaglandirafligg pathway (see Figure 24), along with
phospholipids, prostaglandin G2 (PGG2), prostagieR@ (PGF2), prostaglandin H2 (PGH2),
prostaglandin D2 (PGDZ2). It would be expected #utition of any other activating component
of this pathway would have the same beneficialotfb® the culture media.

Addition of PGE2 or AA is particularly beneficiabf expansion culture media. However, they

may in some circumstances also be included inrdiftgation media.

EXAMPLE 7 — GSK3 inhibitors are effective Wnt agonsts in the culture media

CHIR99021, a GSK3 inhibitor, was shown to be araifre Wnt agonist for the culture media.
In particular, it was shown to be a suitable reptaent for Wnt in the culture media for colon
and liver organoids.

Furthermore, as an extension to Example 6, Fighreh@ws that human liver cells grown in the
presence of both CHIR99021 (Wnt agonist) and P@&altin more and larger organoids than
cells grown with either the Wnt agonist or PGE2naland certainly more/larger organoids than
in only the basal medium.

Therefore, GSK3 inhibitors could be used in théuwrel media instead of, or in addition to, other
Wnt agonists, such as Wnt or Rspondinl1-4.

It is surprising that CHIR99021 was such an effectivVnt replacement because GSK3 is
involved in a number of different pathways, notyotfie Wnt pathway. This finding opens up the
possibility of designing other Wnt agonists tanggtGSK3, which might be useful in culture

media.

EXAMPLE 8 — Prostate

Isolation of Prostatic epithelium (Murine protocol)

The numbered steps correspond to figure 47.

i) Sacrifice male mouse at minimally 8 weeks of agdsolate a mature prostate; isolate the

urogenital sinus from the mouse.

i) Remove seminal vesicles by breaking/cuttingolizessels and connective tissue and making
a incision at the base at the urethra

iii) Remove the bladder by breaking/cutting it nda base at the urethra

iv) Remove remaining vesicles & fat tissue by geftigging and cutting. What you should have

left it the prostate lobes (6 of them) and a pimkcture in the middle, which is the urethra;
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v) Remove urethra, easily recognized by the pink color (stained dark in the picture). Carefully
pull the prostate lobes, so they are no longer attached to the urethra; isolate each lobe
individually, just by pulling them apart, or continue with the whole prostate.
Next, mince the prostate (lobes) in small pieces; digest the prostate in 1 ml 10 mg/ml
Collagenase Il (dissolved in ADMEM/F12) for 1 % hours at’@7 after collagenase digestion
only “fingerlike” structures of epithelial cells should remain.
- Wash in ADMEM/F12
- Let the chunks settle down and draw off supernatant (centrifugation at low speed gets rid
of most the mesenchyme)
- Centrifuge 50xG 5 min 4'C
- Resuspend in 1 ml Trypsin (TLE) and digest for approximately 30 min 37'C.
Pipette up and down every 10 minutes to ensure digestion
- Wash in ADMEM/F12
- Either start culture in ENR or ENR+ 1nM DiHydroTestosterone (seed approximately
5000 cells per well) (0.1nM-10uM) we donot know an upper limit

- Or continue with isolation of specific celltype via FACS

Results

Prostatic epithelial cells cultured in ENR + DiHydro Testosterone, according to the methods
described described above, can be maintained for 35 weeks so far. In the presence of
testosterone, the cultures expand the same as without testosterone. However, with testosterone all
cell types are present including stem cells, transit amplifying cells and differentiated cells i.e.

there is increased differentiation whilst maintaining a stem cell population. Prostate organoids
grown in the presence of testosterone also look more like the invivo organ (see figures 41 and

42). Furthermore, IHC and RT-PCR shows that prostate organoids grown in the presence of

testosterone contain both basal and luminal cells.
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CLAIMS:

1.

10.

1.

A culture medium for expanding a population of adult epithelial stem cells, wherein said culture

medium comprises:

1. any one of Rspondin 1-4 and/or an Rspondin mimic; and
ii. one or more TGF-beta inhibitor, which is an inhibitor of ALKS5, ALK4 and/or ALK7
signalling.

A culture medium for expanding a population of adult epithelial stem cells, wherein said culture

medium comprises:

1. an Lgr5 agonist; and
1i. one or more TGF-beta inhibitor, which is an inhibitor of ALKS5, ALK4 and/or ALK7
signalling.

The culture medium of claim 1 or claim 2, wherein the one or more TGF-beta inhibitor binds to
and reduces the activity of ALK5, ALK4 or ALK7.

The culture medium of any one of claims 1 to 3, wherein the one or more TGF-beta inhibitor is
selected from the group consisting of

A83-01, SB-431542, SB-505124, SB-525334, SD-208, LY-36494 and SIN-2511.

The culture medium of any one of the preceding claims, wherein the TGF-beta inhibitor is added
at a concentration of between 1 nM and 100 uM, between 10 nM and 100 uM, between 100 nM
and 10 uM, or approximately 1 uM, wherein the total concentration of the one or more inhibitor is
between 10 nM and 100 uM, between 100 nM and 10 uM, or approximately 1 pM.

The culture medium of any one of the preceding claims, wherein the culture medium comprises
one or more additional components selected from: a BMP inhibitor, a Wnt agonist, a receptor
tyrosine kinase ligand, nicotinamide, a p38 inhibitor, a Rock inhibitor, gastrin, an activator of the
prostaglandin signalling pathway and testosterone.

The culture medium of claim 6, wherein the culture medium is for culturing human intestinal stem
cells, human small intestinal crypts or human colonic crypts and wherein the culture medium
comprises: a basal medium; Rspondin-1, -2, -3 or -4; a TGF-beta inhibitor as defined in any one
of claims 1 to 5; a BMP inhibitor; a Wnt agonist; EGF; a p38 inhibitor; gastrin and nicotinamide.
The culture medium of claim 6, wherein the culture medium is for culturing pancreatic stem cells,
and wherein the culture medium comprises: a basal medium; Rspondin-1, 2-, -3 or -4; a TGF-beta
inhibitor as defined in any one of claims 1 to 5; a BMP inhibitor; EGF; FGF10; and gastrin.

The culture medium of claim 8, further comprising exendin 4 and Wnt-3a.

The culture medium of claim 6, wherein the culture medium is for culturing prostate cells, and
wherein the culture medium comprises: a basal medium; Rspondin-1, -2, -3 or -4; a TGF-beta
inhibitor as defined in any one of claims 1 to 5; a BMP inhibitor; nicotinamide; EGF; and
testosterone.

The culture medium of claim 10 further comprising Wnt-3a and FGF10.
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The culture medium of claim 6, wherein the culture medium is for culturing gastric cells, and
wherein the culture medium comprises: a basal medium; Rspondin-1, 2-, -3 or -4; a TGF-beta
inhibitor as defined in any one of claims 1 to 5; a BMP inhibitor; Wnt-3a; EGF; gastrin;
nicotinamide; and FGF10.

The culture medium of claim 12 further comprising a p38 inhibtior.

The culture medium according to any one of claims 7 to 13, wherein the culture medium is for
culturing cancer cells, and wherein one or more of the following are excluded from the medium:
Wnt-3a, EGF, Noggin, Rspondin, p38 inhibitor, nicotinamide, gastrin, FGF10 and HGF.

A composition comprising a culture medium according to any one of claims 1 to 14 and an
extracellular matrix or a 3D matrix that mimics the extracellular matrix by its interaction with the
cellular membrane proteins.

A hermetically-sealed vessel containing a culture medium or composition according to any one of
the preceding claims.

Use of a culture medium according to any one of claims 1 to 14 for expanding an epithelial stem
cell, population of epithelial stem cells, tissue fragment or organoid.

A method for expanding a single epithelial stem cell, a population of epithelial stem cells or a
tissue fragment wherein the method comprises culturing the single epithelial stem cell or
population of epithelial stem cells in a culture medium according to any one of claims 1 to 14.

A method according to claim 18, wherein the method comprises:

providing an epithelial stem cell, a population of epithelial stem cells or an isolated tissue
fragment;

providing a culture medium according to any one of claims 1 to 14;

contacting the epithelial stem cell or population of epithelial stem cells with the culture medium;
and

culturing the epithelial stem cell or population of epithelial stem cells under appropriate
conditions.

A method according to claim 18 or 19, wherein the method comprises bringing the epithelial stem
cell, the population of epithelial stem cells or the isolated tissue fragment and the culture medium
into contact with an extracellular matrix or a 3D matrix that mimics the extracellular matrix by its
interaction with the cellular membrane proteins.

A method according to any one of claims 18 to 20, wherein the method comprises:

culturing the epithelial stem cell, population of epithelial stem cells or tissue fragment in a first
expansion medium;

continuing to culture the epithelial stem cell, population of epithelial stem cells or tissue
fragments and replenishing the medium with a differentiation medium, wherein the differentiation
medium does not comprise one or more of, the factors selected from: a TGF-beta inhibitor, a p38

inhibitor, nicotinamide and Wnt.
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The method of any one of claims 18 to 21, wherein a Rock inhibitor is added to the culture
medium for the first 1, 2, 3,4, 5, 6 or 7 days.

The method of any one of claims 18 to 22, wherein the epithelial stem cell, population of
epithelial stem cells or tissue fragment is from a human.

An organoid obtained by the method of any one of claims 18 to 23.

An organoid according to claim 24, wherein the organoid has been cultured for at least 3 months,
at least 4 months, at least 5 months, at least 6 months, at least 7 months, at least 9 months, or at
least 12 months or more.

An organoid according to claim 24 or 25, wherein the organoid or population of cells expands at a
rate of at least 3 fold, at least 4 fold, at least 5 fold, at least 6 fold, at least 7 fold, at least 8 fold, at
least 9 fold or at least 10 fold per week.

An organoid according to any one of claims 24 to 26 which is frozen and stored at below -5°C,
below -10°C, below -20°C, below -40°C, below -60°C, below -80°C, below -100°C, or below
-150°C, or at approximately -180°C.

A composition comprising:

1) one or more organoids or population of cells according to any one of claims 24 to 27; and
i) a culture medium according to any one of claims 1 to 14 and/or an extracellular matrix.
Use of an organoid according to any one of claims 24 to 27 or a composition according to claim
15 or claim 28 for drug screening, target validation, target discovery, toxicology, toxicology
screens, or ex vivo cell/organ models.

An organoid according to any one of claims 24 to 27, or a composition according to claim 28, for
use in regenerative medicine or personalized medicine.
An organoid according to claim 30, wherein the use comprises transplantation of said organoid or
composition into a mammal.
A method for screening for a therapeutic or prophylactic drug or cosmetic, wherein the method
comprises:

culturing an organoid according to any one of claims 24 to 27, for example with a culture medium
according to claims 1 to 14;

exposing said organoid to one or a library of candidate molecules;

evaluating said organoid for any effects including one or more of a reduction in or loss of cell
proliferation, a morphological change and cell death; and

identifying the candidate molecule that causes said effects as a potential drug or cosmetic.





